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Editorial on the Research Topic

Insights in General Cardiovascular Medicine: 2021

The goal of this Research Topic collection of articles published in Frontiers in Cardiovascular
Medicine: Insights in General Cardiovascular Medicine: 2021, is to bring together excellent
manuscripts of high-quality and high-citation potential, all of which gave been contributed by
our editorial board members. Our criteria for selection include whether the topic addressed is
focused on new discoveries and developments, current advances and challenges, as well as future
prospects in the field of cardiovascular medicine research. This collection represents the quality and
breadth of the papers published in this section, as well as the geographical variety of our scientific
community. The rest of this editorial provides an overview of the articles included in the Insights in
General Cardiovascular Medicine: 2021 collection (Table 1).

INSIGHTS IN GENERAL CARDIOVASCULAR MEDICINE: 2021

The order of appearance according to the number of views (on May 17, 2022).
– The Post-thrombotic Syndrome-Prevention and Treatment: VAS-European Independent

Foundation in Angiology/Vascular Medicine Position Paper (Cosmi et al.).
Post-thrombotic syndrome is a common and potentially risky complication of deep vein

thrombosis that significantly affects patients’ life quality. However, there are still great uncertainties
in diagnosis, prevention, and treatment due to limited evidence-based approaches to clinical
management. This position paper provided a practical framework and guidance for clinicians in
PTS management.

– Diabetes and Its Cardiovascular Complications: Comprehensive Network and Systematic
Analyses (Wu et al.).

There is currently no cure for diabetes. This review highlights current advances in the study
of diabetes mechanisms using multi-omics analytical approaches and recent findings on the
relationship between diabetes and other biological processes. This review provides important
information for the prediction, diagnosis, and treatment of diabetes that could be useful for both
clinicians and researchers.

– EMbedding and Backscattered Scanning Electron Microscopy: A Detailed Protocol for the
Whole-Specimen, High-Resolution Analysis of Cardiovascular Tissues (Mukhamadiyarov et al.).

Analysis of cardiovascular tissue ultrastructure is complex. The current commonly used study
methods have limitations such as low resolution and low signal-to-noise ratio. This protocol
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TABLE 1 | Metrics (on May 17, 2022) of the articles published in Insights in General Cardiovascular Medicine 2021.

Title First author, Country Downloads Views#

The Post-thrombotic Syndrome-Prevention and Treatment: VAS-European Independent Foundation in

Angiology/Vascular Medicine Position Paper

Benilde Cosmi, Italy 618 1,843

Diabetes and Its Cardiovascular Complications: Comprehensive Network and Systematic Analyses Hao Wu, United States 273 1,711

EMbedding and Backscattered Scanning Electron Microscopy: A Detailed Protocol for the Whole-Specimen,

High-Resolution Analysis of Cardiovascular Tissues

Rinat A.

Mukhamadiyarov,Russia

489 1,575

Identification of Novel Single-Nucleotide Variants With Potential of Mediating Malfunction of MicroRNA in

Congenital Heart Disease

Wangkai Liu, China 349 1,476

Screening for Asymptomatic Coronary Artery Disease via Exercise Stress Testing in Patients With Type 2 Diabetes

Mellitus: A Systematic Review and Meta-Analysis

Yaoshan Dun, China 424 1,436

Relevance of Cor Pulmonale in COPD With and Without Pulmonary Hypertension: A Retrospective Cohort Study Athiththan

Yogeswaran, Germany

305 1,361

Cognitive Impairment in Heart Failure: Landscape, Challenges, and Future Directions Mengxi Yang, China 269 1,342

Diagnostic and Therapeutic Management of the Thoracic Outlet Syndrome. Review of the Literature and Report of

an Italian Experience

Giuseppe Camporese,

Italy

194 1,141

Cardiorespiratory Responses During High-Intensity Interval Training Prescribed by Rating of Perceived Exertion in

Patients After Myocardial Infarction Enrolled in Early Outpatient Cardiac Rehabilitation

Yaoshan Dun, China 371 1,127

Determination of Agrin and Related Proteins Levels as a Function of Age in Human Hearts Katie L. Skeffington,

United Kingdom

230 1,061

Vascular Stem/Progenitor Cells in Vessel Injury and Repair Jiaping Tao, China 268 949

Rutaecarpine Inhibits Doxorubicin-Induced Oxidative Stress and Apoptosis by Activating AKT Signaling Pathway Zi-Qi Liao, China 327 928

Valosin Containing Protein as a Specific Biomarker for Predicting the Development of Acute Coronary Syndrome

and Its Complication

Chenchao Xu, China 153 915

NAP1L5 Promotes Nucleolar Hypertrophy and Is Required for Translation Activation During Cardiomyocyte

Hypertrophy

Ningning Guo, China 275 857

Computed-Tomography as First-line Diagnostic Procedure in Patients With Out-of-Hospital Cardiac Arrest John Adel, Germany 250 833

Association of Body Weight Variability With Progression of Coronary Artery Calcification in Patients With

Predialysis Chronic Kidney Disease

Sang Heon Suh, South

Korea

226 808

Clinical Characteristics for the Improvement of Cushing’s Syndrome Complicated With Cardiomyopathy After

Treatment With a Literature Review

Sisi Miao, China 250 761

Comparability of Heart Rate Turbulence Methodology: 15 Intervals Suffice to Calculate Turbulence Slope – A

Methodological Analysis Using PhysioNet Data of 1,074 Patients

Valeria Blesius,

Germany

91 691

Left Ventricular Strains and Myocardial Work in Adolescents With Anorexia Nervosa Justine Paysal, France 158 686

A Novel Risk Score to Predict In-Hospital Mortality in Patients With Acute Myocardial Infarction: Results From a

Prospective Observational Cohort

Lulu Li, China 119 591

Renal Denervation Attenuates Adverse Remodeling and Intramyocardial Inflammation in Acute Myocardial

Infarction With Ischemia–Reperfusion Injury

Kun Wang, China 22 353

#The order of appearance according to the number of views (on May 17, 2022).

developed a new experimental method and provided
a novel approach for imaging cardiovascular
pathophysiological processes.

– Identification of Novel Single-Nucleotide Variants With
Potential of Mediating Malfunction of MicroRNA in Congenital
Heart Disease (Liu et al.).

Genetic mutation is the major cause of congenital
heart defects (CHDs). This study identified miRNAs-
mediated regulating on single-nucleotide variants from
3’-UTR of CHD-associated genes. This study suggests
that miRNA-related gene regulation may be important
but overlooked in the etiology of human congenital heart
disease, suggesting that miRNA-related gene regulation
should receive more attention in future CHD studies. The
observations in this paper have important implications
for clinicians.

– Screening for Asymptomatic Coronary Artery Disease via
Exercise Stress Testing in Patients With Type 2 Diabetes Mellitus:
A Systematic Review and Meta-Analysis (Dun, Wu et al.).

This systematic meta-analysis studied the exercise stress
testing (ETS) screen program for asymptomatic cardiovascular
diseases in type 2 diabetes mellitus, demonstrating its moderate
sensitivity and specificity in the initial screening. ETS is a very
promising tool due to the advantages of being non-invasive,
relatively inexpensive, easily available in most centers, and the
fact that it involves no radiation. Further additional studies are
warranted to address the detailed flow and timing of ETS.

– Relevance of Cor Pulmonale in COPD With and Without
Pulmonary Hypertension: A Retrospective Cohort Study
(Yogeswaran et al.).

Pulmonary hypertension (PH), a complication of chronic
obstructive pulmonary disease, is usually mild to moderate
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but can be severe in some patients. This paper suggests that
cor pulmonale is associated with disease severity, providing
recommendations for clinical researchers that cor pulmonale
might be used to predict PH-COPD prognosis.

– Cognitive Impairment in Heart Failure: Landscape,
Challenges, and Future Directions (Yang et al.).

This review summarizes research advances in the screening,
diagnosis, and management of cognitive impairment (CI) in
patients with heart failure, as well as the latest preventive
therapies. The prevalence of CI in heart failure patients adds a
greater burden on the patients’ poor prognosis and worsening life
quality. This paper provides important directions for clinicians
and researchers that future research addresses the knowledge
gaps in the field forward CI in heart failure.

– Diagnostic and Therapeutic Management of the Thoracic
Outlet Syndrome. Review of the Literature and Report of an Italian
Experience (Camporese et al.).

This paper reviews the diagnostic, therapy, and management
of Thoracic Outlet Syndrome (TOS). A report in Italy was also
analyzed. It provides recommendations for clinical researchers in
the treatment of TOS.

– Cardiorespiratory Responses During High-Intensity Interval
Training Prescribed by Rating of Perceived Exertion in Patients
After Myocardial Infarction Enrolled in Early Outpatient Cardiac
Rehabilitation (Dun, Hammer et al.).

Exercise training is an effective strategy to improve
cardiorespiratory and benefits the cardiovascular system
(1, 2). This study suggests that high-intensity interval training
can be effectively prescribed using perceived exertion in
myocardial infarction patients during early outpatient cardiac
rehabilitation. This paper also provides information for
researchers and clinicians to choose appropriate exercise regimes
in cardiovascular medicine.

– Determination of Agrin and Related Proteins Levels as a
Function of Age in Human Hearts (Skeffington et al.).

A variety of strategies have been studied to promote
endogenous proliferation of cardiomyocytes and promote
cardiac injury repair (3, 4). This study suggests that agrin was
gradually decreased in human right ventricular tissue with aging
but not inmice. This study shows the differences between rodents
and humans, prompting researchers to pay attention to species
differences in future investigations.

– Vascular Stem/Progenitor Cells in Vessel Injury and Repair
(Tao et al.).

This review summarizes the latest research progress on
Vascular Stem/Progenitor Cells in vessel injury and repair.
Stem/progenitor cells play an important role in the regeneration
and recruitment of damaged vascular cells during vascular repair.
This paper discusses potential future research directions for stem
cell therapy and provides important ideas for researchers in
this field.

– Rutaecarpine Inhibits Doxorubicin-Induced Oxidative Stress
and Apoptosis by Activating AKT Signaling Pathway (Liao et al.).

Cardiotoxicity is one of the main adverse reactions of
doxorubicin in clinical cancer therapy applications (5, 6).
This paper studies the protective effects of Rutaecarpine in
doxorubicin-induced cardiotoxicity. This finding provides a new

potential therapeutic option for the treatment of doxorubicin-
induced cardiotoxicity.

– Valosin Containing Protein as a Specific Biomarker for
Predicting the Development of Acute Coronary Syndrome and Its
Complication (Xu et al.).

This paper analyzes human serum samples and found that
serum valosin containing protein (VCP) levels could act as
a biomarker to predict the development of acute coronary
syndrome (ACS) and its complication, ventricular dysfunction.
Biomarker identification is important for disease diagnosis and
treatment. This study could provide important information for
clinicians and researchers that VCP should be involved with the
diagnosis and treatment of ACS.

– NAP1L5 Promotes Nucleolar Hypertrophy and Is Required
for Translation Activation During Cardiomyocyte Hypertrophy
(Guo et al.).

Cardiac hypertrophy is a compensatory response of the heart
to increased hemodynamic stress under various pressures, and if
not relieved, it gradually develops into heart failure. This study
showed the new role of Nap1l5 in translation control during
the progression of cardiac hypertrophy. This paper provides a
new potential therapeutic target for the treatment of cardiac
hypertrophy and heart failure.

– Computed-Tomography as First-line Diagnostic Procedure in
Patients With Out-of-Hospital Cardiac Arrest (Adel et al.).

Coronary angiography is critical in patients with suspected
causes of coronary arrest. This study reported that computed
tomography scans can improve outcomes after out-of-hospital
cardiac arrest (OHCA). This observation provides information
for clinicians and investigators that CT should be routinely
included in the diagnostic workup of OHCA regardless of the
presence or absence of an ischemic ECG patterns.

– Association of Body Weight Variability With Progression of
Coronary Artery Calcification in PatientsWith Predialysis Chronic
Kidney Disease (Suh et al.).

This paper explores the clinical significance of bodyweight
variability (BWV) in patients with predialysis chronic kidney
disease. It found that high BWV is independently associated
with the progression of coronary artery calcification. This study
provides important evidence of a high association between BWV
and coronary artery calcification, and should be of concern
to clinicians.

– Clinical Characteristics for the Improvement of Cushing’s
Syndrome Complicated With Cardiomyopathy After Treatment
With a Literature Review (Miao et al.).

Cushing’s syndrome (CS) complicated with cardiomyopathy
is a rare clinical type with high mortality. This study
retrospectively reviewed case reports from literature and
demonstrated that cortisol played an important role, and
hypercortisolemia can improve significantly after remission. This
is an interesting finding, but the detailed mechanism needs
further study.

– Comparability of Heart Rate Turbulence Methodology: 15
Intervals Suffice to Calculate Turbulence Slope – AMethodological
Analysis Using PhysioNet Data of 1074 Patients (Blesius et al.).

This study focused on common variations in the number
of intervals after ventricular premature contraction (VPC)
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that are used to calculate turbulence slope (TS). Heart rate
turbulence (HRT) is a characteristic heart rate pattern triggered
by a VPC. This paper provides important information for
clinicians that HRT occurred at early intervals after the VPC,
whereas TS calculated from a later time interval reflected
overall heart rate variability rather than differential responses
to VPC.

– Left Ventricular Strains and Myocardial Work in Adolescents
With Anorexia Nervosa (Paysal et al.).

Cardiovascular disease is a common complication of anorexia
nervosa (AN). This study suggests that the cardiac function
in AN patients was preserved. The paper outlines that global
longitudinal strain was higher in AN patients, while the clinical
significance required further investigation.

– A Novel Risk Score to Predict In-Hospital Mortality in

Patients With Acute Myocardial Infarction: Results From a
Prospective Observational Cohort (Li et al.).

This study developed a novel HAMIOT (Heart Failure after

Acute Myocardial Infarction with Optimal Treatment) risk
score to predict in-hospital mortality of MI patients using 10

highly predictive variables. Using this tool, the risk score is
easily calculated and the variables are easily obtained during

hospitalization, offering a useful method for clinicians to predict
the risk of mortality.

– Renal Denervation Attenuates Adverse Remodeling and
Intramyocardial Inflammation in Acute Myocardial Infarction
With Ischemia–Reperfusion Injury (Wang et al.).

Acute myocardial infarction (AMI) is the most severe
symptom of coronary artery disease and the leading cause of
morbidity and mortality worldwide. This paper studied the

protective effects on renal denervation (RDN) in myocardial

ischemia/reperfusion (I/R) pigs. This data provides compelling
evidence for the applicability and efficacy of RDN and suggests
that this treatment strategy needs further development.
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Congenital heart defects (CHDs) represent the most common human birth defects.

Our previous study indicates that the malfunction of microRNAs (miRNAs) in cardiac

neural crest cells (NCCs), which contribute to the development of the heart and the

connected great vessels, is likely linked to the pathogenesis of human CHDs. In this

study, we attempt to further search for causative single-nucleotide variants (SNVs) from

CHD patients that mediate the mis-regulating of miRNAs on their downstream target

genes in the pathogenesis of CHDs. As a result, a total of 2,925 3′UTR SNVs were

detected from a CHD cohort. In parallel, we profiled the expression of miRNAs in

cardiac NCCs and found 201 expressed miRNAs. A combined analysis with these data

further identified three 3′UTR SNVs, including NFATC1 c.∗654C>T, FGFRL1 c.∗414C>T,

and CTNNB1c.∗729_∗730insT, which result in the malfunction of miRNA-mediated

gene regulation. The dysregulations were further validated experimentally. Therefore, our

study indicates that miRNA-mediated gene dysregulation in cardiac NCCs could be an

important etiology of congenital heart disease, which could lead to a new direction of

diagnostic and therapeutic investigation on congenital heart disease.

Keywords: neural crest cells, single nucleotide variant, congenital heart defect, microRNA, post-transcriptional

regulation

INTRODUCTION

Congenital heart defects (CHDs) represent the most common human birth defects. Among the
spectrum of CHDs, malformations in the aortic arch artery and outflow tract comprise nearly 40%
of CHDs, and ventricular septal defect is estimated to account for about 30% of CHDs. Previous
studies have demonstrated that cardiac neural crest cells (NCCs), which migrate from the dorsal
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neural tube of the embryo, contribute to the development of
the ventricular septum and great arteries connected to the heart
(1, 2).

Neural crest cells are a transient, migratory population of cells
that give rise to myriad derivatives. Neural crest progenitors lie
in the neural tube border. After the closure of the neural tube,
these cells leave the neural tube and migrate throughout the body
along the dorsoventral axis. They can differentiate into many
cell types, including cardiac smooth muscle cells, chondrocytes,
melanocytes, and neurons (3). Cranial NCCs, which originate
from the dorsal neural tube between the middiencephalon and
the caudal limit of somite 5, give rise to cranial ganglia, the
maxilla, the mandible, and other structures such as muscle and
cartilage of the head and neck (4). There is also a subset of NCCs
defined as cardiac NCCs, which arise from the dorsal neural tube
between the midotic placode and the caudal limit of somite 3.
They migrate into pharyngeal arches 3, 4, and 6 (1). Cardiac
NCCs populate the aorticpulmonary septum and conotruncal
cushion and contribute to the smooth muscle of great vessels.
Studies have revealed that several factors, including Wnt (5),
Fgf (6), Tgf-β (7), BMP (8) families, and Shh (9), and their
signaling pathways are critical to the development of neural crest
derivatives. Disruption of these signaling pathways in NCCs in
a mouse model leads to multiple developmental defects, which
assemble CHDs found in human patients.

MicroRNAs (miRNAs), a large set of small non-coding
RNAs, have been discovered in both animals and plants. These
small RNAs post-transcriptionally regulate gene expression
by destabilization and degradation of mRNA or translational
repression (10). Previous studies from our lab and other
groups have revealed that miRNAs play important roles in cell
proliferation, differentiation, migration, and apoptosis during
proper development and diseases (11–13). More importantly,
our previous study demonstrated that globe disruption of the
expression of miRNAs in NCCs resulted in a spectrum of
CHDs in a mouse model (14), which indicates miRNAs could
be involved in the pathogenesis of human CHDs. However,
how miRNAs connect to CHDs in human patients remains
largely unknown.

In this study, we searched for single-nucleotide variants
(SNVs) from the 3′UTR region of genes, which could
be associated with the CHD through a miRNA regulating
mechanism, from a cohort of CHD. Combined with the profiling
of miRNA expression in cardiac NCCs, we identified four
novel SNVs with potential of interfering with miRNA-mediated
gene dysregulation from 2,925 3′UTR SNVs in human patients.
Experimental evidences support three out of four predictive
miRNA-mediated mis-regulating. Therefore, our data suggest
that the malfunction of miRNA is a new direction of mechanistic
study and clinical application for congenital heart disease.

MATERIALS AND METHODS

Paired-End Sequencing for Detecting
Single-Nucleotide Variants From Patients
Probes were designed to capture open reading frame (ORF),
3′UTR, 5′UTR, and 2KB of upstream promotor of selected

genes on Agilent eArray platform against hg19 human genome.
Genomic DNA from patients were sonicated into fragments.
A DNA library from an individual was barcoded and used for
generating the library for paired-end sequencing according to
manufacturers’ instruction for SureSelect XT Target Enrichment
System for Illumina Paired-End Sequencing Library (Agilent).
Reads were aligned in the reference genome with Burrows–
Wheeler Aligner after filtering low quality reads. Single-
nucleotide variants were then identified according to a previous
report (15).

Annotating Variants
To obtain the information of SNVs residing in the transcripts,
we employed ANNOVAR (version 2018-04-16) to annotate them
against the refSeq gene annotation database (hg19_refGene.txt)
(16). It should be noted that the deleted/inserted nucleotides
in deletions/insertions could not be processed by ANNOVAR
directly. We thereby manually converted them into 1-bp
insertions or deletions by adding or deleting one more nucleotide
after the position of variants to make them compatible with
ANNOVAR. In this way, the gene and transcript annotations for
all the variants were obtained.

Identifying Single-Nucleotide Variants in
miRNA Binding Sites
We first obtained miRNA-transcript pairs predicted by the state-
of-the-art MirTarget model (v4.0) from the miRDB database (17)
to find which variants reside in the binding sites of miRNAs.
Notably, the miRDB database only provides the predicted
miRNA-transcript pairs. To solve the problem of lacking the
exact location of binding sites of miRNAs, we identified
the candidate binding sites based on the rule that canonical
binding sites are reverse complementary to the second to eighth
nucleotides in miRNA sequences (18, 19). The sequences of
miRNAs were obtained from the miRBase database (20), and
the sequences of transcripts (mature mRNA sequences) were
extracted from the GENCODE GRCh37 reference genome (21).

MicroRNA Profiling With Mouse Embryonic
Cardiac NCCs and Non-NCCs
Wnt1-Cre mice were crossed with Rosa-mTmG reporter mice
to obtain green fluorescent protein (GFP)-labeled offspring.
Green fluorescent protein-labeled embryonic day 10.5 embryos
were collected for cardiac NCCs collection. Cardiac NCC-
derived third, fourth, and sixth pharyngeal arches and outflow
were dissected out and digested with collagenase. Single
cells after digestion were subjected to fluorescence-activated
cell sorting (FACS) on a MoFlo cell sorter. Some 5–10 ×

105 GFP-positive NCCs and non-NCCs were obtained to
yield 5–10 µg total RNA for further experiments. Total
RNAs were then subjected to detection of global miRNA
expression with Affymetrix microRNA microarray (miRNA 1.0)
according to the manufacturer’s protocol. Signals were obtained
with Scanner 3000 Autoloader and analyzed with Expression
ConsoleTM software.
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Confirmation of SNVs With Singer
Sequencing
To confirm the SNVs detected from the paired-end sequencing,
primers were designed as follows for polymerase chain
reaction (PCR) reaction to amplify the SNV-contained DNA
fragments from patients: NFATC1-F: 5′-ACCCTCTGTATG
AATGAAGAGA-3′; NFATC1-R: 5′-GCCTAGATATGTA
CACACATGC-3′; FGFRL1-F: 5′-ACACAGATAAGCTGCC
CAAATG-3′; FGFRL1-R: 5′-AAGGCAGCATTATCTGTGT
GTC-3′; CTNNB1-F: 5′-AAGCAGGTGGATCTATTTCATG-3′;
CTNNB1-R: 5′-TTACTTACCACCCTCACAAACC-3′; SMAD2-
F: 5′-GTTAAAAGTAACATTCTGGGCC-3′; SMAD2-R: 5′-CCA
GAAATACCTTAAACGTGTT-3′. Polymerase chain reaction
products were then purified for Singer sequencing to confirm
the SNV.

Constructs, Cell Culture, and Luciferase
Reporter Assays
HEK293T cells were cultured in Dulbecco’s modified essential
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) in a 5% CO2 atmosphere at 37◦C. For construction of the
3′UTR-luciferase reporter, the multiple cloning site of the pGL3-
Control vector (Promega) was removed and placed downstream
of the luciferase gene. Short 3′UTR fragments of human
NFATC1, FGFRL1, CTNNB1, and SMAD2 genes containing

predicted miRNA binding sites were cloned into the modified
pGL3-Control vector, resulting in the constructs Luc-NFATC1-
WT-UTR, Luc-FGFRL1-WT-UTR, Luc-CTNNB1-WT-UTR,
and Luc-SMAD2-WT-UTR. Similarly, mutant 3′UTR fragments
harboring SNVs detected in patients were cloned into the
modified pGL3-Control vector, resulting in mutant constructs.
Luciferase reporter, Renilla control luciferase reporter, and
miRNA mimic were transfected into HEK293T cells with
Lipofectamine (Invitrogen) reagents according to manufacturers’
instruction. Twenty-four hours after transfection, cell extracts
were prepared, and luciferase activity was determined with dual
luciferase assay kit (Promega). For luciferase assay, normalized
Firefly luciferase activity from triplicate samples in 12-well plates
relative to Renilla luciferase activity was calculated.

Statistics
Values are reported as means ± SD unless indicated otherwise.
The two-tailed Mann–Whitney U-test was used for two-
group comparisons. Values of p < 0.05 were considered
statistically significant.

Data Deposit
Genome-wide raw data in this study were deposited in the Gene
Expression Omnibus (GEO) database of the National Center for
Biotechnology Information (NCBI) (Series GSE178823).

FIGURE 1 | Distribution of case subtypes in the study. APVR, anomalous pulmonary venous return; AVSD, atrioventricular septal defect; CHD, congenital heart

defect; LVOTO, left ventricular outflow tract obstruction; PDA, patent ductus arteriosus; RVOTO, right ventricular outflow tract obstruction.
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FIGURE 2 | FACS sorting of NCCs from mouse embryos for miRNA profiling. (A) A schematic figure shows the Rosa-mTmG reporter line. (B) Wnt1-Cre-mediated

tissue-specific expression of GFP in E10.5 embryos. Bar = 500µm. The cranial-NCCs-derived tissue (C) and cardiac-NCCs-derived tissue (D) were dissected out,

digested, and sorted for both GFP positive NCCs and GFP negative cells. Bar = 100µm. PA, pharyngeal arch; OFT, outflow tract; FACS, fluorescence-activated cell

sorting; NCCs neural crest cells; miRNA, microRNA; GFP, green fluorescent protein.
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Ethics Statement
All animal procedures were approved by the medical ethics
committee of the First AffiliatedHospital, Sun Yat-senUniversity.
All study protocols related to human patients were reviewed and
approved by the local medical Ethics Committee. All individuals
involved in the study have signed informed consent.

RESULTS

Detecting 2,925 Single-Nucleotide Variants
in 3′UTR of Genes From a CHD Cohort
A cohort of CHDs, including 412 patients (case group) and
213 healthy controls (control group), were enrolled between
August 2008 and February 2011 in Shanghai and Shandong,
China (22). The average age of the case group vs. control is
2.9 ± 2.7 vs. 7.1 ± 3.7 years. The gender distribution of the
case group vs. control group is 231 males and 186 females
vs. 106 males and 107 females (p > 0.05). The congenital

defects were classified into 11 groups according to a previous
report (23) (Figure 1). Among these groups, conotruncal defect,
septal defect, and right ventricular outflow tract obstruction
(RVOTO) represent the majority of CHD cases and account
for 33.7, 33.0, and 10.7% of the total cases, respectively. There
is no family history for CHD in all cases. All patients possess
non-comprehensive CHDs, except eight cases of heart defects
combined with aproctia.

In order to detect SNVs from CHD patients, a total of
252 genes important for cardiac development were selected for
detection of single-nucleotide polymorphisms (SNPs), including
149 genes of signaling transduction (WNT, TGFβ, Notch, ERBB,
FGF, and Cilia-Hedgehog), 40 genes of transcriptional factors,
46 genes related to “Folate and one carbon metabolism,” and
17 genes of structural proteins. Genomic DNA was chopped,
and the regions of ORF, 3′UTR, 5′UTR, and 2KB of upstream
promotor were captured by designed probes for paired-end
sequencing (22). The sequencing yielded a set of data with
average 38.1× coverage of targeted regions (38.7× in the control

TABLE 1 | Top 30 most abundant miRNAs in cardiac NCCs.

microRNAs Relative expression in

cardiac NCCs

Sequence Cluster

miR-709 13.275 GGAGGCAGAGGCAGGAGGA Not in cluster

miR-17-5p 12.214 CAAAGUGCUUACAGUGCAGGUAG miR-17-92 cluster

miR-20a-5p 11.196 UAAAGUGCUUAUAGUGCAGGUAG miR-17-92 cluster

miR-92a-3p 10.689 UAUUGCACUUGUCCCGGCCUG miR-17-92 cluster

miR-690 10.651 AAAGGCUAGGCUCACAACCAAA Not in cluster

miR-106a-5p 10.517 CAAAGUGCUAACAGUGCAGGUAG miR-106a-363 cluster

miR-93-5p 10.374 CAAAGUGCUGUUCGUGCAGGUAG miR-106b-25 cluster

miR-103-3p 10.313 AGCAGCAUUGUACAGGGCUAUGA Not in cluster

miR-214-3p 10.203 ACAGCAGGCACAGACAGGCAGU miR-199a-214 cluster

miR-18a-5p 10.201 UAAGGUGCAUCUAGUGCAGAUAG miR-17-92 cluster

miR-99b-5p 10.120 CACCCGUAGAACCGACCUUGCG miR-99b-125a cluster

miR-16-5p 9.909 UAGCAGCACGUAAAUAUUGGCG miR-15-16 cluster

miR-20b-5p 9.805 CAAAGUGCUCAUAGUGCAGGUAG miR-106a-363 cluster

miR-107-3p 9.764 AGCAGCAUUGUACAGGGCUAUCA Not in cluster

miR-181a-5p 9.763 AACAUUCAACGCUGUCGGUGAGU miR-181a/b cluster

miR-181b-5p 9.622 AACAUUCAUUGCUGUCGGUGGGU miR-181a/b cluster

miR-130b-3p 9.573 CAGUGCAAUGAUGAAAGGGCAU miR-130b-301b cluster

miR-19b-3p 9.526 UGUGCAAAUCCAUGCAAAACUGA miR-17-92 cluster

miR-26a-5p 9.457 UUCAAGUAAUCCAGGAUAGGCU Not in cluster

miR-199a-5p 9.437 CCCAGUGUUCAGACUACCUGUUC miR-199a-214 cluster

miR-125a-5p 9.361 UCCCUGAGACCCUUUAACCUGUGA miR-99b-125a cluster

miR-199a-3p 9.167 ACAGUAGUCUGCACAUUGGUUA miR-199a-214 cluster

miR-125b-5p 9.158 UCCCUGAGACCCUAACUUGUGA miR-99a-125b cluster

miR-199b-3p 9.150 ACAGUAGUCUGCACAUUGGUUA miR-199b-3154 cluster

miR-130a-3p 9.132 CAGUGCAAUGUUAAAAGGGCAU Not in cluster

miR-145a-5p 9.010 GUCCAGUUUUCCCAGGAAUCCCU miR-143-145 cluster

let-7e-5p 8.949 UGAGGUAGGAGGUUGUAUAGUU miR-99b-125a cluster

miR-106b-5p 8.858 UAAAGUGCUGACAGUGCAGAU miR-106b-25 cluster

miR-541-5p 8.856 AAGGGAUUCUGAUGUUGGUCACACU Mirg cluster

miR-1195 8.752 UGAGUUCGAGGCCAGCCUGCUCA Not in cluster

miRNA, microRNA; NCCs, neural crest cells.
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TABLE 2 | Top 30 most abundant miRNAs in non-NCCs.

microRNAs Relative expression in

non-NCCs

Sequence Cluster

miR-709 13.38065 GGAGGCAGAGGCAGGAGGA Not in cluster

miR-17-5p 12.06354 CAAAGUGCUUACAGUGCAGGUAG miR-17-92 cluster

miR-690 11.37133 AAAGGCUAGGCUCACAACCAAA Not in cluster

miR-99b-5p 10.85722 CACCCGUAGAACCGACCUUGCG miR-99b-125a cluster

miR-20a-5p 10.73113 UAAAGUGCUUAUAGUGCAGGUAG miR-17-92 cluster

miR-92a-3p 10.66891 UAUUGCACUUGUCCCGGCCUG miR-17-92 cluster

miR-93-5p 10.25503 CAAAGUGCUGUUCGUGCAGGUAG miR-106b-25 cluster

miR-103-3p 10.16812 AGCAGCAUUGUACAGGGCUAUGA Not in cluster

miR-182-5p 10.07562 UUUGGCAAUGGUAGAACUCACACCG miR-182-183 cluster

miR-16-5p 10.03377 UAGCAGCACGUAAAUAUUGGCG miR-15-16 cluster

miR-106a-5p 9.949529 CAAAGUGCUAACAGUGCAGGUAG miR-106a-363 cluster

miR-125a-5p 9.923689 UCCCUGAGACCCUUUAACCUGUGA miR-99b-125a cluster

miR-107-3p 9.916354 AGCAGCAUUGUACAGGGCUAUCA Not in cluster

miR-26a-5p 9.854673 UUCAAGUAAUCCAGGAUAGGCU Not in cluster

miR-127-3p 9.778021 UCGGAUCCGUCUGAGCUUGGCU miR-136-431 cluster

miR-145a-5p 9.766548 GUCCAGUUUUCCCAGGAAUCCCU miR-143-145 cluster

miR-541-5p 9.682595 AAGGGAUUCUGAUGUUGGUCACACU Mirg cluster

miR-214-3p 9.590926 ACAGCAGGCACAGACAGGCAGU miR-199a-214 cluster

miR-181b-5p 9.429933 AACAUUCAUUGCUGUCGGUGGGU miR-181a/b cluster

miR-130b-3p 9.42875 CAGUGCAAUGAUGAAAGGGCAU miR-130b-301b cluster

miR-23b-3p 9.420783 AUCACAUUGCCAGGGAUUACC miR-23b-24 cluster

miR-181a-5p 9.411454 AACAUUCAACGCUGUCGGUGAGU miR-181a/b cluster

miR-125b-5p 9.3161 UCCCUGAGACCCUAACUUGUGA miR-99a-125b cluster

miR-24-3p 9.314174 UGGCUCAGUUCAGCAGGAACAG miR-23b-24 cluster

miR-18a-5p 9.269115 UAAGGUGCAUCUAGUGCAGAUAG miR-17-92 cluster

let-7e-5p 9.152258 UGAGGUAGGAGGUUGUAUAGUU miR-99b-125a cluster

miR-762 9.083022 GGGGCUGGGGCCGGGACAGAGC Not in cluster

miR-1195 9.081083 UGAGUUCGAGGCCAGCCUGCUCA Not in cluster

miR-130a-3p 9.068733 CAGUGCAAUGUUAAAAGGGCAU Not in cluster

miR-351-5p 9.066365 UCCCUGAGGAGCCCUUUGAGCCUG miR-322-351 cluster

miRNA, microRNA; NCCs, neural crest cells.

group vs. 38.0× in the case group). Targeted regions, which

have an at least 4× coverage, is over 90% average in all

samples (91.1% in control group vs. 91.6% in case group). As

a result, 13,786 SNVs were identified in the analyses, including
11,486 SNVs in the case group and 5,870 SNVs in the control

group. It is worthy to note that CHD patients have more

rare SNVs, whose minor allele frequency (MAF) is <1%, than
healthy controls. In detail, 66.2% (7,607) SNVs found in CHD
patients are rare SNVs, while only 35.3% (2,072) SNVs found

in healthy controls are rare ones. These data indicate that DNA
mutation is a main contributor of pathogenesis of CHDs in

the cohort.
In this study, we aim to explore the potential SNVs in

3′UTR interfering with the regulation between microRNA
(miRNA) and mRNA in the pathogenesis of CHD. Therefore,

a total of 2,925 SNVs located in 3′UTR of selected genes were

obtained from the above identification and subjected to further
analyses below.

Profiling MicroRNA Expression in
Migrating Neural Crest Cells From Embryo
Cardiac NCCs, which are originated from the third, fourth, and
sixth pharyngeal arches, populate the aorticpulmonary septum
and conotruncal cushion and contribute to the smooth muscle
of great vessels (1). Abnormal development in this group of
cells often leads to ventricular septal defect and defects in
great vessels connected to the heart (24). In order to study the
potential interfering 3′UTR SNVs, which impair the regulation
of miRNAs on their target mRNAs in CHD, we investigated
the expression of miRNAs in cardiac NCCs. Rosa-mT-mG
reporter mice (25), which possess loxP sites on either side of a
membrane-targeted tdTomato (mT) cassette and express strong
red fluorescence in all tissues and cell types, was bred withWnt1-
Cre mice (26). The presence of Cre recombinase will lead to the
deletion of the mT cassette and the expression of the membrane-
targeted GFP (mG) cassette located just downstream in NCCs
(Figures 2A,B).
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TABLE 3 | A list of differentially distributed miRNAs between cardiac NCCs and

non-NCCs.

microRNAs Relative

expression level in

cardiac NCCs

Relative

expression level in

non-NCCs

Log2 fold change

miR-363-3p 5.819 N.D. N/A

miR-466f-3p 4.940 N.D. N/A

miR-542-5p 4.983 N.D. N/A

miR-125b-1-3p 5.203 N.D. N/A

miR-214-5p 7.908 6.294 1.614

miR-199a-5p 9.437 7.979 1.459

miR-20b-5p 9.805 8.417 1.388

miR-500-3p 6.367 5.160 1.207

miR-199b-3p 9.150 8.032 1.118

miR-23b-3p 8.358 9.421 −1.062

miR-127-3p 8.636 9.778 −1.142

miR-329-3p 4.746 5.950 −1.204

miR-708-5p 5.460 6.693 −1.233

miR-126a-3p 6.073 7.600 −1.526

miR-31-5p 4.626 6.576 −1.951

miR-182-5p 5.056 10.076 −5.020

miRNA, microRNA; NCCs, neural crest cells; N.D., not detected; N/A, not applied.

Embryonic (E) 10.5 Rosa-mT-mG/Wnt1-Cre GFP positive
embryos were collected. The first and second pharyngeal
arches were dissected out, digested, and sorted for both
GFP positive cranial NCCs and GFP negative control cells
by FACS sorting, and similarly, the third, fourth, and sixth
pharyngeal arches and outflow tract were collected for cardiac
NCCs. As a result, around 65 and 20% GFP positive
cells were obtained from cranial-NCCs-derived (first and
second pharyngeal arches) and cardiac-NCCs-derived (third,
fourth, and sixth pharyngeal arches and outflow tract) tissues,
respectively (Figures 2C,D). RNAs from both GFP positive
cardiac NCCs and GFP negative non-NCCs were then subjected
to profile the expression of miRNA using the approach of
miRNA microarray.

As a result, a total of 201 and 221 miRNAs were detected
expressed in GFP positive cardiac NCCs and GFP negative non-
NCCs, respectively (Supplementary Table 1). miRNA members
of several miRNA clusters, such as miR-17-92 cluster, miR-
106a-363 cluster, and miR-106b-25 cluster, are highly expressed
in GFP positive cardiac NCCs (Table 1). To our surprise,
a similar list for the 30 most abundant miRNAs is found
in GFP negative non-NCCs (Table 2). It is worthy to note
that members of miR-17-92 clusters, including miR-17, miR-
18a, miR-20a, miR-19b, and miR-92a, are highly expressed
in both GFP positive and negative cell population. Next, we
asked which miRNAs are enriched and which miRNAs have
less expression in GFP positive cardiac NCCs when compared
with GFP negative non-NCCs. Nine enriched miRNAs and
seven less expressed miRNAs were identified with a cutoff
in expression fold change (Log2 Fold change >1 or <-1)
(Table 3).

TABLE 4 | The distribution of four rare SNVs in control and case groups.

SNVs Number in

control group

Number in

case group

Defects

NFATC1c.*654C>T 0 1 Conotruncal

(1)

FGFRL1 c.*414C>T 0 1 Conotruncal

(1)

CTNNB1c.*729_*730insT 0 1 Conotruncal

(1)

SMAD2c.*7061G>A 0 2 Conotruncal

(1); septal (1)

SNV, single-nucleotide variant.

Prediction of Disease-Related SNVs in
3′UTR That Interfere With miRNA Function
Our previous study demonstrated that disruption of the
expression of miRNA in NCCs leads to developmental defects
in the heart and great arteries, which resemble defects observed
in CHD patients (14). It indicated that miRNAs play critical
roles in regulating cardiac NCCs in cardiac development.
Therefore, we wonder whether certain SNVs identified
above in 3′UTR connect to CHDs by interfering with the
regulatory function of miRNA on gene expression. Since
the seed sequence (nucleotides 2–8) of miRNA has been
demonstrated to be critical to the pairing between miRNA
and mRNA 3′UTR (27), we first searched miRDB (28), a
miRNA target prediction database, for all predictions of
miRNA-3′UTR pairing, in which the SNV is located in the
sequence of 3′UTR pairing with seed sequence of miRNA.
A total of 802 SNVs were identified being involved in such
parings. The expression of miRNA in cardiac NCCs is the
prerequisite of their regulatory function on gene expression.
Next, we excluded the predictions associated with miRNAs
not detected in our miRNA profiling in cardiac NCCs. Fifty-
nine predictions remain in the list after selection. In the last
step, we asked whether the remaining 59 SNVs were tightly
associated with heart defects found in patients. As a result, four
SNV candidates, NFATC1 c.∗654C>T, FGFRL1 c.∗414C>T,
CTNNB1 c.∗729_∗730insT, and SMAD2 c.∗7061G>A
(Figure 3A), were identified in the analyses. miR-143-3p
was predicted to mediate the c.∗654C>T-induced dysregulation
of transcriptional factor, NFATC1; the predictive regulation of
fibroblast growth factor receptor like 1 by miR-210-3p is likely
interfered by the mutation of c.∗414C>T; an insertion of single
thymine in the 3′UTR was predicted to lead to the mis-regulating
of WNT signaling coactivator, beta-catenin (CTNNB1), by
miR-214-3p; and Smad2, a key TGFβ signaling effector, was
predicted to be mis-regulated by miR-145-5p because of the
c.∗7061G>A mutation (Figure 3B).

All these four mutations are rare SNVs. Surprisingly, all
individuals with these SNVs are associated with conotruncal
defect or septal defect based on the classification of CHD
defects (Table 4), indicating these SNVs are likely causative
mutations for congenital cardiac defects. Moreover, cardiac
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FIGURE 3 | Prediction of SNV-mediated miRNA mis-regulating on their downstream targets. (A) Confirmation of selected SNVs by Sanger sequencing. Red arrows

indicate the SNVs. (B) Prediction of pairing between the seed sequence of miRNAs and the SNV-involved mRNA 3′UTR regions. Blue letters indicate wild-type

nucleotides, and red letters indicate mutant nucleotides. SNV, single-nucleotide variant; miRNA, microRNA.
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FIGURE 4 | Validation of miRNA-mediated dysregulation induced by SNVs. Luciferase reporter assay was applied in the validation. Luciferase reporters with wild-type

or mutant 3′UTR of selected genes were co-transfected with predicted miRNA mimics, which was predicted to target the tested 3′UTR of gene, or negative control

(NC), and luciferase activity was determined. Values are presented as relative luciferase activity ± SD relative to the luciferase activity of reporter co-transfected with

negative control mimics. Data were obtained from at least three independent experiments. miRNA, microRNA; SNV, single-nucleotide variant. *indicates p < 0.05.

NCCs contribute to the development of conotruncus and
ventricular septa; the observation of conotruncal or septal
defects suggests the developmental defects of cardiac NCCs in
these SNV-harbored patients. Since the pairing between mRNA
3′UTR and the seed sequence of miRNA is critical to the

regulatory function of miRNA on gene regulation, the pairing

between mutant 3′UTRs and miRNAs (Figure 3B) indicates that

identified SNVs could induce the dys-regulation of NFATC1,

FGFRL1, CTNNB1, and SMAD2 and further disturb the normal

development of cardiac NCCs, which leads to the cardiac defects
in patients.

Experimental Validation of
miRNA-Mediated Gene Dysregulation
Induced by SNVs
To further confirm the miRNA-mediated gene dysregulation
induced by SNVs, wild-type, and mutant 3′UTRs, which harbor
the same point mutations as detected SNVs, were cloned into
the 3′UTR region of luciferase reporter. The predicted regulatory
miRNA was then tested for the repressive effect on luciferase
activity of wild-type and mutant reporters in a luciferase assay.
As shown in Figure 4, miR-143-3p, miR-210-3p, andmiR-214-3p
inhibited the activities of wild-type Luc-NFATC1-WT-UTR,
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Luc-FGFR1-WT-UTR, and Luc-CTNNB1-WT-UTR reporters,
respectively, which is consistent with the prediction. However,
miR-145-5p, which was predicted to bind to 3′UTR of SMAD2,
showed no repression on wild-type Luc-SMAD2-WT-UTR
reporter. More importantly, the repressive effects of miR-
143-3p, miR-210-3p, and miR-214-3p on NFATC1, FGFR1,
and CTNNB1 3′UTR luciferase reporters were diminished
when the identified SNV was introduced (Figure 4). It is
worthy to note that the mutation of NFATC1 c.∗654C>T
and CTNNB1 c.∗729_∗730insT, which similarly disrupts the
pairing between the second nucleotide of miRNA (the first
nucleotide of the miRNA seed sequence) and 3′UTR, totally
abolished the regulatory function of miR-143-3p on NFATC1
and miR-214-3p on CTNNB1, respectively. Therefore, our
data confirmed that three CHD-associated SNVs identified
in this study, NFATC1 c.∗654C>T, FGFRL1 c.∗414C>T, and
CTNNB1 c.∗729_∗730insT, induce the miRNA-mediated
gene dysregulation.

DISCUSSION

The etiology of congenital heart disease is complex. Although
environmental factors are involved in the pathogenesis of
CHDs, genetic mutation—both inherited mutation and de novo
mutation—is the major cause of CHDs. Huge efforts have been
spent on investigating the genetic cause responsible for the CHDs
we observed, and some mutations have been successfully linked
to syndromes associated with CHDs. For example, the deletion
of 3 million base pairs on one copy of chromosome 22 results
in DiGeorge syndrome in human patients (29). Genetic studies
have linked∼50% of Noonan syndrome to mutations in PTPN11
gene, which encodes SHP-2 protein, an SH2 domain-containing,
non-receptor tyrosine phosphatase (PTPase) essential for cellular
proliferation, differentiation, and migration (30). However,
many CHD cases without apparent linkage to environmental
interfering remains idiopathic. miRNAs have been demonstrated
to be closely associated with different human diseases, such as
cancer, cardiovascular diseases, hepatitis, diabetes, etc. (31). It is
not surprising that miRNAs are involved in the pathogenesis of
CHDs, which is supported by our previous report (14). In this
study, we further showed that three CHD-associated SNVs in
3′UTR could lead to the miRNA-mediated gene dysregulation.
More cases should be involved in the future to demonstrate how
important this type of mutation is in the cause of human CHDs.
Previous studies have shown that precise control of key signaling
cascade activity is critical to proper embryonic development (32),
including the induction of neural crest (33). Disease-associated
SNVs in 3′UTR of these tightly controlled genes could break
the balance due to the dysregulation by miRNAs even though
the mutation is only present in one allele, which results in
the situation that 50% of mRNAs for one gene are mutant in
theory and have abnormal miRNA-mediated regulation. The
detailed mechanism of this miRNA-mediated gene dysregulation
in cardiac developmental defects needs to be further investigated
in vivo. For example, mutations identified from patients in this
study should be introduced in a mouse model to further confirm

their CHD-causative effect, and the miRNA-mediated molecular
mechanism of CHD should be further validated with these
genetically engineered mouse embryo in vivo as well.

Several studies indicated that SNVs in human CHD patients
could lead to miRNA-mediated gene dysregulation. For example,
+1,905G>A in 3′UTR region of methionine synthase (MTR)
gene, which is associated with CHDs, was reported to result in
dysregulation of MTR by miR-485, miR-608, and miR-1293 (34).
Point mutation of TBX5 3′UTR sequence, TBX5 c.∗1101C4T,
is closely associated with septation defects in human patients
and leads to miR-9 and miR-30a-mediated dysregulation of
TBX5 expression (35). The expression of these miRNAs during
cardiac development is not well-characterized. The majority
of conotruncal defect and ventricular septal defect are very
likely linked to the defect of cardiac NCCs. The migration
and differentiation of cardiac NCCs is transient and happens
in the early developmental stage of the embryo. Therefore,
it is challenging to obtain cardiac NCCs from the human
embryo. Due to the high conservation of mammalian embryo
development, we obtained the expression profile ofmiRNAs from
mouse cardiac NCCs and focused on the miRNAs with high
expression level in this study. Three rare SNVs were identified
with the great potential of disrupting the normal miRNA-
mediated gene regulation in our study. More importantly, these
SNVs are all associated with cardiac NCCs-involved conotruncal
defect and septal defect in human patients. Therefore, our study
indicates that miRNA-mediated gene dysregulation in cardiac
NCCs could be an important etiology of congenital heart disease.

Due to the limitation of our sequencing strategy, only ∼250
protein-coding genes were studied in this study, although most
of them are considered important genes for cardiac development.
Since protein-coding genes are widely regulated by miRNAs (27),
more genes, if not all, should be investigated with the whole
genome sequencing data in the future. Our study provides a cue
that miRNA-involved gene regulation might be important but
overlooked in the etiological study of human congenital heart
disease. Mutations of miRNA coding sequence and sequence
regulating the transcription of miRNA primary transcript or the
processing of miRNA precursor warrant further investigation in
human patients with CHD.
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Currently, an ultrastructural analysis of cardiovascular tissues is significantly complicated.

Routine histopathological examinations and immunohistochemical staining suffer from

a relatively low resolution of light microscopy, whereas the fluorescence imaging of

plaques and bioprosthetic heart valves yields considerable background noise from the

convoluted extracellular matrix that often results in a low signal-to-noise ratio. Besides,

the sectioning of calcified or stent-expanded blood vessels or mineralised heart valves

leads to a critical loss of their integrity, demanding other methods to be developed.

Here, we designed a conceptually novel approach that combines conventional formalin

fixation, sequential incubation in heavy metal solutions (osmium tetroxide, uranyl acetate

or lanthanides, and lead citrate), and the embedding of the whole specimen into epoxy

resin to retain its integrity while accessing the region of interest by grinding and polishing.

Upon carbon sputtering, the sample is visualised by means of backscattered scanning

electron microscopy. The technique fully preserves calcified and stent-expanded tissues,

permits a detailed analysis of vascular and valvular composition and architecture, enables

discrimination between multiple cell types (including endothelial cells, vascular smooth

muscle cells, fibroblasts, adipocytes, mast cells, foam cells, foreign-body giant cells,

canonical macrophages, neutrophils, and lymphocytes) and microvascular identities

(arterioles, venules, and capillaries), and gives a technical possibility for quantitating

the number, area, and density of the blood vessels. Hence, we suggest that our

approach is capable of providing a pathophysiological insight into cardiovascular disease

development. The protocol does not require specific expertise and can be employed in

virtually any laboratory that has a scanning electron microscope.

Keywords: cardiovascular research, biocompatibility testing, calcification, mineral deposits, electron microscopy,

sample preparation, epoxy resin, grinding and polishing
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INTRODUCTION

In spite of the variety of approaches for ultrastructural
pathology, which generally include the preparation of formalin-
fixed paraffin-embedded, snap-frozen, or fresh tissue specimens
further stained with specific dyes or chromogen, fluorescent, or
gold-labelled antibodies and visualised by light, epifluorescence,
confocal, or electron microscopy (1–3), the processing and
imaging of calcified or stent-expanded cardiovascular tissue
remain poor (4). The density of mineral deposits and metal
implants significantly differs from that of the bulk tissue
and, hence, tissue integrity is heavily disrupted through the
conventional sectioning procedure. Yet, a proper investigation
of atherosclerotic plaques, dysfunctional heart valves, and failed
bioprosthetic heart valves all frequently undergoing pathological
mineralisation ultimately requires retained tissue architecture
and the biocompatibility testing of the metal alloys for stent
manufacturing (5, 6).

Another major issue in cardiovascular pathology is that the
high-precision and high-throughput analysis of microcirculation
demands a magnification exceeding values obtainable by means
of light microscopy (LM, 400-fold) and an image acquisition
rate superior to confocal microscopy (which is commonly
limited to 630-fold magnification, being additionally confounded
by antigen expression features and background staining)
(7, 8). Transmission electron microscopy provides a perfect
magnification range, but the sample preparation is technically
challenging, is inevitably associated with a tremendous reduction
of the sample amount, and does not permit the representative
serial sectioning of the vessels (9). Hence, the existing techniques
for the visualisation of microcirculation have considerable
shortcomings and also involve sectioning prior to the staining,
precluding an analysis of the vascular networks associated with
extraskeletal mineral deposits.

An established standard for the evaluation of small-calibre
vessels includes immunostaining for endothelial marker CD31
in combination with nuclear counterstaining (10). However,
the geometry of microvessels is susceptible to sectioning
and staining and often becomes irreversibly altered during
these procedures (in particular in calcified or stent-expanded
tissues) that complicates the evaluation of microcirculation.
Immunostaining for vascular smooth muscle cell markers, such
as the smooth muscle myosin heavy chain, alpha smooth
muscle actin, or smoothelin, better delineates microvessel
contours but does not detect the capillaries, which solely
consist of endothelial cells. Therefore, despite excellent specificity

and compatibility with recent tools for automated image
analysis, immunostaining lacks sensitivity in discriminating

microvasculature from surrounding tissue.
Here we developed and validated a conceptually novel

histological approach that couples whole-specimen formalin

fixation with heavy metal staining (i.e., incubation in osmium
tetroxide, uranyl acetate, and lead citrate solutions), epoxy
resin embedding, grinding, and polishing of epoxy resin blocks,
and backscattered scanning electron microscopy (BSEM). As
this technique fully retains the integrity of calcified or stent-
expanded tissues and combines high-magnification visualisation,

rapid image acquisition, and the possibility to perform
elemental analysis, we suggest it as an optimal solution for
cardiovascular research, especially for studies on calcification
and microcirculation.

Development of the Protocol
To design this protocol, we combined a classical tissue
fixation in neutral phosphate buffered formalin—which,
in this setting, is not restricted to 24 h as in the case with
immunohistochemistry—with post-fixation and long-term
staining with ascending concentrations of osmium tetroxide.
After washing and dehydration, samples are counterstained in
alcoholic uranyl acetate (or its substitutes such as lanthanides
if desired), impregnated and embedded into epoxy resin, and
then grinded and polished to retrieve the sample and flatten
its surface for electron microscopy. Visualisation is performed
utilising BSEM upon counterstaining with lead citrate and
carbon sputtering. The protocol provides an opportunity
to investigate the entire and intact tissue sample, conduct
layer-by-layer examination by serial grinding, and acquire
high-quality images of tissue architecture, extracellular matrix,
and cells at a magnification from 40- to 5,000-fold. For the
investigation of mineral deposits or metal implants, visual
inspection can be reinforced by an elemental analysis. Employing
a proposed technique, we carried out an ultrastructural analysis
of atherosclerotic plaques as compared with failing native and
bioprosthetic heart valves, posing the integrity of the extracellular
matrix as a pivotal factor for the prevention of structural valve
deterioration (11).

Applications of the Method
The histological interrogation of blood vessels and heart valves
and their polymer and bioprosthetic substitutes is frequently
complicated by an extensive calcification, which leads to the
loss of tissue integrity during the sectioning. Our approach
avoids this drawback as it implies processing of the entire
tissue explant through all sample preparation stages. Moreover,
it adds the ability to analyse the chemical composition of the
minerals or implants. Furthermore, the magnification of BSEM
is optimal for the analysis of vascular architecture, allowing the
clear visualisation of the endothelium, tunica intima, vascular
smooth muscle cell layers, elastic fibres, collagen meshwork,
vasa vasorum, plaque neovessels, immune cell clusters, peripheral
nerves, and perivascular adipose tissue. Alterations detectable
by our approach include but are not limited to extraskeletal
calcification, lipid retention and foam cell formation, intraplaque
or intravalvular haemorrhages, elastic lamina degradation, and
neutrophil adhesion/migration. By optimising the staining and
dehydration protocol, BSEM distinguishes endothelial cells,
vascular smooth muscle cells, fibroblasts, mast cells, neutrophils,
macrophages (including foam cells and foreign-body giant cells),
lymphocytes, and perivascular adipocytes. The applicability
of our technique for vascular pathology tasks has been
confirmed on a sample of coronary artery bypass graft surgery
conduits (saphenous veins and internal mammary arteries),
demonstrating an association of increased vasa vasorum density
with pre-implantation stenosis (12). An independent validation
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sample included balloon-injured rat aortas, which indicated the
correlation of vasa vasorum, a surrogate vascular inflammation
marker, with immune cell clusters also associated with neointima
formation (13). Finally, we have been able to show the relation of
plaque neovessels with calcium deposition, further reporting the
positive role of the microvessels around the mineral deposits and
the negative role of total plaque vascularisation (14).

Experimental Design
This protocol provides a step-by-step guide to prepare the
blood vessels, heart valves, and their polymer and bioprosthetic
substitutes for the analysis of their gross and microscopic
anatomy by BSEM. It can be divided into the following stages:
(i) fixation, staining, and preparation for epoxy resin embedding;
(ii) embedding into epoxy resin and preparation of the sample
for BSEM; (iii) BSEM visualisation and analysis. The protocol,
although being developed for studying cardiovascular pathology,
is not restricted to this field and can be modified at any
stage to optimise the results with respect to specific organs
and tissues. The procedure described in the study has been
optimised for atherosclerotic plaques, native and bioprosthetic
heart valves, coronary artery bypass graft surgery conduits
(autologous internal mammary arteries and saphenous veins),
ovine carotid arteries (including those with implanted tissue-
engineered vascular grafts), and rat aortas. We expect the
performance of the method would be similar if applied to any
other human or animal organ or tissue.

Fixation, Staining, and Preparation for Epoxy Resin

Embedding (Steps 1–18)
This part of the protocol includes the standard fixation of the
tissue in neutral phosphate buffered formalin immediately
upon its collection, postfixation, and staining in ascending
concentrations of osmium tetroxide, dehydration steps
combined with the counterstaining in alcoholic uranyl acetate
or lanthanides, and impregnation into epoxy resin. Although
the modification and even substitution of some steps here are
possible without affecting the result, we recommend adhering
to the protocol in this part as it employs the basic principles
of histology.

Embedding into Epoxy Resin and Preparation of the

Sample for BSEM (Steps 19–24)
Here, we describe a critical step (sample orientation and epoxy
resin embedding) of further sample retrieval by grinding and
polishing and the final preparations that ensure high-quality
BSEM (lead citrate counterstaining and carbon sputter coating).
Serial grinding can be employed for the sequential scanning of
the sample at ascending tissue depth. Various types of epoxy
resin may be used here depending on the desired penetration
into the tissue and subsequent modes of analysis.We recommend
using Araldite 502 (in preference to Araldite-EMbed 812, Embed-
812, and Spurr low-viscosity resin), a widely utilised embedding
resin for embedding, which provides advantages that include
rapid penetration, good contrasting properties, easy grinding,
and stability under the electron beam. Different variants of
lead citrate for counterstaining are available, yet we refer to

Reynolds’ formulation. Monostaining with lanthanides facilitates
the further elemental analysis of mineral deposits, if applicable,
in comparison with uranyl acetate/lead citrate treatment.

Backscattered Scanning Electron Microscopy

Visualisation (Step 25)
Upon sample preparation, an ultrastructural analysis can be
conducted by means of BSEM, which provides a high-resolution
image from×40 to×5,000 magnification. This imaging modality
is similar to transmission electron microscopy (TEM) in terms
of visualisation patterns, facilitating the integration of EM-
BSEM into the existing electron microscopy techniques applied
in histopathology. Furthermore, BSEM is fully compatible with
elemental analysis (e.g., energy-dispersive x-ray spectroscopy)
and automated machine learning algorithms for post-acquisition
image analysis.

Expertise Needed to Implement the
Protocol
The implementation of the protocol does not require any specific
expertise, and all steps can be performed by a competent graduate
student or postdoctoral researcher without the need to involve a
core facility or the use of a specific protective equipment. Yet,
a grinding and polishing machine, a vacuum sputter coater, and
a scanning electron microscope equipped with a backscattered
electron detector are mandatory for the experiments utilising this
protocol. The workflow is reminiscent of a routine histological
sample preparation and includes the sequential incubation of the
sample(s) in various chemical solutions, the orientation of the
specimen in the embedding mould, grinding and polishing upon
epoxy resin polymerisation, counterstaining followed by a sputter
coating, and BSEM. The acquisition of relevant and high-quality
images and their interpretation and semi-quantitative analysis
require expertise and, ideally, experience in cardiovascular
pathology (or a respective pathology field if studying other
tissues). The development of neural networks for the automated
analysis of acquired images would demand skills in data science.

MATERIALS AND EQUIPMENT

Biological Materials
1. Although the approach has been optimised for cardiovascular

tissues, it can be applied to virtually any tissue. CAUTION:

For all materials collected from live vertebrates or higher
invertebrates, all experiments must be performed in
accordance with relevant guidelines and regulations (e.g.,
European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes,
Strasbourg, 1986). For all materials obtained from human
subjects, their collection must conform to the latest revision of
Declaration of Helsinki (2013), and written informed consent
to participate in the study must be obtained from all subjects.

Reagents
1. Ice-cold 1X phosphate-buffered saline (e.g., P4417, Sigma-

Aldrich; St. Louis, MO, USA, dissolve five tablets in 1,000ml
of double-distilled water) or a physiological saline solution
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[0.9% (wt/vol) NaCl, can be prepared by dissolving 9 g of NaCl
(e.g., 31434, Sigma-Aldrich) in 1,000ml of double-distilled or
deionised water] as a transportation medium for the tissue
samples. Can be stored at 4◦C for 3 months.

CRITICAL: All reagents mentioned below must not be of a
grade less than the ACS grade (≥99% purity) to obtain high-
quality images.

2. Ice-cold 10% (vol/vol) neutral phosphate-buffered formalin
(e.g., HT501128, Sigma-Aldrich) for the sample fixation by:
(1) protein–protein and protein–nucleic acid cross-linking
via amino or imino groups including those of adenine and
cytosine (15–18); (2) reacting with the ethylenic double bonds
of unsaturated lipids (19, 20). Can be prepared by dissolving
4 g of anhydrous monobasic sodium phosphate (NaH2PO4,
e.g., S0751, Sigma-Aldrich) and 6.5 g of anhydrous dibasic
sodium phosphate (Na2HPO4, e.g., S0876, Sigma-Aldrich)
in 900ml of double-distilled or deionised water and adding
100ml of 37% (wt/vol) formaldehyde (e.g., 15680, Electron
Microscopy Sciences; Hatfield, PA, USA or 252549, Sigma-
Aldrich). Can be stored at 4◦C for 1 year.

CAUTION: Fatal if swallowed, causes severe skin and
eye irritation, may cause respiratory irritation, allergy or
asthma symptoms, or breathing difficulties if inhaled. Wear
protective clothing (gloves and face protection), do not
breathe dust/fume/gas/mist/vapours/spray, wash gloves and
hands thoroughly after handling, use only in a well-ventilated
area such as a fume hood.

3. One percent (wt/vol) phosphate-buffered osmium tetroxide
(OsO4, e.g., 19100, Electron Microscopy Sciences) for the
sample post-fixation by: (1) the polymerisation of unsaturated
lipids through the cross-linking of ethylenic double bonds (21,
22); (2) protein–protein cross-linking via amino/imino groups
(22, 23); (3) protein–lipid cross-linking by an unrecognised
mechanism (23). Prepare by dissolving 1 g of osmium
tetroxide in 100ml of 0.1M phosphate buffer [pH 7.4, can be
prepared by: (1) dissolving 14.2 g of anhydrous Na2HPO4 in
1 L of double-distilled or deionised water; (2) dissolving 12 g
of anhydrous NaH2PO4 in 1 L of double-distilled or deionised
water; (3) mixing 405ml of a Na2HPO4 solution with 95ml
of a NaH2PO4 solution, can be stored at 4◦C for 1 year]. Can
be stored tightly wrapped into a sealing film (e.g., Parafilm M,
P7793, Sigma-Aldrich) at 4◦C for 3months. Protect from light.

CAUTION: Fatal if swallowed, in contact with skin, or inhaled
and causes severe skin burns and eye damage. Wear protective
clothing (gloves and face protection), do not breathe dust or
mists, wash gloves and hands thoroughly after handling, use only
in a well-ventilated area such as a fume hood, and strictly use glass
vials (e.g., 23188, Supelco) for incubating the specimens, as glass
is a chemically inert material that does not react with osmium
tetroxide, in contrast to plastic.

4. Two percent (wt/vol) aqueous osmium tetroxide (OsO4, e.g.,
19100, Electron Microscopy Sciences) to better stain proteins
and lipids. Prepare by dissolving 1 g of osmium tetroxide in 50

mL double-distilled or deionised water. Can be stored tightly
wrapped into a sealing film at 4◦C for 3 months. Protect
from light.

CAUTION: Fatal if swallowed, in contact with skin, or inhaled
and causes severe skin burns and eye damage. Wear protective
clothing (gloves and face protection), do not breathe dust or
mists, wash gloves and hands thoroughly after handling, use only
in a well-ventilated area such as a fume hood, and strictly use glass
vials for incubating the specimens, as glass is a chemically inert
material that does not react with osmium tetroxide, in contrast
to plastic.

5. Absolute ethanol (CH3CH2OH, 200 proof, e.g., 15058,
Electron Microscopy Sciences) further diluted to 95 (vol/vol),
80 (vol/vol), 70 (vol/vol), 60 (vol/vol), and 50% (vol/vol)
ethanol in double-distilled or deionised water. Such graded
ethanol series is used for tissue dehydration and mild
delipidation. Store at room temperature (RT).

CAUTION: Highly flammable liquid and vapour, harmful
if swallowed or in contact with skin, and causes skin and
eye irritation. Keep away from heat/sparks/open flames/hot
surfaces, do not smoke around reagent, use explosion-proof
electrical/ventilating/lighting/equipment, use only non-sparking
tools, take precautionary measures against static discharge, wear
protective clothing (gloves and face protection), and wash gloves
and hands thoroughly after handling.

6. Uranyl acetate (C4H6O6U, e.g., 22400, Electron Microscopy
Sciences) further diluted to 2% (wt/vol) in 95% (vol/vol)
ethanol (e.g., add 25ml of 95% ethanol to 0.5 g of uranyl
acetate). Uranyl acetate binds to sialic acid carboxyl groups of
glycoproteins and gangliosides abundant in cell membranes, to
amino groups of proteins, and to phosphate groups of nucleic
acids (24), thereby contrasting nuclei and ribosomes. Must be
prepared ex tempore and left for 4 h to settle. Protect from air
and light.

CAUTION: Highly flammable liquid and vapour, toxic
if swallowed, inhaled or in contact with skin, causes
serious skin and eye irritation, and suspected of causing
genetic defects and damaging fertility or the unborn child.
Keep away from heat/sparks/open flames/hot surfaces,
do not smoke around reagent, use explosion-proof
electrical/ventilating/lighting/equipment, use only non-sparking
tools, take precautionary measures against static discharge, do
not breathe dust/fume/gas/mist/vapours/spray, wear protective
clothing (gloves and face protection), and wash gloves and hands
thoroughly after handling.

ALTERNATIVE: Use undiluted UranyLess, a proprietary
mix of lanthanides (e.g., 22409, Electron Microscopy Sciences;
Hatfield, PA, USA) binding to calcium, phosphates, and
phospholipids and to amino groups of proteins and therefore
staining cell membranes, organelles, and nuclei (25–30).
Compared with uranyl acetate, UranyLess is a harmless reagent
and generally shows similar efficiency to a contrasting agent.
Store at RT for 1 year. Protect from light.
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7. 2-propanol {[(CH3)2CHOH], e.g., 190764, Sigma-Aldrich}, a
degreasing and dehydrating agent. More potent degreasing
agent than ethanol. Store at RT.

CAUTION: Highly flammable liquid and vapour,
harmful if swallowed or in contact with skin, causes skin
and eye irritation, a d may cause drowsiness or dizziness.
Keep away from heat/sparks/open flames/hot surfaces,
do not smoke around the reagent, use explosion-proof
electrical/ventilating/lighting/equipment, use only non-sparking
tools, take precautionary measures against static discharge, wear
protective clothing (gloves and face protection), and wash gloves
and hands thoroughly after handling.

8. Acetone [(CH3)2CO], e.g., 179124, Sigma-Aldrich, a more
potent dehydrating and degreasing agent as compared with
ethanol and 2-propanol. Miscible with epoxy resin and less
toxic as compared with propylene oxide. Store at RT.

CAUTION: Highly flammable liquid and vapour, toxic if
swallowed or inhaled, causes skin and eye irritation, and may
cause drowsiness or dizziness. Keep away from heat/sparks/open
flames/hot surfaces, do not smoke around reagent, use explosion-
proof electrical/ventilating/lighting/equipment, use only non-
sparking tools, take precautionary measures against static
discharge, wear protective clothing (gloves and face protection),
wash gloves and hands thoroughly after handling, and use only
in a well-ventilated area such as a fume hood.

9. Epoxy resin: Araldite 502 (e.g., 13900, Electron Microscopy
Sciences), Araldite-EMbed 812 (e.g., 13940, Electron
Microscopy Sciences), EMbed-812 (e.g., 14120 or 14121,
Electron Microscopy Sciences), or Spurr low-viscosity resin
(e.g., 14300, Electron Microscopy Sciences). We recommend
using Araldite 502 as an option of choice, while EMbed-812
or Spurr low-viscosity resin may show better results when
applied to bone tissues or samples with a high proportion
of calcified tissue. Must be prepared ex tempore. To prepare
Araldite 502, mix 20ml of Araldite 502, 22ml of dodecenyl
succinic anhydride (a hardener), and 0.8ml of DMP-30 (an
accelerator). To prepare Araldite-EMbed 812, mix 25ml of
EMbed-812, 15ml of Araldite 502, 55ml of dodecenyl succinic
anhydride, and 1.9ml of DMP-30. To prepare EMbed-812,
mix 20ml of EMbed-812, 22/16/9ml of dodecenyl succinic
anhydride (for soft/medium/hard blocks, respectively),
5/8/12ml of nadic methyl anhydride (another hardener, for
soft/medium/hard blocks, respectively), and 0.9, 0.85, and
0.80ml of DMP-30 (an accelerator, for soft/medium/hard
blocks, respectively). To prepare the Spurr low-viscosity
resin, mix 18ml of ERL 4221, 14ml of DER 736, 48ml
of non-enyl succinic anhydride (a hardener), and 0.6ml
of dimethylaminoethanol (an accelerator). Retain the
abovementioned proportions when preparing larger epoxy
resin amounts.

CAUTION: Harmful if swallowed, in contact with skin,
or inhaled, causes serious skin and eye irritation, and may
cause respiratory irritation and allergic skin reaction. Do
not breathe dust/fume/gas/mist/vapours/spray, wear protective

clothing (gloves and face protection), wash gloves and hands
thoroughly after handling, and use only in a well-ventilated area
such as a fume hood. Additionally, dimethylaminoethanol (an
accelerator for Spurr low-viscosity resin) is a flammable liquid
and vapour and causes severe skin burns and eye damage. When
working with this reagent, keep away from heat/sparks/open
flames/hot surfaces, do not smoke around reagent, use explosion-
proof electrical/ventilating/lighting/equipment, use only non-
sparking tools, and take precautionary measures against
static discharge.

10. Silicone oil (e.g., 40300076, Struers; Sarasota, FL, USA) to
facilitate the removing of epoxy resin blocks from themoulds
upon the embedding.

11. Graded (9, 6, and 3µm in diameter) diamond spray series
for the polishing of epoxy resin blocks (e.g., DP-Spray M,
40600154, 40600153, and 40600152, Struers).

12. Water-based cooling and lubricating liquid for the diamond
polishing of epoxy resin blocks (e.g., DP-Lubricant Green,
40700024, Struers).

13. Lead citrate trihydrate [Pb(C6H5O7)2·3H2O, e.g., 17800,
Electron Microscopy Sciences] to further contrast lipids
and proteins as it interacts with both osmium tetroxide
and uranyl acetate and also binds to cysteine, ortho- and
pyrophosphate groups, and glycogen (31). Alternatively, it
can be prepared by adding 1.33 g of lead nitrate (e.g., 17900,
Electron Microscopy Sciences), 1.76 g of sodium citrate (e.g.,
21140, Electron Microscopy Sciences), and 30ml of fresh
double-distilled or deionised water into a 50ml conical
tube (e.g., 91050, Techno Plastic Products; Trasadingen,
Switzerland). Shake vigorously for 1min and intermittently
for 30min. Then, add 8ml of 1N NaOH to the mixture and
swirl. Again, add fresh double-distilled or deionised water
to reach a 50-ml final volume. Shake vigorously for 1min
and cheque the pH (must be 11.9–12.1). Adjust the pH with
1N NaOH if needed while stirring the solution. Pass the
solution through a 0.2-µm pore size regenerated cellulose
syringe philtre (e.g., 431222, Corning; Corning, NY, USA).
It can be stored tightly wrapped into a sealing film at 4◦C for
6 months. Protect from air and light.

CAUTION: Toxic if swallowed or inhaled and may
damage fertility or the unborn child. Do not breathe
dust/fume/gas/mist/vapours/spray, wear protective clothing
(gloves and face protection), wash gloves and hands thoroughly
after handling, and use only in a well-ventilated area such as a
fume hood.

Consumables
1. Polypropylene mounting cups (e.g., FixiForm, 40300085,

Struers) acting as a mould for epoxy resin embedding.
2. Silicon carbide foil (200mm in diameter) with poly-

(ethylene terephthalate) foil backing for the wet grinding of
materials (HV 30–800); grit 800 (e.g., 40400206, Struers),
1,000 (e.g., 40400207, Struers), and 1,200 (e.g., 40400208,
Struers) for reaching the sample surface. These must
be attached to an adapter for magnetic fixation on an
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aluminium disc of the grinding and polishing machine
(e.g., MD-Gekko, 200mm in diameter, 49900047, Struers) or
used with a self-adhesive foil (e.g., Gekko PSA, 200mm in
diameter, e.g., 49900053, Struers), which is to be glued on an
aluminium disc.

3. Wool woven polishing cloth discs to use with 6- or 3-
µm diameter monocrystalline diamonds for flattening the
surface of the epoxy resin block (e.g., M300, NX-MET;
Échirolles, France).

4. Carbon thread for sputter coating (e.g., 16771511116,
Leica Microsystems; Wetzlar, Germany).

5. Glass Petri dish with lid for lead citrate counterstaining (e.g.,
100mm in diameter and 20mm in height, BR455743, Sigma-
Aldrich).

6. Laboratory glass bottles, 100–1,000ml (e.g., Duran
graduated laboratory bottles, Z232076, Z232084, Z232092,
and Z232106), and their respective caps (GL 32 and GL
45 neck thread, Z232351 and Z153958) for preparing
the phosphate-buffered and physiological saline, neutral
phosphate-buffered formalin, osmium tetroxide, uranyl
acetate, and ethanol dilutions.

7. Laboratory glass measuring cylinders, 10, 50, and 1,000ml
(e.g., BR31708, BR31728, and BR31762, Sigma-Aldrich), for
measuring chemical solutions.

8. Laboratory glass beakers, 10ml (e.g., Z231797, Sigma-
Aldrich), for washing the specimens.

9. Laboratory glass vials (with caps), 40ml (e.g., 23188,
Supelco), for incubating the specimens. Ensure that the
diameter of your vial fits the sample size and vice
versa. Wide-mouth vials are preferable as they expand the
maximum size of the specimens.

10. Polypropylene conical 50-ml tubes (with caps) for preparing
the epoxy resin and lead citrate (e.g., 91050, Techno
Plastic Products).

11. Long stainless-steel forceps to transfer the tissue and epoxy
resin blocks between the solutions and short stainless-steel
forceps (fine tip, curved) for specimen embedding (e.g., 12
and 4.5 inches, Z225622 and Z168785, Sigma-Aldrich).

12. Flexible stainless-steel wire ≈1–2mm in diameter for
removing the samples from the glass vials.

13. Single-channel, variable volume (20–200 µl and 100–1,000
µl) pipettes (e.g., 3123000055 and 3123000063, Eppendorf;
Hamburg, Germany).

14. Disposable, clear 200–300- and 1,000-µl pipette philtre tips
(e.g., TF-350 and TF-1000, Corning). May be non-sterile.

15. Gauze sponges for humidifying glass Petri dishes during
lead citrate counterstaining (e.g., 8065-2, Covidien; Dublin,
Ireland). May be non-sterile.

Equipment
1. Double-distilled water system (e.g., A4000, Antylia Scientific)

or deionised water system (e.g., Milli-DI Water Purification
System for Deionized Water, Merck; Kenilworth, NJ, USA).

2. pH metre (e.g., pH 211, Hanna Instruments; Woonsocket, RI,
USA).

3. Thermostat capable of heating to 60◦C (70◦C if Spurr low-
viscosity resin is applied).

4. Vacuum impregnation unit (e.g., CitoVac, Struers).

5. Grinding and polishing machine (e.g., TegraPol-11, Struers).
6. Vacuum sputter coater (e.g., EM ACE200, Leica).
7. Scanning electron microscope equipped with a backscattered

electron detector (e.g., Hitachi S-3400N, Hitachi; Tokyo,
Japan) and, optionally, with an energy-dispersive x-ray
detector (e.g., XFlash 4010, Bruker; Billerica, MA, USA).

METHODS

All steps of the procedure should be performed at RT unless
otherwise stated.

1. DAY 1: Carefully excise the tissue specimen and place it
immediately into the transportation medium (ice-cold 1X
phosphate-buffered saline or physiological saline). Ensure
that the specimen is fully submerged into the transportation
medium to prevent dehydration. Transfer the specimen
into the tissue processing laboratory as soon as possible to
prevent autolysis.

CRITICAL STEP: The transportation medium (1X
phosphate-buffered saline or physiological saline) and fixative
(10% neutral phosphate-buffered formalin) must be ice-cold
(4◦C) to restrict autolysis as much as possible. Do not ever allow
the tissue to dry out. At any step of the protocol, ensure that the
specimen is fully submerged into the liquid.

2. Dissect the tissue specimen to ∼5- × 5- × 5- (not more than
20- × 20- × 13-, L × W × H) mm segments if working with
parenchymal organs. The advantage of cardiovascular tissue is
that hollow organs such as blood vessels and thin heart valves
are highly permeable for the formaldehyde molecules. Blood
vessels and atherosclerotic plaques should be cut into ≈1-cm
(not more than 1.3 cm) length segments for the convenience
of embedding. The indicated dimensions ensure the proper
and convenient orientation for epoxy resin embedding. The
calcium deposits are typically well distinguishable from the
surrounding tissue. To minimise the volume of the reagents
used, calcified segments should be withdrawn just before
formalin fixation. Wash the specimen in two or three changes
of ice-cold 1X phosphate-buffered saline or physiological
saline. Alternatively, intensively irrigate the specimen using
a syringe if the tissue does not require a delicate treatment, as
this technique is superior to dipping with regards to removing
excessive blood.

3. Transfer the specimen into ice-cold 10% (vol/vol) neutral
phosphate-buffered formalin as soon as possible to
prevent autolysis. Despite the slower fixation rate, 10%
neutral phosphate-buffered formalin is preferential to 4%
paraformaldehyde and glutaraldehyde because of the smaller
size and molecular weight of the molecules and, therefore,
its better capability to penetrate the unprocessed tissue (32).
Leave the sample overnight at 4◦C.

PAUSE POINT: The specimen can be safely stored at 4◦C for
up to a week without any quality loss.

4. DAY 2: Change the formalin in the morning and leave it until
the end of a 24-h incubation period.
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PAUSE POINT: The specimen can be safely stored at 4◦C for
up to a week without any quality loss.

5. Wash the specimen by incubating it in 0.1M phosphate buffer
(pH 7.4, three changes, 10min per each).

6. Transfer the specimen directly into a 1% phosphate-buffered
osmium tetroxide solution. Hereinafter, strictly use glass and
not plastic vials when working with osmium tetroxide to
avoid any undesirable chemical interactions. Tightly wrap the
container into a sealing film and leave the sample overnight
at RT.

7. DAY 3: Transfer the specimen directly into a 2% aqueous
osmium tetroxide solution. Tightly wrap the container into a
sealing film and leave the sample for 40 h at RT.

PAUSE POINT: The specimen can be safely stored at RT for a
weekend (72 h) without any quality loss.

8. DAY 5: Wash the specimen by incubating it in 0.1M
phosphate buffer (pH 7.4, four changes, 15min per each).
Select the counterstain (UranyLess or uranyl acetate). If
choosing UranyLess, proceed to a step 9, exclude steps 11
and 12, and continue the protocol from a step 13. If choosing
uranyl acetate, skip step 9 and continue the protocol from step
10 (in this variant of the protocol, steps 10 and 11 would be
performed at day 5 and day 6 would start at a step 12).

9. If using UranyLess for counterstaining, transfer the specimen
directly into undiluted UranyLess and leave the sample
overnight at RT.

CRITICAL STEP: If planning an elemental analysis,
UranyLess is strongly preferable to uranyl acetate, as lanthanides

are typically not detected by energy-dispersive x-ray detector
and, therefore, UranyLess staining does not result in an artefact

peak, in contrast to uranyl acetate.

10. DAY 6: Transfer the specimen sequentially into 50, 60, 70,
80, and 95% ethanol (two changes per concentration, 15min
per change) without any washing steps.

11. If using uranyl acetate for counterstaining, transfer the
specimen directly into freshly prepared 2% alcoholic uranyl
acetate. Tightly wrap the container into a sealing film (if
using uranyl acetate) and leave the sample overnight at RT.
Protect from light.

12. Wash the specimen by incubating it in 95% ethanol (two
changes, 15min each).

13. Transfer the specimen directly into 2-propanol and incubate
for 2 h. If the sample contains a high amount of fat, repeat
the incubation in another change of 2-propanol.

14. Transfer the specimen directly into acetone and incubate for
2 h. If the sample contains a high amount of fat, repeat the
incubation in another two changes of acetone (1 h per each).

15. Prepare the epoxy resin of desired formulation by (1) gentle
mixing epoxy resin with a hardener/s until a homogeneous
blend is obtained and (2) adding an accelerator and gently
stirring until the mixture is uniform in colour.

CRITICAL STEP: After the preparation, place an epoxy resin
under vacuum to remove air bubbles as they might impede
the embedding.

16. Transfer the specimen directly into a freshly prepared epoxy
resin:acetone mixture (1:1) and leave overnight at RT.

17. DAY 7: Repeat step 15. Transfer the specimen directly into
freshly prepared epoxy resin and leave overnight at RT.

18. DAY 8: Repeat the step 15.

CRITICAL STEP: Upon preparation, it is mandatory
to place the epoxy resin under vacuum to remove air
bubbles as they might disrupt sample integrity during epoxy
resin polymerisation.

19. Lubricate the polypropylene mounting cup from inside
with silicone oil. Transfer the specimen directly into
the polypropylene mounting cup and slowly fill the
mould to a quarter with freshly prepared epoxy
resin. Orientate the sample (e.g., blood vessels) if
needed and continue filling the mould with epoxy
resin until reaching the top of the cup. Place the
mould into a thermostat and leave it for 24 h
at 60◦C.

CRITICAL STEP: Ensure the proper orientation of samples
at all times until placing the mounting cups into the thermostat.
The orientation of the sample is unalterable upon the epoxy resin
polymerisation, and improper orientation (e.g., falling of blood
vessels) often leads to a loss of the sample.

CRITICAL STEP: If working with hollow organs such as
blood vessels, place the mould with the sample under vacuum to
remove air bubbles before putting it into a thermostat.

20. DAY 9: Retrieve the epoxy resin blocks from the moulds.
Sequentially grind the blocks until the sample surface is
reached using the silicon carbide foil for the wet grinding
of materials.

21. Polish the sample utilising wool-woven cloth discs and
three monocrystalline diamond sprays (9-, 6-, and 3-µm
diamond size, 20min each) to flatten the surface of the
epoxy resin block. The last stage of the polishing must
be carried out without a diamond spray, i.e., using only a

cloth disc for 20min. Figure 1 illustrates the appearance of
grinded and polished epoxy resin blocks containing various
tissue samples.

CRITICAL STEP: The use of a cooling and lubricating liquid
is mandatory for high-quality diamond polishing.

22. Place the epoxy resin block onto wet gauze in a glass Petri
dish. Counterstain the specimen by pipetting a lead citrate

solution onto the surface of the epoxy resin block for 7min.
Ensure that the lead citrate fully covers the specimen surface.

CRITICAL STEP: Prepare lead citrate solution at least 3 days
before this step (i.e., not later than on day 6) to achieve better
staining results.

CRITICAL STEP: Close the Petri dish as soon as possible to
prevent the contact of the lead citrate with air, which induces
its precipitation.

CRITICAL STEP: Do not counterstain the specimen with
lead citrate if planning an elemental analysis as it will result in
an artefact peak.
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FIGURE 1 | Appearance of grinded and polished epoxy resin blocks containing various tissue samples (mineralised carotid plaque, calcified aortic valve, bone metal

plate, stented carotid artery and right ventricular outflow tract, and intact non-calcified ovine carotid artery). Calcified and metal inclusions are indicated by red and

green arrows, respectively. RVOT, right ventricular outflow tract.
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23. Wash the specimen by incubating the epoxy resin block
in double-distilled or deionised water (three changes,
5min each).

24. Sputter coat the epoxy resin block with carbon utilising a
vacuum coater. An optimal sputtered coating thickness is
10–12 nm. If the sputter coating thickness exceeds 15 nm,
repeat steps 21–24.

CRITICAL STEP: At this step, do not touch an epoxy resin
block without gloves as it may leave the fingerprints on the
specimen. If this occasionally occurred, repeat steps 21–24.

CRITICAL STEP: Set a carbon correction if planning an
elemental analysis to exclude the contribution of carbon sputter
coating to the elemental profile.

25. Visualise the specimen by means of BSEM at a 10- or
15-kV accelerating voltage. If using a Hitachi S-3400N
electron microscope, set a BSECOMP mode. Perform the
elemental analysis if desired employing an energy-dispersive
x-ray detector.

Timing
1. Fixation (10% neutral phosphate-buffered formalin): 24 h
2. Washing (0.1M phosphate buffer): 30 min
3. Post-fixation (1% phosphate-buffered osmium tetroxide):

16 h
4. Staining (2% aqueous osmium tetroxide): 40 h
5. Washing (0.1M phosphate buffer): 1 h
6. Counterstaining with UranyLess or 2% uranyl acetate: 16 h
7. Mild dehydration: 2.5 h
8. Degreasing/dehydration: 4 h (8 h if working with samples

containing high amounts of fat)
9. Epoxy resin impregnation/degreasing/dehydration: 16 h
10. Epoxy resin impregnation: 24 h
11. Epoxy resin embedding (polymerisation): 24 h
12. Grinding and polishing: 2.5 h
13. Counterstaining with lead citrate: 7 min
14. Washing: 15 min
15. Sputter coating: 15 min
16. Visualisation and analysis: purpose-dependent

Total time: 171 h (Table 1, Figures 2, 3).

Troubleshooting
1. If one adheres to the protocol, steps 1–18 generally do not

cause any troubles. Regularly cheque the pH of the formalin
solution. Allow the uranyl acetate to settle at least for 3 h
upon its preparation. Always protect the uranyl acetate from
air and light to avoid any precipitation. Gently mix the epoxy
resin and a hardener, this blend and an accelerator, and ready-
to-use epoxy resin and acetone until the mixtures become
uniform in colour. Avoid any bubbles within the epoxy resin
by a brief vacuuming to ensure proper impregnation and safe
embedding. Control the storage temperature of all reagents
and incubation temperature at all steps of the protocol.

2. At step 19 (embedding), if the sample lost its proper
orientation (e.g., a blood vessel fell on its side), it

TABLE 1 | Sequence and timing of the sample incubation in chemical reagents.

Solution Temperature Time

10% neutral phosphate buffered formalin +4◦C 2 × 12 h

0.1M phosphate buffer (pH 7.4, mix of

Na2HPO4-Na2HPO4)

RT 3 × 10 min

1% phosphate-buffered osmium tetroxide

(OsO4)

RT Overnight

2% aqueous osmium tetroxide (OsO4) RT 40 h

0.1M phosphate buffer (pH 7.4, mix of

Na2HPO4-Na2HPO4)

RT 4 × 15 min

UranyLess (if choosing lanthanide

counterstaining)

RT Overnight

50% ethanol (CH3CH2OH) RT 2 × 15 min

60% ethanol (CH3CH2OH) RT 2 × 15 min

70% ethanol (CH3CH2OH) RT 2 × 15 min

80% ethanol (CH3CH2OH) RT 2 × 15 min

95% ethanol (CH3CH2OH) RT 2 × 15 min

2% alcoholic uranyl acetate (C4H6O6U) (if

choosing uranyl acetate counterstaining)

RT Overnight

95% ethanol (if choosing uranyl acetate

counterstaining)

RT 2 × 15 min

2-propanol [(CH3)2CHOH] RT 2 h or 2 × 2 h

Acetone RT 2 h or 2 + 2 × 1 h

Epoxy resin: acetone mixture (1:1) RT Overnight

Epoxy resin RT Overnight

Epoxy resin +60◦C 24 h

Lead citrate trihydrate

[Pb(C6H5O7)2·3H2O]

RT 7 min

Double distilled or deionised water RT 3 × 5 min

can be liberated by employing a mini circular saw and
embedded again.

3. Steps 20 and 21 are typically trouble-free if there is a sufficient
amount of tap water and lubricating liquid during grinding
and polishing, respectively.

4. Before conducting the step 22, cheque the pH and turbidity
of the lead citrate solution. If the pH is below 11.9 or above
12.1, or if any precipitate is visible, prepare a fresh lead citrate
solution. The precipitation of the lead citrate significantly
contaminates the sample. If this occurs, prepare a fresh lead
citrate solution and repeat steps 21–25. Always use freshly
prepared double-distilled or deionised water while preparing
the lead citrate to avoid its precipitation as it is highly reactive
with carbon dioxide. In general, minimise the contact of the
lead citrate with air.

5. Always cheque the thickness of the sputter coating
as it must be from 10 to 15 nm to obtain a
high-quality image.

6. If any scratches are observed during the visualisation, replace
the polishing cloth disc and repeat steps 21–25.

7. If uranium and lead peaks are observed during the elemental
analysis, replace uranyl acetate with UranyLess and do
not perform lead citrate counterstaining. This will require
repeating the procedure with the tissue backup.
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FIGURE 2 | Workflow diagram for Embedding and Backscattered Scanning Electron Microscopy (EM-BSEM) from fixation to epoxy resin embedding.
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FIGURE 3 | Workflow diagram for EM-BSEM from grinding and polishing to visualisation.
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ANTICIPATED RESULTS

Ethics Statement
All animal specimens (Table 2) have been collected in accordance
with the European Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific Purposes
(Strasbourg, 1986). The collection of human specimens (Table 3)
conformed to the latest revision of the Declaration of Helsinki
(2013). Written informed consent has been obtained from all

TABLE 2 | Animal samples collected to suggest the usefulness of EM-BSEM in

general and cardiovascular pathology.

Animal Excised tissue Initial

surgical

intervention

Figures

Male Wistar rat

6-months-old

500 g body weight

Descending aorta

Heart

Liver

Spleen

Kidney

None Figures 4, 6

Male New Zealand

White rabbit

8-months-old Skull Cranioplasty Figure 1

4.5 kg weight

Female Edilbay

sheep

Tissue-engineered

carotid artery

Carotid artery

interposition

3-years-old

45 kg body weight

interposition graft graft

implantation

for 1.5 years

Figures 1, 5

individuals and medical care has been provided in accordance
with the principles of Good Clinical Practise. The collection
of all animal and human specimens has been approved
by the Local Ethical Committee of the Research Institute
for Complex Issues of Cardiovascular Diseases (Kemerovo,
Russian Federation, protocol numbers AK_2019_02-10 and
AK_2020_01-17 for the collection of animal and human
specimens, respectively).

Applications of the Method
Figure 4 illustrates the pairwise comparison of H&E staining,
the most frequently applied pathological technique, and EM-
BSEM at the highest magnification employed for scanning
images for digital pathology needs (×400). When applied
to blood vessels (e.g., rat descending aorta), EM-BSEM is
preferable for annotating microvasculature in tunica adventitia
and perivascular adipose tissue, as it clearly delineates blood
vessel geometry and highlights red blood cells (Figure 4).
Furthermore, it contrasts elastic fibres stained as black curves,
which are easily distinguishable from the background, while that
is not always the case for H&E staining (Figure 4). Another
advantage of EM-BSEM is that it better preserves tissue integrity,
excluding sectioning artefacts (Figure 4) and simplifying the
preparation of specimens with a heterogeneous density, even
those without calcium deposits. Although EM-BSEM has been
initially designed for cardiovascular tissue, in particular calcified
blood vessels, heart valves, and their bioprostheses, we suggest it
can be applied for virtually all biological samples and for different
research purposes (Figure 4).

TABLE 3 | Clinical samples collected to exhibit the applicability of EM-BSEM in cardiovascular pathology.

Clinical sample Patient Cardiovascular pathology Surgical intervention Figures

Atherosclerotic plaques Female

58 years

Carotid atherosclerosis Carotid endarterectomy Figures 1, 5, 6, 8, 10

Male

67 years

In-stent restenosis Figures 1, 5

Calcified aortic valve Male

66 years

Calcific aortic valve disease Surgical aortic valve

replacement

Figures 1, 5

Bioprosthetic

xenopericardial bovine

aortic valves

Female

72 years

Structural valve deterioration Repeated surgical

aortic valve

replacement

Figures 5, 8

Male

70 years

Female

72 years Figure 8

Stented right

ventricular outflow tract

Male

6 months

Tetralogy of Fallot Total surgical repair Figures 1, 5

Left internal mammary

artery

Male

53 years

Chronic coronary syndrome Pedicled internal

mammary artery

harvesting for coronary

artery bypass graft

surgery

Figures 6, 8, 9

Saphenous vein Male

65 years

Chronic coronary syndrome Open saphenous vein

harvesting for coronary

artery bypass graft

surgery

Figure 7
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FIGURE 4 | Side-by-side comparison of H&E staining and EM-BSEM of rat descending aorta, myocardium, liver, spleen, and kidney. Scale bar (100µm) and

magnification (×400) for H&E staining (left side) are equal to those on the BSEM images (right side). Accelerating voltage was 15 kV for all BSEM images, except that

of the descending aorta (10 kV). The vasa vasorum in the tunica adventitia of the descending aorta are indicated by red arrows, while the red blood cells inside their

lumen and elastic fibres are indicated by blue and green arrows, respectively.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 October 2021 | Volume 8 | Article 73954934

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Mukhamadiyarov et al. Whole-Specimen, High-Resolution Analysis of Cardiovascular Tissue

We further demonstrate EM-BSEM applications in
relation to the clinical samples of cardiovascular tissue
(Table 3).

The assessment of calcifications and stents in different
parts of the circulatory system revealed the fully retained
integrity of the surrounding tissue regardless of location or
pathological condition (Figure 5). Atherosclerotic calcifications
were frequently demarcated by a connective tissue capsule
(Figure 5A) in contradistinction to valvular mineral deposits,
which developed during calcific aortic stenosis (Figure 5B) or the
structural deterioration of bioprostheses within the disorganised
extracellular matrix (Figure 5C). Calcifications on the border
between the tunica media and tunica adventitia within the
tissue-engineered vascular grafts (Figure 5D) resembled medial
arterial calcification, which is a common finding in patients with
advanced chronic kidney disease and end-stage renal disease
(33, 34). The connective tissue enveloping metal stents upon
carotid angioplasty (Figure 5E) or right ventricular outflow tract
stenting (Figure 5F) was also intact, permitting an analysis of
biocompatibility of these devices.

An important benefit of EM-BSEM is that it allows the
detailed evaluation of blood vessels and heart valves, as most of
cardiovascular pathology phenomena can be investigated at ≤
×5,000 magnification. As portrayed in Figure 6, EM-BSEM can
be applied to study neointimal calcification (Figure 6A), which is
often accompanied by the alterations of cellular phenotype such
as the transformation of macrophages or vascular smooth muscle
cells into foam cells because of the massive lipid deposition
near the vessel lumen or around vasa plaquorum (Figure 6B)
(35–38). The progression of atherosclerosis is also enhanced
by intraplaque haemorrhages occurring through leaky plaque
neovessels (36, 39–41) and is notable for the large amount
of red blood cells in their vicinity (Figure 6C). A mandatory
condition of neointimal hyperplasia, however, is breach of
the internal elastic lamina (42, 43), which is well detectable
by EM-BSEM and can even be quantified (Figure 6D). The
development of neointima is associated with increased quantities
of immune cell clusters within the adventitia and perivascular
adipose tissue (Figure 6E), in agreement with an outside–
in route of atherosclerosis progression (44–47). Furthermore,
EM-BSEM affords both the high-quality visualisation of these
structures and their distinction from the sympathetic trunk
(Figure 6F).

A compulsory requirement for any histological approach
applicable in vascular biology is its ability to differentiate
the arterioles nourishing the blood vessels, venules removing
metabolic wastes, and capillaries responsible for the exchange
of gases, nutrients, and waste products. As shown in Figure 7,
EM-BSEM discriminates concentric arterioles consisting of
endothelium and several smooth muscle cell layers, distended
collecting venules, and tiny capillaries whose diameters are
similar to that of a red blood cell. This indicates its potential
usefulness to analysing the evolution of the microvascular
networks in growing blood vessels, tissue-engineered constructs,
and for other developmental biology applications.

All mentioned applications, however, generally do not
demand high (> ×1,000) magnifications, although a possibility

to operate within the ×400–1,000 magnification range and to
acquire high-resolution images is beneficial for the analysis
of tissue architecture. Yet, higher magnifications are needed
to investigate ultrastructural cardiovascular pathology and to
identify the characteristic features of cell populations. Employing
EM-BSEM, we were able to image foam cells with clear-
cut lipid droplets in the cytosol (Figure 8A), multinucleated
giant cells containing processed components of the extracellular
matrix (Figure 8B), and canonical macrophages having round
or oval nuclei (Figure 8C). For this reason, EM-BSEM can
be particularly advantageous for the analysis of atherosclerotic
plaques that contain major amounts of foam cells (i.e.,
macrophages and vascular smooth muscle cells engulfing lipid
molecules) and bioprosthetic heart valves, which are notable for
multiple foreign-body giant cells (11). In addition, EM-BSEM
also discerns neutrophils, which have segmented nuclei and small
granules (Figure 8D), mast cells with a round nucleus and large
electron-dense granules (Figure 8E), and lymphocytes differing
from other immune cells by a high nuclear-cytoplasmic ratio
(Figure 8F).

Besides the descriptive findings, EM-BSEM might be
harnessed to investigate pathophysiological events. For instance,
we noticed the adhesion of neutrophils to endothelial cells
(Figure 9A) and their migration through the vascular wall
(Figure 9B) in the vasa vasorum locating at the perivascular
adipose tissue of human internal mammary arteries, which
are frequently used as conduits for coronary artery bypass
graft surgery. The applicability of EM-BSEM to vascular
pathophysiology is underscored by the opportunity to
clearly distinguish endothelial cells, vascular smooth muscle
cells (Figure 9), adventitial cell populations (macrophages,
mast cells, and fibroblasts), and perivascular adipocytes
(Supplementary Figure 1).

In addition to conventional cardiovascular biology
applications, EM-BSEM can be coupled with an elemental
analysis to interrogate the chemical composition and
heterogeneity of calcifications (Figure 10).

DISCUSSION

To our knowledge, all currently available histological techniques
include sectioning, which inflicts irreversible damage to calcified
and stent-expanded tissues and are, therefore, unsuitable for the
subsequent analysis of such specimens. Furthermore, none of
the existing techniques allows the detailed and high-throughput
analysis of cardiovascular microanatomy. Vascular and valvular
cell types are often barely distinguishable even at the highest
conventional LM magnification (400-fold) if routine stains are
applied. In addition, a significant proportion of small-calibre vasa
vasorum and adventitial or perivascular immune cell clusters
cannot be well-discriminated from the surrounding connective
tissue and quantified by means of LM.

Confocal and multiphoton microscopy permits 3D image
acquisition with the subsequent visualisation, qualitative
assessment, and quantification of cell populations, cellular
structures, and cell–cell interactions (48–50). In contrast to
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FIGURE 5 | Visualisation of mineral deposits (indicated by red arrows) and metal implants (indicated by green arrows) in cardiovascular tissue by EM-BSEM shows the

retained integrity of calcified [carotid plaque (A), native (B), and bioprosthetic (C) aortic valves, and tissue-engineered vascular grafts implanted into the ovine carotid

artery (D)] and metal-incorporating tissues [human carotid artery (E) and right ventricular outflow tract (F)]. Note the clear-cut connective tissue capsule (indicated by

blue arrows) around the atherosclerotic but not the valvular or vascular graft calcifications. A magnification of ×500 (scale bar: 100µm) for all images, except that of

the calcified native aortic valve (×250 magnification, scale bar: 200µm). The accelerating voltage was 15 kV for all images, except those of the atherosclerotic plaque

and calcified native aortic valve (10 kV).
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FIGURE 6 | EM-BSEM imaging of cardiovascular pathology. Note the abundance of (A,B) foam cells (indicated by blue arrows) and (C) red blood cells (indicated by

violet arrows) near the calcium deposit (indicated by red arrows) and neovessels (indicated by orange arrows) within the carotid plaque. (D) Also note the

age-dependent degradation of the elastic laminae (indicated by green arrows) of the left internal mammary artery excised for coronary artery bypass graft surgery

purposes. Note the vascular smooth muscle cells between the elastic laminae and the traceable contours of the internal elastic lamina repeating that of the following

elastic laminae. The insert in the upper-right corner indicates the visible decomposition of two sequential elastic laminae. (E) Immune cell clusters frequent in the

adventitia and perivascular adipose tissue of rat descending aorta undergo hyperplasia at inflammation and might represent a valuable marker of immune response

but should be clearly distinguished from (F) a sympathetic trunk. A magnification ×1,000 (scale bar: 50µm) for all images, except, that of intraplaque haemorrhage

and sympathetic trunk (x500 magnification, scale bar: 100µm). The accelerating voltage was 15 kV for all images excepting that of neointimal calcification (10 kV).
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FIGURE 7 | Discrimination of adventitial arterioles, venules, and capillaries by means of EM-BSEM. Human saphenous vein excised for coronary artery bypass graft

surgery purposes. Note that despite all microvessels having an endothelial cell monolayer, arterioles (indicated by a red arrow) and venules (indicated by a blue arrow)

additionally include ≥1 concentric layer of vascular smooth muscle cells, in contrast to capillaries (indicated by green arrows). In general, arterioles have a narrow

lumen and often have large smooth muscle cells, while venules are typically distended and their smooth muscle cells are smaller. A magnification of ×500 (scale bar:

100µm), 15 kV accelerating voltage.

single-photon confocal microscopy, multiphoton (e.g., two-
photon) microscopy uses longer-wavelength photons that
penetrate deeper into the tissue (500 µm−1mm) and inflict less
damage on the sample (48). The main advantage of two-photon
microscopy is its better focus, allowing the obtainment of clearer
images as compared to single-photon confocal microscopy
(48). The combination of a high penetration capability and
low phototoxicity provides an opportunity to visualise the
undissected tissues of living animals (48, 50). However, two-
photon microscopy requires expensive and highly specific
equipment that significantly confines its use to specialised
laboratories having certified specialists employed. Furthermore,
immunostaining demarcates specific cell types or extracellular
matrix components but is not informative of tissue architecture.

The mentioned drawbacks can be resolved by TEM, which
is incompatible with large samples (e.g., most of the blood
vessels) due to a critically reduced amount of analysable
tissue, needs difficult sample preparation, and the final sample

represents a single tissue snapshot rather than serial sections
evenly distributed along or across the specimen. Notably,
the visualisation of calcified tissues is often performed by
means of density-dependent scanning electron microscopy
(SEM), which implies the superimposing of images acquired
by secondary and backscattered electron detectors and further
assigning them to the distinct colour channels (e.g., green
and red), thereby permitting the coloured mapping of calcific
nodules and distinguishing them from soft tissues (51–53).
The main advantage of this technique is that it allows the
simultaneous visualisation of both topography and density in
a single image (51). Although it is perfect for the visualisation
and morphometrics of calcifications, density-dependent SEM
generally does not furnish the ultrastructural details of their
biological microenvironments and, therefore, the phenotyping of
the neighbouring cell populations is complicated.

In biomedicine, BSEM is broadly used for the imaging
of unstained, freeze-dried cell cultures (54), wet calcified

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 October 2021 | Volume 8 | Article 73954938

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Mukhamadiyarov et al. Whole-Specimen, High-Resolution Analysis of Cardiovascular Tissue

FIGURE 8 | Phenotyping of immune cells and mast cells by EM-BSEM. Nuclei are indicated by yellow arrows. Note (A) the large spherical lipid granules within the

foam cells of carotid plaque (indicated by red arrows) and (B) multiple small granules within the multinucleated (foreign body) giant cells of the bioprosthetic aortic

valve (indicated by blue arrows). (C) Canonical macrophages of the same valve lack granules within the cytoplasm (indicated by brown arrows). (D) The neutrophils of

rapid-failing bioprosthetic aortic valve were characterised by numerous small granules within the cytosol (indicated by green arrows) and polymorphic nuclei. (E) In

contrast, mast cells from the perivascular (human coronary artery) adipose tissue have large spherical inclusions in the cytosol (indicated by violet arrows) and round

nuclei. (F) Lymphocytes from the same adipose tissue sample were distinct from other cells because of a high nuclear-cytoplasmic ratio (cytoplasm is indicated by

brown arrows): ×2,500 magnification (scale bar: 20µm) for images of foam cells, multinucleated giant cells, and canonical macrophages; ×5,000 magnification (scale

bar: 10µm) for images of neutrophils, mast cells, and lymphocytes. The accelerating voltage was 15 kV for all images, except that of canonical macrophages (10 kV).
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FIGURE 9 | EM-BSEM visualisation of neutrophil adhesion and migration. Left internal mammary artery excised for coronary artery bypass graft surgery purposes.

(A) Note the neutrophils (indicated by red arrows) adhering to endothelial cells (indicated by blue arrows). Red blood cells and vascular smooth muscle cells are

indicated by green and violet arrows, respectively. (B) Note adhering neutrophils (indicated by yellow arrows), invading neutrophils (indicated by brown arrows), and

migrating neutrophils (indicated by an orange arrow). A magnification of ×2,500 (scale bar: 20µm) and accelerating voltage of 15 kV (upper image) and 10 kV (lower

image).
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FIGURE 10 | Elemental analysis of the atherosclerotic calcium deposit within the carotid plaque visualised employing EM-BSEM. Note the high calcium, phosphorus,

and oxygen content suggestive of a hydroxyapatite. For a more precise elemental analysis, uranyl acetate should be replaced by UranyLess, and lead citrate should

be avoided. Yet, this results in a worse detailing of cells and the extracellular matrix. A magnification of ×250 (scale bar: 200µm) and accelerating voltage of 15 kV.

TABLE 4 | Comparison of light microscopy (LM), EM-BSEM, and transmission electron microscopy (TEM).

Feature LM Confocal/multiphoton

microscopy

TEM Density-dependent

SEM

EM-BSEfM

Resolution Low Low High High Average

Representativeness High High Low High High

Informativeness Average Average Average Average High

Versatility Average Average Average Low High

Technical complexity Average High High Low Low

Labour intensity Average Average High Average Average

Hands-on time Average Average High Average Average

Time to complete Average Average High Average High

LM, light microscopy; TEM, transmission electron microscopy; SEM, scanning electron microscopy; EM-BSEM, EMbedding and Backscattered Scanning Electron Microscopy.

atherosclerotic lesions (55), implant-bone interface (56), cartilage
and bone tissue (57), and a diversity of other tissues (58).
Despite high-resolution BSEM and field emission SEM having
been earlier employed for the multiscale visualisation of
semi-thin and ultra-thin sections, respectively (58, 59), these
sample preparation approaches are inconvenient when working
with mineralised tissues or specimens with incorporated solid
implants. The techniques of correlative histology [i.e., a time-
resolved combination of imagingmodalities from lower to higher
magnifications (1, 60)], such as the three-sectioning method,
where epoxy resin-embedded tissue is sequentially cut into thick
(≈300µm), semi-thin (1–3µm), and ultra-thin (60–90 nm)
sections to specify regions of interest, have been proposed for
working with hard tissues (61). However, correlative microscopy

is typically time consuming, labour intensive, and is designed to
focus on a few tissue segments rather than for screening purposes
and semi-quantitative image analysis. Another correlative
histology approach includes cryosectioning and combination of
immunogold labelling with subsequent confocal laser scanning
microscopy (62). Then, stained sections on the glass slides are
fixed in glutaraldehyde, incubated in a gold-enhancing solution
to enlarge nanogold particles, stained with osmium tetroxide,
uranyl acetate, and lead citrate, and dehydrated and embedded
into epoxy resin with the following ultramicrotome sectioning,
with repeated adhering to a glass slide, carbon coating, and
BSEM (62). Alternatively, specific acrylic resins (e.g., LR White)
enable the post-embedding immunofluorescence staining and
confocal laser scanning microscopy of semi-thin sections, which
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can then be stained with heavy metals and prepared for BSEM
(63–65). This correlative microscopy approach has the advantage
of combining the immunophenotyping and ultrastructural
examination of the same field of view, though to the detriment
of the area available for the analysis and being incompatible
with calcified tissues. A recent protocol suggested by Goggin et
al. (66) implies glutaraldehyde fixation, 1-week decalcification
with ethylenediaminetetraacetic acid, and combined staining
with 2% osmium tetroxide and 1.5% potassium ferrocyanide,
with a subsequent incubation in thiocarbohydrazide [to cross-
link the osmium layers and enhance further osmium binding
by bridging two osmium molecules (67–69)], pure osmium
tetroxide, uranyl acetate, and Walton’s lead aspartate solutions
followed by dehydration and resin embedding (66). Albeit
it provides good results with regards to hard tissues (e.g.,
bone), prolonged exposure to ethylenediaminetetraacetic acid
deteriorates tissue integrity and reduces image quality when
visualising soft tissues, e.g., cardiovascular tissue surrounding
calcium deposits. In addition to working with tissues, ultra-thin
epoxy resin embedding has also been applied to the preparation
of cell cultures for scanning electron microscopy to image
individual cells and cell–cell interactions on planar and three-
dimensional substrates in preference to critical point drying,
but this technique was not optimised for BSEM to visualise
intracellular compartments (70).

Importantly, high-resolution images have been obtained only
in studies examining semi-thin and ultra-thin sections (58, 59),
where staining with uranyl acetate and lead citrate enabled
the reaching of a BSEM resolution comparable to that of
transmission electron microscopy because such samples can be
fully penetrated by an electron beam. However, this method
demands tissue sectioning, which rarely allows one to keep
the integrity of the samples including mineral deposits or
metal implants. Our technique (EM-BSEM) entirely retains
the integrity of calcified or metal-containing samples, affords
the analysis of their chemical composition, and combines the
advantages of LM and TEM, providing both gross and high-
resolution images and detailed histological characteristics of
all vascular and valvular tissue structures and cell types. The
sequential grinding of the sample permits consecutive, layer-
by-layer scanning that is principally similar to serial sectioning
but does not cause any damage to mineralised tissues. The
sample preparation is relatively straightforward and has only
one extremely critical step (sample orientation during epoxy
resin embedding) with a high risk of losing the sample. During
visualisation, the penetration depth of an electron beam depends
on accelerating voltage, beam current, and the concentration of
heavymetals at or beneath the surface of the sample. The first two
parameters are tuned while visualising the sample while the latter
is optimised when designing an experimental pipeline. Here, we
presented a detailed protocol that enables (1) the retaining of the
integrity of calcified and stent-expanded cardiovascular tissues;
(2) the obtainment of high-resolution images, thus allowing the
visualisation of mineral deposits and their microenvironment,
annotation of different microvessel types (i.e., arterioles, venules,
and capillaries), and identification of various cardiovascular
pathologies and cell populations; (3) the elemental analysis of

calcifications. The protocol has been optimised for working with
cardiovascular tissues but can be applied for virtually any tissue.
A comparison of the features attributed to LM, confocal or
multiphoton microscopy, TEM, density-dependent SEM, and
EM-BSEM are represented in Table 4.

The possible limitation of our protocol is that it is hardly
compatible with immunoelectron microscopy because of its
insufficient resolution [even the largest gold particles labelling the
secondary antibodies (25 nm in diameter) are barely detectable
even at ×10,000 magnification], although some acrylic resins
(e.g., LR White) allow the penetration of primary and secondary
antibodies into the embedded tissue.

We suggest that EM-BSEM is superior to both H&E staining
and TEM for studying cardiovascular pathology. The benefits of
EM-BSEM include: (1) an image resolution sufficient for both
the gross and detailed examination of elastic lamina degradation,
(neo)intimal hyperplasia, (neo)vascularisation, intraplaque or
intravalvular haemorrhages, lipid retention and foam cell
formation, and disintegration of the extracellular matrix
(including those mediated by the specialised macrophages); (2)
a reliable identification of vascular cell populations (endothelial
cells, vascular smooth muscle cells, macrophages, fibroblasts,
mast cells, and adipocytes) and the recognition of immune
cell lineages (macrophages, foam cells, foreign-body giant cells,
neutrophils, and lymphocytes); (3) an opportunity to perform
a chemical analysis of mineral deposits and metal implants
in combination with obtaining a holistic overview of their
tissue environment; (4) a technical possibility to quantify any
distinguishable feature across the entire sample surface (e.g.,
blood vessel area) and at variable depth through the serial
grinding; (5) a compatibility with modern machine learning
algorithms for the automated annotation of histological and
cellular patterns; (6) low technical complexity together with
moderate labour intensity and hands-on time. Although the
sample preparation in EM-BSEM is possibly too long for the
broad implementation of this approach to clinical medicine, we
assume it can be widely established in basic and translational
research and would probably find its applications in other
branches of biomedical science beyond the cardiovascular field.
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Objectives: This meta-analysis aims to investigate the diagnostic value of exercise stress

testing (EST) for asymptomatic coronary artery disease (CAD) among patients with type

2 diabetes mellitus (T2DM) and to ascertain the influence of different variables on the

sensitivity and specificity of EST.

Background: Asymptomatic CAD occurs in>1 in five diabetesmellitus patients, and it is

associated with an increased risk of complications. Methods for screening asymptomatic

CAD in T2DM patients are still not unified.

Methods: MEDLINE (via Ovid), Embase (via Ovid), Cochrane Library, SCOPUS,

PubMed, Ovid, EBSCO ASP, and Web of Science were systematically searched on June

8 and 9, 2021, for diagnostic cohort and case-control studies. We included studies that

used EST to screen for CAD in asymptomatic patients with T2DM, and that used coronary

angiography to diagnose CAD and had reported the basic diagnostic indicators. The

Quality Assessment of Diagnostic Accuracy Studies 2 tool was used to assess study

quality. The combined effect sizes were calculated by overall analysis andmultiple variable

effects were explored by regression analysis and subgroup analysis.

Results: Nine groups of data from eight diagnostic cohort studies, totaling 515

participants, were included. Included studies showed a low risk of bias in most

items, except for flow and timing. The combined sensitivity and specificity of EST for

asymptomatic CAD in patients with T2DM were 55 (48 to 61%) and 66 (61 to 70%),

respectively. When non-diagnostic tests were excluded, sensitivity increased to 73 (56

to 88%). The proportion receiving angiography also significantly affected sensitivity. No

significant difference was found in the duration of diabetes or other additional risk factors.

Conclusions: EST is a tool of moderate sensitivity and specificity to be used for the initial

screening of asymptomatic CAD in T2DM. It has the advantage of being non-invasive,

relatively inexpensive, easily available in most settings, and has no radiation associated
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with its use. Additional research with higher quality studies in which tests that are

non-diagnostic are included and flow and timing is described clearly, will be important to

further our understanding of EST for asymptomatic CAD detection in patients with T2DM.

Systematic review registration: PROSPERO CRD42021259555.

Keywords: exercise stress testing (EST), coronary artery disease (CAD), type 2 diabetesmellitus(T2DM), diagnostic

test, meta-analysis

INTRODUCTION

By modern estimates, approximately 425 million (6%) people
have diabetes worldwide, with type 2 diabetes mellitus (T2DM)
accounting for the majority (>85%) (1). The incidence of
asymptomatic coronary artery disease (CAD) in diabetics is
between two and seven times higher than in non-diabetic patients
(2). Studies (2) have demonstrated that asymptomatic CAD
occurs in >1 in five (22%) diabetics, which is associated with
autonomic neuropathy involving afferent sympathetic fibers (3,
4). Asymptomatic myocardial ischemia is associated with an
increased risk of complications such as myocardial infarction due
to delayed diagnosis and treatment (5). Moreover, patients with
T2DM present a higher incidence of cardiovascular events and
death after a first myocardial infarction (4, 6, 7).

A recent meta-analysis (8) concluded that compared with
standard care, non-invasive CAD screening reduced cardiac
events by 27% in asymptomatic diabetic patients. In practice,
Wackers et al. (2) found that selecting only patients who
met the American Diabetes Association guidelines would have
failed to identify 41% of patients with silent ischemia. Current
recommendations (9) advocate CAD screening in asymptomatic
diabetics with high risk. Further research into screening strategies
for asymptomatic diabetic patients is warranted.

The methods for screening asymptomatic CAD in diabetics
may vary and are not unified. While coronary angiography is
the gold standard for identifying CAD, this invasive technique
is reserved for patients with evidence of ischemia on a stress
test or for those with continuous cardiac symptoms (10).
Therefore several non-invasive tools have been recommended for
primary screening of asymptomatic CAD in diabetics, including
exercise stress testing (EST), single-photon emission computed
tomography (SPECT), multidetector computed tomography
(MDCT), coronary computed tomography angiogram (CCTA),
and stress echocardiography (11).

Among those approaches, EST is the most common tool
applied to individuals with suspected CAD (12). Compared with
alternativemethods, EST is non-invasive, cost-effective, free from
radiation, and widely available, affirming its appropriateness as
an initial screening tool. In addition, it also has prognostic value
by providing information on exercise capacity, dysrhythmia
evaluation, heart rate response and hemodynamic response (13).

Gianrossi et al. (14) observed high sensitivity and specificity
of EST for CAD in the general population, but with wide
variability (mean sensitivity, 68%; range, 23–100%; and mean
specificity, 77%; range, 17–100%). While the diagnostic values
of exercise electrocardiograph (ECG) testing in diabetics was

first explored in a review (15), no combined diagnostic values
of EST were calculated based on the small size and higher
verification bias of included studies. To date, there is no higher-
level clinical evidence to probe into the diagnostic value of EST
in asymptomatic patients with T2DM. Moreover, due to the wide
variability of diagnostic values across different studies, we lack a
systematic understanding of how various factors contribute to the
sensitivity and specificity of EST detecting asymptomatic CAD
for diabetics.

Therefore, the purpose of this meta-analysis is to investigate
the diagnostic value of EST for detecting asymptomatic CAD
patients with T2DM; and to ascertain the influence of different
variables (population, technical and methodologic factors) on
the sensitivity and specificity of EST for asymptomatic CAD
detection of T2DM patients.

METHODS

The methods and results of this meta-analysis are
presented according to the Preferred Reporting Items for
Systematic reviews and Meta-Analysis statement (PRISMA)
(Supplementary PRISMADTA Checklist). The meta-analysis
was registered at PROSPERO (CRD42021259555).

Criteria for Screening Studies
Inclusion Criteria
Articles were included if they fulfilled the following criteria;
(a) cohort or case-control studies; (b) participants diagnosed
with T2DM but without any coronary disease (e.g., stable
angina, unstable angina, myocardial infarction) confirmed prior
to participation; (c) EST must be used to screen CAD in T2DM
patients on a bicycle ergometer or treadmill with a 12-lead ECG
recorded during testing, with invasive coronary angiography as
the gold standard; (d) the outcome data can be derived, including
true positive (TP), false positive (FP), false negative (FN), and
true negative (TN).

Exclusion Criteria
Studies were excluded if the full-text was unavailable, participants
were only type 1 diabetes mellitus, the EST detection criteria was
not ST depression, such as exercise capacity, heart rate response,
or a 2× 2 diagnostic table could not be reconstructed.

Search Methods
MEDLINE, Embase, SCOPUS, PubMed, Ovid, EBSCO ASP, and
Web of Science were searched by using a strategy combining
selected Medical Subject Headings (MeSH) terms (Exercise test;
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Diabetes Mellitus, Type 2; Coronary Artery Disease, Myocardial
Ischemia, Heart disease) and free-text terms. Additionally, we
searched ClinicalTrial.gov to determine whether there were
related clinical trials being carried out. The search term regarding
diagnostic study design (sensitiv∗ OR [sensitivity and specificity]
OR [predictive AND value∗] OR predictive value of tests OR
accuracy∗), was obtained through the website of McMaster
university health information. We imposed no language or
other limitations. The detailed search strategies are listed in
Supplementary Methods. The last search was performed on June
9, 2021.

Information regarding the inclusion/exclusion of studies is
summarized in Figure 1.

Data Collection
Two authors (NC and SW) independently screened each
record retrieved from the search after deduplication. The full-
text reports of all potentially relevant diagnostic studies were
obtained and independently assessed for eligibility based on the
defined inclusion criteria. Thereafter, participant characteristics,
outcomes, technical and methodologic factors of the included
studies were extracted using a standardized data collection form
which had been piloted on two records included in the meta-
analysis.

Any disagreement during the process was resolved through
discussion, and where uncertainty remained, two additional
authors (YD and SL) were consulted for consensus.

Assessment of Methodologic Quality
We used the Quality Assessment of Diagnostic Accuracy Studies
2 (QUADAS-2) tool to assess the quality of included studies (17).
Two authors independently evaluated the risk of bias and the
applicability concerns, and if there were discrepancies, these were
resolved via discussion or reviewed by other authors.

Overall Analysis
Heterogeneity amongst included studies was explored from both
diagnostic and non-diagnostic thresholds in Meta-DiSc 1.4 (18)
and STATA 15.1 (StataCorp LLC, US). Where appropriate, the
results from included studies were combined for each outcome to
give an overall estimate of diagnostic effect. A fixed-effect meta-
analysis would be used if I2 ≤50%, if not, a random-effects model
would be used.

The Spike plot was used for sensitivity analysis to check
for particularly influential observations using Cook’s distance.
The Deek’s funnel plot asymmetry test was used to examine
publication bias for outcomes.

Univariate Regression Analysis
To explore the origin of heterogeneity, we carried out regression
analysis in JMP Pro 14 (SAS, NC, USA). Given the relatively
small ratio of trials to covariates, multivariable meta-regression
was not appropriate, and instead, limited to a univariate analysis.
Subsequently, we carried out subgroup analysis for further
exploration of statistically significant items. Regarding missing
data, we made a chart to present the detailed percentage we

collected, and we would discard those missing more than 60%
of the data. All collected information is displayed in Table 1.

Subgroup Analysis
Subgroup analysis was performed in STATA 15.1 to examine
potential diagnostic effect modifiers. We tested the following a
priori hypotheses that there may be differences in the diagnostic
effect of EST on sensitivity and specificity:

- Type of diabetes (mixed: type 1 and 2; or only type 2);
- Exercise protocol (treadmill or bicycle ergometer);
- The proportion of included participants (all-included
or proportion-included);

- Angiographic criteria of CAD (50% or others).

RESULTS

Description of Studies
Results of the Search
We traced 1,909 results from multiple electronic sources. After
removal of duplicates, title and abstract screening, 55 records
remained. Then, 47 records were excluded after the full-text
screening. Finally, eight (16, 19–25) studies were included in our
meta-analysis and systematic review. This selection process is
summarized in Figure 1.

Included Studies
All of the eight studies (nine datasets) were diagnostic cohort
studies and included 515 asymptomatic diabetics. The sample
size of most studies was relatively small (median 64 participants,
range: 28–104). Among 515 patients, 177 diabetics (34%) were
diagnosed with CAD by angiography (range 27–51% in a single
study). The average age of participants in the trials ranged
from 48 to 60 years, and the mean duration of diabetes
ranged from 6.0 to 12.9 years. Moreover, many participants
had co-existing cardiovascular risk factors apart from diabetes,
67% had hypertension (range: 28–100%), 34% with smoking
history (range: 17–65%), 67% with lipid abnormalities (rang:
45–89%) and 35% with a family history of CAD (range: 5–
63%). One study (16) only included women. Men accounted
for 51% of the total included participants. Two studies (19,
22) included a mixed population with type 1 and type 2
diabetes and the remaining six studies included only type
2 diabetics.

In two studies (20, 21), the angiographic definition of CAD
was a narrowing of 70% or greater in the cross-sectional area
of one coronary artery. One study (22) defined CAD as a
≥70% narrowing of the coronary artery, or ≥50% diameter
narrowing of the left main coronary artery, while the remaining
studies defined CAD as a 50% narrowing. In five studies (19–
22, 25), participants were screened by two or more non-invasive
screenings, including EST and other tools such as SPECT or
MDCT or stress echocardiography. When at least one of these
non-invasive tests was positive, angiography would be conducted
and only patients who received both EST and angiography
were included in our meta-analysis. While this may contribute
to ascertainment bias, those studies were included due to the
small number of relevant studies available. We had performed
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FIGURE 1 | PRISMA Flow Diagram. PRISMA: Preferred Reporting Items for Systematic reviews and Meta-Analysis statement. *ab represents 2 different exercise

protocols of EST for detection of CAD in one study (16).

subgroup analysis (the proportion of included participants) to
assess the impact of bias. EST indication in four studies (19, 20,
23, 24) was an ST depression ≥1mm persisting for at least 0.08s
after the J point, and in two studies (21, 22) was an ST depression
>1mm and in one study was an ST depression ≥1.5mm (16).

Five studies (19, 21–24) used cycle ergometry and the others used
treadmill ergometry. Only one study (19) reported no adverse
events during EST.

All studies reported diagnostic values available for a 2× 2 table
reconstruction. Details of included studies are listed in Table 2.
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TABLE 1 | Variables abstracted from exercise stress testing literature.

Population characteristics (15 variables) Technical factors (12 variables) Methodologic factors (5 variables)

Mean age Publication year Was the exercise ECG being compared with a

better test? (yes/no)Percent men Continent of study center

Mean duration of diabetes (years) Exercise protocol (treadmill, bicycle) Whether all participants were included? (yes/no)

Were patients with these conditions excluded from

the study? (yes/no)

Smallest amount of ST depression deemed

abnormal (1, > 1, 1.5mm) Did the authors comply with these standards?

(yes/no)

Left ventricular hypertrophy Point in time when measurement was made ST

depressions adjusted for heart rate? (yes/no)Right bundle branch block Blind reading of angiogram

Left bundle branch block Blind reading of ECG

Mitral valve prolapse Computer algorithm used to analyze ST Treatment of equivocal or non-diagnostic test were

Resting repolarization abnormalities? Segment? (yes/no)

Percent patients achieving “adequate heart rate” Excluded from analysis

Whether all patients were T2DM? Included and considered as normal tests

Percent of the study group with Mean workload achieved (W) Not mention about these patients

Hypertension Mean heart rate achieved (bpm)

Smoking Mean double product achieved

Lipid abnormalities Time interval between exercise test and coronary

angiogramFamily history of CAD

Were patients taking these medications excluded

from the study? (yes/no)

Angiographic definition of disease (50% vs. others)

P-receptor-blocking agents

Long-acting nitrates

CAD, Coronary heart disease; ECG, Electrocardiograp; T2DM, Type 2 diabetes mellitus.

Risk of Bias in Included Studies
Details on the methodologic quality of included studies are
available in Supplementary Figures 1, 2. Only one study (23)
showed a low risk of bias in all items, and five studies (19–22, 25)
reported a high risk in flow and timing.

While two studies reported low risk in patient selection,
five studies showed unclear risk. Two studies (20, 23) included
consecutive or randomized patients, while one (16) recruited
patients via phone-call or e-mail. All included studies avoided
inappropriate exclusions except for one study (24) which did not
report exclusion criteria of participants.

Most studies reported low risk in the index test, except one
study (16) reported unclear risk. Reference test was performed
before index test in one study (16), without description blinding
assessment of index test.

The details that the reference standard results interpreted
without knowledge of the index test results were only
described in four studies. In general, four studies
(20–22, 25) were judged as unclear risks of standard
reference bias.

A high risk of bias was observed in the flow and timing.
Information about the interval between index tests and the
reference standard was not described in four included studies
(21, 22, 24, 25). Five studies (19–22, 25) were judged
as high risk of bias without appropriate analysis of all
included patients.

Diagnostic Performance of EST
Overall Analysis
The data of the overall meta-analysis are provided in
Supplementary Table 1: 2× 2 table.

The Spearman correlation coefficient was 0.21 (p =

0.59 > 0.05), showing no significant threshold effect
in this study. Furthermore, the symmetric SROC curve
(Supplementary Figure 3) was drawn without “shoulder and
arm shape,” which further demonstrates no threshold effect.

The result of the Cochran-Q test for DOR indicated
heterogeneity caused by the non-threshold effect exists
in included studies (Cochran-Q = 25.98, p < 0.01).
Furthermore, I2 of sensitivity, specificity, positive
likelihood ratio (LR+), negative likelihood ratio (LR−),
and DOR were all significantly high. A random-effect
model was used to estimate the five effect sizes above,
which might only serve as a reference on account of its
high heterogeneity.

Based on the nine datasets, the combined sensitivity
and specificity of EST were 55 (48 to 61%) and 66 (61 to
70%), respectively (Supplementary Figure 4). Combined
LR+ of EST was 1.52 (1.08 to 2.13), combined LR− was
0.74 (0.55 to 0.99), the combined area under the curve
(AUC) was 0.66, combined Q index was 0.62, and combined
DOR was 2.33 (1.17 to 4.65). Besides, the combined
positive predictive value was 47 (34 to 59%), and the
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TABLE 2 | Characteristics of included studies.

References Study design Sample size

(n)

Population

constitution

Clinical presentation Exercise protocol EST indication of CAD Reference standard used Angiographic criteria of

CAD

Koistinen et al. (19) Cohort 33 Type 1 and

type 2

diabetics

Asymptomatic Bicycle ST depression ≥1mm and

persisted for at least 0.08 s after

the J point

Coronary angiogram ≥50% narrowing

Bacci et al. (20) Cohort 71 Type 2

diabetics

Asymptomatic Treadmill ST depression ≥1mm and

persisted for at least 0.08 s after

the J point

Coronary angiogram ≥70% narrowing

Charvat et al. (21) Cohort 30 Type 2

diabetics

Asymptomatic Bicycle ST depression >1mm and

persisted for at least 0.08 s after

the J point

Coronary angiogram ≥70% narrowing

Cosson et al. (22) Cohort 76 Type 1 and

type 2

diabetics

Asymptomatic Bicycle ST depression >1mm and

persisted for at least 0.08 s after

the J point

Coronary angiogram ≥50% or ≥70% narrowing*

Johansen et al.

(23)

Cohort 82 Type 2

diabetics

Asymptomatic Bicycle ST depression ≥1mm Coronary angiogram ≥50% narrowing

Smanio et al. (16)
†

Cohort 104 Type 2

diabetics

Asymptomatic Treadmill ST depression ≥1.5mm in

relation to baseline or

exercise-induced ischemia

Coronary angiogram ≥50% narrowing

Smanio et al. (16)
†

Cohort 104 Type 2

diabetics

Asymptomatic Bicycle ST depression ≥1.5mm in

relation to baseline or

exercise-induced ischemia

Coronary angiogram ≥50% narrowing

Johansen et al.

(24)

Cohort 91 Type 2

diabetics

Asymptomatic Bicycle ST depression ≥1mm Coronary angiogram ≥50% narrowing

Khanal et al. (25) Cohort 28 Type 2

diabetics

Asymptomatic Treadmill Exercise ECG Coronary angiogram ≥50% narrowing

CAD, Coronary heart disease; ECG, Electrocardiograph. EST, Exercise stress testing.
*≥50% for the left main coronary artery and ≥70% for others coronary artery.
†
Different exercise protocols of EST for detection of CAD in one study (16).
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TABLE 3 | Variables associated with sensitivity and specificity by univariate regression analysis.

Variables Sensitivity coefficient [95%CI] p Specificity coefficient [95%CI] p

Mean age −0.02 [−0.08 to 0.03] 0.33 −0.01 [−0.06 to 0.04] 0.75

Percent men 0.107 [−0.56 to 0.78] 0.72 −0.003 [−0.50 to 0.49] 0.99

Mean duration of diabetes (years) 0.05 [−0.03 to 0.13] 0.17 −0.02 [−0.10 to 0.05] 0.42

Left ventricular hypertrophy −0.08 [−0.36 to 0.20] 0.5 0.16 [−0.004 to 0.32] 0.06

Right bundle branch block −0.08 [−0.36 to 0.20] 0.5 0.16 [−0.004 to 0.32] 0.06

Left bundle branch block −0.09 [−0.29 to 0.12] 0.34 0.02 [−0.14 to 0.18] 0.76

Mitral valve prolapse −0.08 [−0.36 to 0.20] 0.5 0.16 [−0.004 to 0.32] 0.06

Resting repolarization abnormalities? −0.03 [−0.24 to 0.19] 0.79 0.01 [−0.16 to 0.17] 0.94

only type 2 or mixed type 1/2 −0.07 [−0.28 to 0.14] 0.46 0.05 [−0.10 to 0.20] 0.47

Hypertension 0.16 [−0.67 to 1.00] 0.64 −0.05 [−0.84 to 0.73] 0.87

smoking −0.43 [−1.80 to 0.95] 0.46 0.26 [−1.05 to 1.57] 0.63

Lipid abnormalities −0.46 [−4.11 to 3.18] 0.64 0.76 [−1.11 to 2.63] 0.22

Family history of CAD −0.48 [−1.25 to 0.30] 0.17 0.48 [−0.20 to 1.16] 0.13

p-receptor-blocking agents 0.09 [−0.11 to 0.30] 0.33 −0.03 [−0.19 to 0.13] 0.7

long-acting nitrates 0.09 [−0.11 to 0.30] 0.33 −0.03 [−0.19 to 0.13] 0.7

Publication year −0.01 [−0.04 to 0.01] 0.37 −0.01 [−0.03 to 0.01] 0.17

Continent of study center* 0.57 0.18

Exercise protocol (treadmill, bicycle) 0.001 [−0.18 to 0.18] 0.99 −0.004 [−0.14 to 0.13] 0.94

Smallest amount of ST depression deemed abnormal (1, >1, 1.5mm)* 0.57 0.11

ST depressions adjusted for heart rate (yes/no) 0.16 [−0.10 to 0.41] 0.18 −0.03 [−0.24 to 0.18] 0.75

Computer algorithm used to analyze ST segment 0.16 [−0.1 to 0.41] 0.18 −0.03 [−0.24 to 0.18] 0.75

Percent patients achieving “adequate heart rate” 1.33 [−8.00 to 10.65] 0.6 2.33 [−6.98 to 11.64] 0.39

Mean heart rate achieved (bpm) 0.02 [−0.01 to 0.06] 0.09 0.001 [−0.04 to 0.04] 0.94

Time interval between exercise test and coronary angiogram −0.05 [−0.24 to 0.15] 0.42 −0.002 [−0.14 to 0.14] 0.96

Angiographic definition of disease (50% vs. others) −0.09 [−0.27 to 0.08] 0.24 0.01 [−0.14 to 0.15] 0.93

Was the exercise ECG being compared with a “better” test (yes/no) −0.04 [−0.22 to 0.14] 0.64 0.05 [−0.08 to 0.17] 0.43

Whether all participants were included? (yes/no) 0.18 [0.09 to 0.27] 0.002 −0.05 [−0.18 to 0.07] 0.37

Blind reading of angiogram 0.12 [−0.03 to 0.27] 0.1 −0.07 [−0.19 to 0.05] 0.22

Blind reading of ECG −0.04 [−0.26 to 0.17] 0.66 −0.07 [−0.22 to 0.07] 0.28

Treatment of equivocal or non-diagnostic test were 0.15 [0.02 to 0.28] 0.03 0.01 [−0.12 to 0.15] 0.85

*p-value among the two factors in this item was calculated.

combined negative predictive value was 74 (68 to 80%)
(Supplementary Figure 5).

Supplementary Figure 6 demonstrates the result of sensitivity
analysis. The sensitivity of all the original studies is low
suggesting the results of this study are relatively stable.

We found no publication bias in the regression test
for funnel plot asymmetry (Deek’s test p = 0.25>0.05;
Supplementary Figure 7).

Univariate Regression Analysis
Supplementary Figure 8 shows the percentage of missing data
for those items in Table 1. Two variables (mean double product
achieved and mean workload achieved) were excluded in
univariate regressions analysis becausemore than 60% of the data
weremissing for these variables. One variable (point in timewhen
the measurement was made) was excluded as it was the same in
all studies.

Table 3 displays the results of the univariate regressions
analysis. Studies that included patients who had partially received
angiography calculated significantly higher sensitivity than those

all received (p < 0.001). Also, studies that excluded non-
diagnostic tests from analysis reported significantly higher
sensitivity than studies that did not mention these patients (p
= 0.03). Other variables showed no significant relationship with
both sensitivity and specificity in the analysis.

Subgroup Analysis
Forest Plots of Sensitivity and Specificity of EST for CAD
detection in different subgroups are presented in Figures 2,
3. Figure 2 shows the sensitivity and specificity of different
types of diabetes (Figures 2A,B), different exercise protocol
(Figures 2C,D), and different proportions of patients included
from studies (Figures 2E,F). Figure 3 shows the sensitivity
and specificity of different angiographic criteria of CAD
(Figures 3A,B) and different treatment equivocal or non-
diagnostic tests (Figures 3C,D).

Type of Diabetes
No significant heterogeneity was observed in sensitivity between
two subgroups (p = 0.50) (Figure 2A), while it existed in
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FIGURE 2 | Forest Plots of Sensitivity and Specificity of EST in Different Subgroups. (A) Forest plot of sensitivity of EST in different type of diabetes; (B) Forest plot of

specificity of EST in different type of diabetes; (C) Forest plot of sensitivity of EST in different exercise protocol; (D) Forest plot of specificity of EST in different exercise

protocol; (E) Forest plot of sensitivity of EST in different proportion of included participants; (F) Forest plot of specificity of EST in different proportion of included

participants.

specificity (p = 0.02) (Figure 2B). It might indicate that the
specificity of EST in mixed type 1 and 2 diabetics [50 (37 to 63%)]
was significantly lower than only type 2 diabetics population [68
(59 to 76%)].

Exercise Protocol
No significant heterogeneity was observed in sensitivity and
specificity between two subgroups (sensitivity: p = 0.69;
specificity: p= 0.87) (Figures 2C,D).

The Proportion of Included Participants
Significant heterogeneity was observed in sensitivity between two
groups (p < 0.001) (Figure 2E). Studies where only a proportion
of participants were included presented a higher sensitivity [73
(59 to 85%)] than those in which all participants included [40 (30
to 49)]. No significant heterogeneity was observed in specificity
between two subgroups (p= 0.37) (Figure 2F).

Angiographic Criteria of CAD
No significant heterogeneity was observed in both sensitivity
(p = 0.11) and specificity (p = 0.84) between two subgroups
(Figures 3A,B).

Treatment of Equivocal or Non-diagnostic Test
Significant heterogeneity was shown in sensitivity between two
groups (p = 0.004) (Figure 3C). Sensitivity in studies that

excluded these patients [73 (56 to 88%)] from the analysis was
significantly higher than those without mention [43 (32 to 54%)].
No significant heterogeneity was observed in specificity (p =

0.84) between two subgroups (Figure 3D).
The sensitivity and specificity of EST for CAD according to

total population and subgroups are listed in Table 4.

DISCUSSION

To our knowledge, this is the first systematic meta-
analysis to investigate the EST screening programme
for asymptomatic CAD in T2DM. The results of which
suggest that EST is a tool with moderate sensitivity and
specificity in the initial screening of asymptomatic CAD
in T2DM. It is particularly appealing compared to other
screening tool options, since it is non-invasive, relatively
inexpensive, easily available in most centers, and involves
no radiation.

The present study suggested that studies with proportional
participants included had significantly higher sensitivity than
those in which all participants were included, suggesting an
influence of ascertainment bias in those results. Still, the use
of angiography in patients with an abnormal EST may be a
cost-effective and clinically feasible approach. We also found
that the specificity of EST in the group of mixed type 1 and
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FIGURE 3 | Forest Plots of Sensitivity and Specificity of EST in Different Subgroups. (A) Forest plot of sensitivity of EST in different angiographic criteria of CAD; (B)

Forest plot of specificity of EST in different angiographic criteria of CAD; (C) Forest plot of sensitivity of EST in different treatment equivocal or non-diagnostic test; (D)

Forest plot of specificity of EST in different treatment equivocal or non-diagnostic test.

2 diabetics were significantly lower than that of only type 2
diabetics in subgroup analysis. This suggests that EST is relatively
accurate in identifying T2DM patients without asymptomatic
CAD possibly due to patients with T1DM generally developing
the disease at a younger age than those with T2DM, as
EST has been demonstrated a relatively lower specificity in
the youth population (26). Additionally, if the non-diagnostic
tests were excluded, the sensitivity of EST would increase
substantially from 55 to 73%. Non-diagnostic was defined as
“the patient interrupted the test before they reached a heart
rate corresponding to 85% of the maximal aerobic capacity
without ischemic changes in ECG.” As for the “not mentioned”
group, where they did not clarify how non-diagnostic tests were
identified, it is not clear whether non-diagnostic tests were
included and considered as normal EST screening tests. This

may have contributed to why the sensitivity in studies that
excluded the non-diagnostic patients (73%) from the analysis
was significantly higher than that in studies that did not
mention the disposition of non-diagnostic tests (43%). These
findings highlight the critical importance of closely following
standardized methodology when conducting and interpreting
EST in clinical practice. Standardized guidelines (27, 28) have
been published detailing specific absolute and relative EST
termination and interpretation criteria. In the event that an EST
is terminated prior to meeting predefined standardized criteria,
that test should be defined as non-diagnostic and data should be
interpreted with caution.

Contrary to our expectations, the univariate regression
analysis did not find a significant difference regarding the mean
duration of diabetes and left bundle branch block. This may
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TABLE 4 | Sensitivity and specificity of EST for coronary artery disease according to total population and subgroups.

Diagnostic performance estimate

Sensitivity Specificity

Estimate 95% CI Estimate 95% CI

Total 0.58 0.44–0.71 0.65 0.55–0.74

Type of diabetes

Mixed type 1 and 2 0.62 0.48–0.76 0.50* 0.37–0.63

Only type 2 0.55 0.39–0.71 0.68* 0.69–0.76

Exercise protocol

Bicycle ergometer 0.56 0.37–0.74 0.65 0.55–0.75

Treadmill 0.61 0.41–0.80 0.63 0.38–0.85

The proportion of included participants†

All included 0.40* 0.30–0.49 0.69 0.63–0.74

Proportional included 0.73* 0.59–0.85 0.59 0.38–0.79

Angiographic criteria of CAD

Other criteria 0.71 0.50–0.88 0.63 0.31–0.90

≥50% narrowing 0.5 0.35–0.65 0.66 0.58–0.74

Treatment of equivocal or non-diagnostic test

Excluded 0.73* 0.56–0.88 0.65 0.41–0.85

Not mention 0.43* 0.32–0.54 0.65 0.56–0.74

*p ≤ 0.05 in heterogeneity test between groups.
†
Only participants who received both EST and angiography were included into our analysis. This is the proportion of participants we include in the original studies.

be due to the small heterogeneity in diabetes duration of the
nine datasets (five articles’ mean duration of diabetes = 6
years), or the big difference in article numbers between two
subgroups (left bundle branch block: exclude to include = 1
to 8). However, this also indicates that the screening effects of
EST are stable, and it would not be interfered with by the above
factors.Furthermore, EST in the clinical setting may be achieved

with relative safety, a 18-year cross-sectional study from our

team, which included 50,142 consecutive tests, suggested that

EST is safe with a low rate of adverse events at 0.6 per 10,000
tests (0.2–1.8) (29).

In clinical practice, there are several methods used to assess
CAD in asymptomatic diabetic patients. A cost-effectiveness
study (30) previously recommended that applying a low-cost test
to a large-scale population with selective use of more expensive
testing at a later stage for patients with a higher probability of
suffering disease is more cost-effective than applying the more
expensive test as the initial step. The major advantage of EST is
its lower cost compared with most of other methods. Besides,
it is readily available and free from radiation, which supports
its use as an initial test. Especially when combining clinical
information with EST data, they could yielded a 94% sensitivity
and 92% specificity (31). Meanwhile, it should be acknowledged
that physical disability and vascular and neuropathic changes

would make it difficult to reach the target heart rate in EST,

which may limit the ability of some patients to complete an

EST. Generally, more higher quality studies are needed, in which

non-diagnostic tests are excluded and the flow and timing is
described clearly.

Limitations
It is important to recognize potential limitations regarding this
meta-analysis. First, over half of the selected articles included
only proportional participants from the original studies. Only
participants with positive EST or other non-invasive exams
would be lead to further gold standard examination, which
might increase bias as these included participants might not
well-represent this population. To investigate the effect of
this bias on the results, we performed a subgroup analysis
and offered a detailed explanation. Second, missing data in
our subgroup analysis resulted in decreased power of the
outcome. Third, these diagnostic studies are often based on
preselected populations. The need for exercise ability may limit
some patients, which may result in selection bias. Last, most
websites we searched have only English reports even though
we did not set any limitations in languages and consequently,
we may have missed data from essential studies published in
other languages.

CONCLUSIONS

EST is a tool with moderate sensitivity and specificity in the
initial screening of asymptomatic CAD in T2DM. It is appealing,
compared to other screening tools, because it is non-invasive,
relatively inexpensive, easily available in most centers, and does
not involve radiation. Additional higher-quality studies, where
non-diagnostic tests are excluded and the flow and timing are
described clearly, are needed to study the use of EST for screening
for CAD in T2DM patients.
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Background: Endogenous Cushing’s syndrome (CS), also called hypercortisolism, leads

to a significant increase in mortality due to excessive cortisol production, which is mainly

due to cardiovascular disease. CS complicated with cardiomyopathies, which is a rare

and severe condition, has rarely been reported in the literature.

Objective: To investigate the clinical characteristics of CS complicated with

cardiomyopathies, we retrospectively reviewed the clinical manifestations, laboratory

results, cardiac imaging results and prognosis to further understand the diagnosis,

treatment, and management of these cases.

Methods: The clinical data of patients diagnosed with CS complicated with

cardiomyopathies obtained from discharge sheets from Peking Union Medical College

Hospital from January 1986 to August 2021 were collected. Case reports of CS

complicated with cardiomyopathies were retrieved from PubMed. In addition, Cushing’s

disease (CD) patients without cardiomyopathies were collected as controls to compare

the clinical features.

Results: A total of 19 cases of CS complicated with cardiomyopathies and cases of

CD without cardiomyopathies (n = 242) were collected. The causes of CS included

pituitary adenoma (n = 8, 42.11%), adrenal adenoma (n = 7, 36.84%), ectopic

adrenocorticotropic hormone (ACTH) tumor (n = 2, 10.53%) and unclear causes (n

= 2, 10.53%) in the CS complicated with cardiomyopathies group. The types of

cardiomyopathies were dilated cardiomyopathies (n = 15, 78.94%) and hypertrophic

cardiomyopathies (n = 4, 21.05%). The serum sodium concentration was significantly

higher [145.50 (140.50–148.00) mmol/L vs. 141.00 (140.00–143.00) mmol/L], while the

serum potassium concentration was significantly lower [2.70 (2.40–3.60) mmol/L] vs.
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3.90 (3.50–4.20 mmol/L)] in the CS complicated with cardiomyopathies group compared

to the CD patients without cardiomyopathies. There were no significant differences

between the CS complicated with cardiomyopathies group and the CD patients without

cardiomyopathies in the serum cortisol concentration and 24-h urine free cortisol, but

a significant difference in the adrenocorticotropic hormone level [109.00 (91.78–170.30)

pg/ml vs. 68.60 (47.85–110.00) pg/ml]. Twelve/16 (75.0%) patients showed significant

improvement or even a complete healing of the heart structure and function after

remission of hypercortisolemia after treatment with CS.

Conclusions: CS complicated with cardiomyopathies is a very rare clinical entity, in

which cortisol plays an important role and it can be greatly improved after remission

of hypercortisolemia.

Keywords: Cushing’s syndrome, cardiomyopathies, hypercortisolism, cardiac structure, cardiac function

INTRODUCTION

Cushing’s syndrome (CS) is a rare disease, which caused by a
variety of etiologies and is characterized by excessive cortisol
production by the adrenal glands due to a pituitary adenoma,
ectopic adrenocorticotropin syndrome secondarily or by adrenal
tumor, or autonomous hyperplasia. CS can be complicated by
several metabolic abnormalities, such as hypertension, impaired
glucose tolerance, and hyperlipidemia, and patients with CS
have a high risk of opportunistic infection and coagulation
problems due to hypercortisolemia. The mortality in CS is
increased significantly with a standard mortality rate (SMR)
of 3.68 (2.34–5.33) (1). A study of adrenal incidentaloma with
a mean follow-up of 7.5 years showed that, compared with
patients with non-secretory adrenal incidentaloma, patients with
subclinical hypercortisolism had a nearly four-fold increase in
all-cause mortality (8.8 vs. 43%), a 10% higher incidence of
cardiovascular events (6.7 vs. 16.7%) and a 7.6 times higher
incidence of cardiovascular mortality (2.5 vs. 21.6%) (2). In
addition, compared with the patients with a cortisol level <1.8
µg/dL after the dexamethasone suppression test, the patients
with a cortisol level between 1.85 and 5 µg/dL had a higher
mortality hazard ratio of 12.0 (1.6–92.6), and patients with
a cortisol level >5 µg/dL had the highest mortality hazard
ratio of 22.0 (2.6–188.3). Notably, 50% of deaths were due
to cardiovascular disease (3). Because CS is often diagnosed
months or years after the onset of symptoms, an increased
risk of cardiovascular disease could be present even before the
diagnosis (4).

Given the significantly increased risk of death and
cardiovascular disease, several studies have assessed the
changes in the cardiac structure and function in CS. Patients
with CS often have an increased left ventricular mass and relative
wall thickness (5), a higher proportion of impaired diastolic
function (6), and a lower left ventricular ejection fraction (LVEF)
(7). Several studies investigated whether the cardiac structure
and function could improve after remission of hypercortisolism.
Toja et al. (5) found that cardiac mass abnormalities (such as
an increased left ventricular mass and an increased relative wall

thickness) were improved but not completely recovered after
curative treatment in CS. Moreover, although the LVEF was
within the normal range after remission of CS, the value was still
slightly lower than that of the control group. Peter Kamenický
et al. (7) found that the subclinical cardiac systolic dysfunction
was recovered and the LVEF increased by 15% after remission
of CS.

Cardiomyopathies are a group of heterogeneous myocardial
diseases characterized by cardiomyocyte disorders, which lead
to myocardial mechanical and/or electrical dysfunction. Based
on the anatomy and physiology, cardiomyopathies consist of the
following types (each with a variety of different causes): dilated
cardiomyopathies (DCM), hypertrophic cardiomyopathies
(HCM), restrictive cardiomyopathies (RCM), arrhythmic
right ventricular cardiomyopathies/dysplasia (ARVC/D) and
undefined cardiomyopathies. Since CS is a rare disease with an
incidence of 2–5/106/year, CS complicated with cardiomyopathy
is rarely seen among the known causes. A search of the
literature found that there were only a few case reports about CS
complicated with cardiomyopathies, in which the major type was
DCM (8–19). If CS induces cardiomyopathies, it is speculated
that the mortality risk of CS patients will be further aggravated.
To investigate the clinical characteristics of CS complicated with
cardiomyopathies, this study described the diagnosis, treatment,
management and prognosis of patients with CS complicated with
cardiomyopathies in Peking Union Medical College Hospital
and a literature review is also discussed.

SUBJECTS AND METHODS

Subjects
CS Complicated With Cardiomyopathies in Peking

Union Medical College Hospital
The data from the CS cases complicated with cardiomyopathies
were obtained through a search of the discharge sheet from
the hospital information system at Peking Union Medical
College Hospital from January 1986 to August 2021. Written
informed consent was obtained from the patients or their family
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members for the publication of the images and data. The Ethics
Committee of Peking Union Medical College Hospital approved
this retrospective study.

The inclusion criteria were as follows: (1) a diagnosis of CS,
including the typical clinical manifestations of CS, increased
midnight cortisol or 24-h urine free cortisol (UFC), and
no suppression of cortisol after the low-dose dexamethasone
suppression test; and (2) evidence of a cardiomyopathy: an
echocardiography or a cardiac magnetic resonance imaging
(MRI) showing ventricular dilation and decreased myocardial
contractility or left ventricular wall thickening (interventricular
septum dimension or left ventricular posterior wall dimension
≥15 mm).

The exclusion criteria were as follows: (1) an enlarged left
ventricle and decreased myocardial systolic function resulting
from other identified causes, such as long-term poorly controlled
hypertension, diabetes, valvular heart disease, congenital or
ischemic heart disease; (2) left ventricular wall thickening caused
by other identified causes, such as hypertension, aortic stenosis,
or congenital subaortic septum; (3) infectious disease; (4)
cardiomyopathies diagnosed prior to the onset of CS symptoms;
(5) familial cardiomyopathies; (6) systemic autoimmune disease;
(7) evidence of amyloidosis; (8) thyroid disorders without
treatment; and (9) lack of clinical information.

Altogether, 7 patients who met the enumerated
inclusion/exclusion criteria were enrolled. We collected
information about these cases, including (1) the demographic
features such as age and sex; (2) the time of onset of CS; (3)
the clinical symptoms of cardiomyopathies such as dyspnea,
fatigue, edema; (4) the physical examination data, such as
height, weight, body mass index (BMI), and blood pressure;
(5) the laboratory examinations, including routine blood tests,
blood glucose, serum potassium, serum sodium, blood lipids,
and hypersensitive C-reactive protein; (6) the pituitary and
adrenal hormone tests, including adrenocorticotrophic hormone
(ACTH), serum cortisol, 24-hour urine free cortisol (24-h
UFC), high- and low-dose dexamethasone suppression tests; (7)
the electrocardiogram and echocardiography findings; (8) the
treatment of hypercortisolemia; and (9) the outcomes after the
diagnosis and treatment.

Literature Review of CS Complicated With

Cardiomyopathies
The literature search of the PubMed online database was
conducted up to August 1, 2021; we searched for keywords
including [Cushing syndrome], [Hypercortisolism], and
[cardiomyopathy]. The inclusion and exclusion criteria were the
same as those mentioned above.

Twenty patients from 13 studies had CS complicated with
cardiomyopathies, of which 8 patients from 1 study (20) were
excluded due a lack of detailed clinical data. Finally, 12 patients
met the inclusion and exclusion criteria, and relevant medical
information was collected.

Cases of Cushing Disease Without Cardiomyopathies
Since most cases of CS complicated with cardiomyopathies
were ACTH-dependent CS in our medical center, 242CD cases

without cardiomyopathies who had detailed clinical evaluation of
cardiac structure and function were collected from the hospital
information system of Peking Union Medical College Hospital
for comparison. All the 242 cases were admitted to the inpatient
department and had through cardiac evaluation including
echocardiography, showing no evidence of cardiomyopathy.

Statistical Methods
Qualitative data are presented as frequencies and percentages.
Quantitative data are presented as themean± standard deviation
if conforming to a normal distribution or medians (25th, 75th
percentile). Independent two-sample t-tests, chi-square tests,
or Mann-Whitney U-tests were used to evaluate the statistical
significance. Statistical analysis was performed using GraphPad
Prism 8 (GraphPad Software, La Jolla, California, USA). P < 0.05
indicated significance.

RESULTS

A total of 19 patients who had a diagnosis of CS complicated with
cardiomyopathies were identified in our center [Case 1 to Case 7
(n= 7)] and in the literature [Case 8 to Case 19 (n= 12)]. A total
of 242 patients diagnosed with CD without cardiomyopathies
were identified as controls.

The Demographic of CS Complicated With
Cardiomyopathies
The 19 patients with CS complicated with cardiomyopathies
included 10 males (52.63%) and 9 females (47.37%), and there
was a males to females ratio of 1.11:1. The mean age at diagnosis
of CS with cardiomyopathies was 35.33 ± 19.75 years old. The
average BMI was 28.78± 5.178 kg/m2 (n= 11) (Table 1).

The causes of CS with cardiomyopathies were pituitary
adenoma (n = 8, 42.11%), adrenal adenoma (n = 7, 36.84%),
ectopic ACTH syndrome (n = 2, 10.53%), and unclear causes (n
= 2, 10.53%). The types of cardiomyopathies were DCM (n =

15, 78.95%) and HCM (n=4, 21.05%). At the same time, 11/18
(61.11%) patients also had hypertension, 5/12 (41.67%), diabetes,
8/11 (72.72%), hyperlipemia, and hypokalemia 6/12 (50.00%)
(Table 1).

The cardiac symptoms of these patients were mainly dyspnea
(10/19), and 5 patients had no relevant symptoms when the
cardiomyopathies were detected by ultrasonography. Based on
the cardiac function standard of the NewYorkHeart Association,
3/10 patients were grade I, 3/10 were grade II, and 4/10 were
grade III (Table 1).

The Manifestation of Electrocardiography
and Echocardiogram or Cardiac MRI
In the available electrocardiograph (ECG) examination, 7/13
patients presented with sinus tachycardia, 1/13 patients presented
with atrial premature beat, 1/13 patients presented with
ventricular premature beat, 1/13 patients presented paroxysmal
atrial fibrillation, and 3/13 patients had no arrhythmia. A total of
2/8 patients had prolonged QTc intervals (469 and 471ms). ECG
ST-T changes were observed in 6/9 patients.
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TABLE 1 | Clinical characteristics of CS complicated with cardiomyopathies.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 Case 12 Case 13 Case 14 Case 15 Case 16 Case 17 Case 18 Case 19

Sex F M F M M M M F F F F F M M F M M F M

Age (year) 30 59 26 31 25 28 20 48 43 28 50 67 20 43 63 64 26 7 (weeks) 4 (months)

BMI (kg/m2 ) 29.6 31.3 28.58 27.9 38.3 25.9 22.5 NA 35.5 26.5 NA NA 30.12 NA NA NA NA NA 20.43

Cause of cushing

syndrome

Pituitary

adenoma

Pituitary

adenoma

Pituitary

adenoma

Pituitary

adenoma

NA Lung

carcinoid

NA Adrenal

adenoma

Adrenal

adenoma

Adrenal

adenoma

Pituitary

adenoma

Adrenal

adenoma

Pituitary

adenoma

Pituitary

adenoma

Adrenal

adenoma

SCLC Pituitary

adenoma

Adrenal

adenoma

Adrenal

adenoma

Type of cardiomyopathies DCM HCM HCM DCM DCM DCM DCM DCM DCM DCM DCM DCM DCM DCM DCM DCM DCM HCM HCM

(Obstructive)

Symptoms of

cardiomyopathies

Dyspnea

cough

No Edema of

lower

extremities

Dyspnea,

edema

Cough,

fatigue and

edema

Fatigue and

edema

Dyspnea,

cough and

edama

Dyspnea Dyspnea Dyspnea and

cough

No No Dyspnea Dyspnea No Dyspnea Dyspnea

exhaustion

Edema No

Time between the onset

of CS and presence of

cardiac symptoms

(months)

96 NA 24 27 16 8 9 NA 30 17 NA NA NA NA NA NA NA NA NA

Complications

Hypertension No Yes Yes Yes No Yes Yes No Yes No No Yes No Yes NA Yes No Yes Yes

Diabetes No No No No No No Yes NA NA No Yes Yes NA NA NA Yes No Yes NA

Hyperlipidemia Yes Yes Yes Yes Yes Yes Yes NA NA No No Yes NA NA NA NA No NA NA

Hypokalemia No No Yes No No Yes Yes NA NA No NA Yes NA Yes NA Yes No NA NA

Systolic blood pressure

(mmHg)

140 160 181 160 140 190 160 130 150 140 NA 173 120 NA NA 189 NA 120 110

Diastolic blood pressure

(mmHg)

100 100 121 100 90 120 120 85 80 80 NA 116 90 NA NA 101 NA 80 65

NYHA II I I II III III II NA NA III NA III NA NA NA NA NA NA I

Treatments to relieve

hypercortisolemia

Pituitary

surgery

Repeated

Pituitary

surgerys

Repeated

Pituitary

surgerys

Pituitary

surgery

No surgery

due to

severe heart

failure

Failure

pituitary

surgery and

radiotherapy,

then

pulmonary

carcinoid

resection

Pituitary

surgery and

bilateral

adrenalectomy

Drug plus

adrenal

adenoma

resection

Adrenal

resection

(left)

Drug plus

adrenal

resection

(right)

Drug plus

radiotherapy

Adrenal

resection

Pituitary

surgery

Drug Adrenal

resection

Drug plus

chemotherapy

Pituitary

surgery

Drug plus

adrenal

surgery

Adrenal

surgery

Number of treatment

methods

1 2 2 1 0 3 2 2 1 2 2 1 1 1 1 2 1 2 1

Outcome of

cardiomyopathies in the

followup

NA No

significant

change

NA NA No

significant

change

Improvement Death Improvement Improvement Improvement Improvement Improvement Improvement No

significant

change

Improvement Improvement Improvement Improvement Improvement

F, Female; M, Male; DCM, dilated cardiomyopathies; HCM, hypertrophic cardiomyopathies; SCLC, small-cell lung cancer; NYHA, New York Heart Association classification for congestive heart failure.
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In patients with DCM, the left ventricular end diastolic
dimension (LVDd) ranged from 56 to 79mm, with an average
of 63.77mm (n = 10); the interventricular septum dimension
(IVSd) ranged from 7 to 13mm, with an average of 10.40mm
(n = 9), among which 3 patients had thickened IVSd; the left
ventricular posterior wall dimension (LVPWd) ranged from 7 to
11mm with an average of 9.4mm (n = 7); and the LVEF ranged
from 10 to 50% with an average of 30.39% (n = 14). In the HCM
patients, the IVSd ranged from 16 to 22mm with an average of
18.67mm (n = 3); the LVPWd was 10 and 11mm; the LVDd
was 53mm and 50mm; and the LVEF was 70% and 69%, which
was within the normal range, respectively, in Case 2 and Case 3
(Table 2).

The Outcomes After Treatment
Among the patients with CS complicated with cardiomyopathies,
8 patients underwent pituitary surgery, and among them,
in Case 2 and Case 3, a repeated pituitary operation was
performed due to the failure of the first pituitary operation.
In Case 6, pulmonary carcinoid leading to excessive ectopic
ACTH secretion was diagnosed by further examination after
the failure of the first pituitary operation and pituitary
radiotherapy, and a resection was performed. In Case 7,
a bilateral adrenalectomy was performed due not achieving
remission after the pituitary operation and the continued severe
hypercortisolism. Seven patients underwent adrenal surgery, and
among them, hypercortisolemia drugs were administered prior
to surgery in Case 8, Case10, and Case 18. One patient (Case
14) was given medications for hypercortisolemia; 2 patients were
administered radiotherapy (Case 11) or chemotherapy (Case 16)
after drug therapy; and 1 patient (Case 5) was not treated and
was given the recommendation to continue follow up due to the
unclear cause of CS and the presence of cyclic hypercortisolism
(Table 3).

In 12/16 (75.0%) patients who had a follow-up examination,
the cardiac structure and function were significantly improved or
even completely reversed after remission of hypercortisolemia.
Three patients (Case 2, Case 5, and Case 14) showed no
significant improvement. Case 2 was a 59-year-old man
diagnosed with CD and HCM, who developed cortisol remission
after repeated pituitary surgery. Case 5 was a 25-year-old male
with CS due to an unknown cause, which was complicated with
DCM, who did not undergo surgery due to severe heart failure.
Case 14 was a 43-year-old male diagnosed with CD complicated
with DCM who did not undergo surgical treatment due to severe
heart failure. He was treated with two drugs (metyrapone and
ketoconazole) to normalize his cortisol, butmyocardial infarction
occurred during the follow-up, which led to a rupture of the
mitral papillary muscle and mitral regurgitation. A 20-year-old
male patient (Case 7) with DCM with an unclear etiology of
CS underwent unsuccessful pituitary surgery. Then, a bilateral
adrenalectomy was performed to treat the hypercortisolemia. He
suffered from sudden cardiac arrest and died 22 days after the
adrenal surgery (Table 3).

Ten of 13(76.9%) patients with DCM improved significantly
and even completely recovered in regard to their cardiac
structure and function after cortisol remission. Their LVEF
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increased by 25.78± 9.28% on average (15–42%), and themedian
improvement time was 12 months (5.25–21.75 months). One
patient (Case 19) with HCM achieved reduction of 12mm in the
IVSd and had cardiac structure normalization within 10 months,
while another patient (Case 18) recovered completely with regard
to the symptoms of CD, including improvement in HCM just 1
month after surgery.

Comparison Between CS Patients With
and Without Cardiomyopathies
To investigate whether there were some clinical features
related to cardiomyopathies due to CS, a comparison was
made between ACTH-dependent CS patients with and without
cardiomyopathies in our center. The ACTH-dependent CS
complicated with cardiomyopathy included 8 patients with CD
(Case 1, Case 2, Case 3, Case 4, Case 11, Case 13, Case 14, Case 17)
and 2 patients with ectopic ACTH syndrome (Case 6 and Case
16). Compared with CS patients without cardiomyopathies, the
proportion of males and the proportion of hyperlipidemia were
significantly increased in the CS with cardiomyopathies group (p
= 0.005 and p = 0.0119, respectively). There were no significant
differences between the two groups in age (p = 0.4708), BMI
(p = 0.0864), the proportion of patients with hypertension (p =

0.2735), or the proportion of patients with diabetes (p= 0.6430).
The median time from CS symptoms to symptoms/diagnosis of
cardiomyopathies was 25.50 (12.00–78.75) months in 4 patients
(Table 4).

The median level of morning serum cortisol in CS
complicated with cardiomyopathies was 35.48 (28.26–47.10)
µg/dl (n = 6), and in CS patients without cardiomyopathies,
it was 28.19 (22.78–34.96) µg/dl. There was no significant
difference (p = 0.0896). The median ACTH was 109.0 (91.78–
170.30) pg/ml in the CS complicated with cardiomyopathies
group (n = 7), which was significantly higher than that in CS
patients without cardiomyopathies, which was 68.60 (47.85–
110.00) pg/ml (p= 0.0199; Table 4).

The 24 h UFC level, and high-dose dexamethasone
suppression test rate were 729.40 (234.30–821.20) µg (n =

7), and 92.37% (87.03–96.45%) (n = 3), respectively, in the CS
complicated with cardiomyopathies group, while those in CS
patients without cardiomyopathies were 456.8 (230.1–782.9)
µg, and 87.00 (71.97–95.5) %, respectively. There were no
statistically significant differences in the 24-h UFC or high-dose
dexamethasone suppression rates between the two groups (p =

0.3420 and p= 0.3999, respectively) (Table 4).
In addition, there were no significant differences in the white

blood cell count (p = 0.2100), hemoglobin concentration (p =

0.2448) or hematocrit (p = 0.2524) between the two groups. The
platelet levels in CS patients complicated with cardiomyopathies
were significantly lower than those in CD patients without
cardiomyopathies [150.00 (110.50–253.50) × 109/L vs. 254.5
(214.5–295.3)× 109/L] (p= 0.0249; Table 4).

The serum sodium concentration was higher in the CS
complicated with cardiomyopathies group [145.50 (140.50–
148.00) mmol/L vs. 141.00 (140.00–143.00) mmol/L] (p
= 0.0316), while the serum potassium concentration was
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TABLE 4 | Comparison between patients with CS complicated with cardiomyopathies and CD patients without cardiomyopathies.

CS complicated with

cardiomyopathies (n=10)

CD without cardiomyopathies

(n = 242)

P-value

Sex, M (%) 7 (70.00) 42 (17.36) 0.0005*

Age, year 30.50 (26.00–52.25) 32.00 (24.75–40.25) 0.4708

BMI, kg/m2 29.09 (27.40–30.42) 26.90 (24.55–28.82) 0.0864

Course of disease (months) 25.50 (12.00–78.75) 36.00 (12.00–72.00) 0.7010

Hypertension, n (%) 6/10 (60.00) 183/242 (75.62) 0.2735

Diabetes, n (%) 2/8 (25.00) 44/241 (18.26) 0.6430

Hyperlipidemia, n (%) 5/7 (71.43) 57/240 (23.75) 0.0119*

Cortisol (µg/dl) 35.48 (28.26–47.10) 28.19 (22.78–34.96) 0.0896

ACTH (pg/ml) 109.00 (91.78–170.30) 68.60 (47.85–110.00) 0.0199*

24-hUFC (µg) 729.40 (234.30–821.20) 456.80 (230.10–782.90) 0.3420

Inhibition rate of high dose dexamethasone suppression test (%) 92.37 (87.03–96.45) 87.00 (71.97–95.5) 0.3999

White blood cells (×109/L) 9.58 (8.64–12.38) 8.42 (6.98–10.20) 0.2100

Platelets (×109/L) 150.00 (110.50–253.50) 254.50 (214.50–295.30) 0.0249*

Hemoglobin (g/L) 134.50 (116.50–153.00) 144.00 (134.00–154.00) 0.2448

Hematocrit (%) 46.20 (40.70–48.10) 42.40 (40.00–45.70) 0.2524

Serum sodium (mmol/L) 145.50 (140.50–148.00) 141.00 (140.00–143.00) 0.0316*

Serum potassium (mmol/L) 2.70 (2.40–3.60) 3.90 (3.50–4.20) 0.0014*

Triglycerides (mmol/L) 2.42 (1.52–3.39) 1.53 (1.09–2.37) 0.1442

Total cholesterol (mmol/L) 8.22 (5.26–8.49) 5.79 (4.86–6.52) 0.1234

Low density lipoprotein cholesterol (mmol/L) 5.98 (3.18–6.28) 3.62 (2.96–4.25) 0.1009

Fasting plasma glucose (mmol/L) 4.56 (4.05–6.40) 4.80 (4.50–5.40) 0.5889

Hypersensitive C-reactive protein (ng/L) 0.47 (0.16–1.30) 0.31 (0.0013–3.30) 0.8344

M, Male; *P < 0.05 indicated significant difference.

significantly lower than CD patients without cardiomyopathies
[2.70 (2.40–3.60) mmol/L vs. 3.90 (3.50–4.2) mmol/L] (p =

0.0014; Table 4).
There were no significant differences in triglycerides (p =

0.1442), total cholesterol (p = 0.1234), low-density lipoprotein
cholesterol (p = 0.1009), fasting blood glucose (p = 0.5889) or
hypersensitive C-reactive protein (p = 0.8344) between the two
groups (Table 4).

DISCUSSION

Generally, CS is more common in females and has a males to
females ratio of∼1:3–4. However, in the 19 CS cases complicated
with cardiomyopathies collected in this paper, the ratio of males
to females was 1.11:1, which showed no sex difference. Based on
the existing data and research, it is difficult to explain the gender
difference in this rare phenomenon at present time. The highest
incidence of CS was in patients aged between 20 and 40 years
old. In this case series, the mean age of patients was 35.33 ±

19.75 years old, which was consistent with that of patients with
common CS.

It is well-known that the most common cause of CS is
pituitary corticotropin adenoma, namely, Cushing’s disease,
followed by ectopic ACTH syndrome and ACTH-independent
Cushing’s syndrome caused by adrenal lesions. In this study,
the most common cause of CS was pituitary corticotropin
adenoma, followed by adrenal adenoma, and ectopic ACTH

syndrome, which was similar to common CS. However, among
the cases in the literature, there were more adrenal lesions,
with a prevalence of 58.33% and there was an additional 8 CS
patients with cardiomyopathy who were not included in this
study due to lack of clinical data. But in our case series, both
of the Cushing’s disease and adrenal adenoma were included to
investigate whether they complicated with the cardiomyopathy.
And it was found the Cushing’s disease was the major etiology
type in our center, which means that CS with cardiomyopathy
may be due to the different etiologies of CS. There were still
requirements for larger studies to determine whether patients
with Cushing’s syndrome with adrenal lesions are more likely to
develop cardiomyopathies.

The prevalence of DCM and HCM differs greatly in various
studies. Data have shown that the prevalence of DCM is 1/2,500
(21, 22), and that the HCM prevalence is 1/500 in general
population (23, 24). In addition, the prevalence of DCM in
Europe and North America was 36/100,000 (22, 25), which
was significantly higher than that in East Asia (for example,
14/100,000 in Japan) (26), and the prevalence of HCM in Eurasia
and North America was 200–500/100,000 (27–29). In addition,
the prevalence of DCM and HCM in China was 19/100,000
and 80/100,000, respectively (30). These data showed that the
prevalence of HCM was higher than that of DCM. There are no
epidemiological data on the prevalence of CS complicated with
cardiomyopathy since it is a rare type of disease. In this study, CS
complicated with DCMwasmore common than with HCM, with
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a ratio of 3.75:1, which was in contrast to most epidemiological
data for common cardiomyopathies regarding the prevalence of
HCM and DCM.

Among the CS complicated with DCM, Case 4, Case 6, and
Case 7 had only a year hypertension history and had no other
conditions that could lead to an enlarged left ventricle and
decreased myocardial systolic function, such as valvular heart
disease or congenital or ischemic heart disease. In addition,
although the LVDd and LVEF in Case 4 were critical, a
further review of the data revealed that the patient’s LVPd was
63mm 2 months prior to this, which was treated with anti-
heart failure treatments. The echocardiogram showed moderate
mitral regurgitation without abnormal valve structure and no
opening/closing abnormalities in Case 1, which indicated relative
mitral insufficiency due to an enlarged left ventricle. Case 5
and other patients in the literature did not have concomitant
risk factors for ventricular dilation, decreased cardiac function,
and/or cardiomyopathy confirmed by echocardiography, cardiac
MRI, etc. Therefore, these patients were diagnosed with CS
complicated with DCM.

DCMmainly occurs in young people and is more common in
males, is asymptomatic in the early stage and gradually progresses
to heart failure. In this study the ratio of males to females
with CS complicated with DCM was 1.14:1, which was not a
significant sex difference. In a cohort study of 3,078 hospitalized
heart failure patients in Denmark and Sweden, patients with
DCM were 10 years younger (median age: 64 years) and had
more severe conditions than patients with heart failure due to
other causes (31). In this study, the mean age of CS patients
complicated with DCM was 39.07 years old, which was younger
than that of patients with commonDCM. The prognosis of DCM
is quite poor. Prazak et al. (32) reported that 52 patients with
idiopathic DCM had 1-year, 5-year and 10-year survival rates
of 89, 48, and 30%, respectively. Due to pharmacological and
non-pharmacological therapeutic strategies, earlier diagnosis,
and individualized long-term follow-up and continuous risk
refinement, the prognosis of patients with DCM has improved
significantly over the past few decades with survival free from
heart transplantation rising to more than 80% at 8-year follow-
up (33). However, a complete recovery of the cardiac structure
and function is unusual, which only occurs in patients in which
the acute injury does not cause significant myocardial damage
(34). However, among the patients with CS combined with DCM,
10/13 (76.9%) patients showed a significant improvement or
even a complete reversal of the heart structure and function
after remission of hypercortisolemia after treatment with CS. The
average LVEF of CS patients complicated with cardiomyopathies
increased by 25.78% at a median time of 12months after recovery
from hypercortisolism. The prognosis of CSwithDCMwasmuch
better than that of common DCM. It is suggested that the cause
of CS complicated with DCM is acquired, and the patient may
have a recovery, which could be related to the treatment of
the hypercortisolemia.

In this study, 4 CS patients with HCM were included. HCM
is characterized by asymmetrical but sometimes symmetrical
ventricular hypertrophy, and the systolic function is mostly but
not all maintained, while the diastolic function is decreased

to varying degrees. Other conditions causing ventricular
hypertrophy should be ruled out before the diagnosis of HCM.
Most of HCM are hereditary cardiomyopathies. Genetic studies
have shown that HCM is caused by dominant mutations
in 11 or more genes encoding the contractile myofilament
protein components of the sarcomere or the adjacent Z-disc.
Approximately 70% of people have mutations in two genes, the
β-myosin heavy chain (MYH7) and myosin binding protein C
(MYBPC3) (35–38). HCM also usually occurs in adolescents and
young adults, but a growing number of children with HCM
are being identified at a young age (<10 years, including in
infancy), and adults survive to advanced ages (>80 years) (39,
40). The ages of 2 patients in our center were 59 years (Case
2) and 26 years old (Case 3). Although they had a past history
of hypertension, their blood pressure was maintained with the
normal range with oral antihypertensive medicine. This means
that the HCM was unlikely to be affected by hypertension.
Neither of them had diabetes, hyperlipemia, or coronary artery
disease. Above all, there was a large difference between the IVSd
and LVPWd of Case 2 and Case 3, indicating uneven ventricular
wall hypertrophy, and cardiac MRIs suggested the presence of
hypertrophic cardiomyopathy (Figure 1). The other 2 patients
with HCM (Case 18 and Case 19) in the literature were newborns,
and they did not mention other risk factors for HCM for a long
enough time.

HCM is one of the leading causes of sudden death in
adolescents and during exercise. A study suggested that the
annual mortality rate was ∼1% for HCM (39, 41). In the
present study, Case 18 and Case 19 recovered completely
immediately after remission of hypercortisolemia, while Case
2 had no improvements in cardiac structure after 2 years
of remission of hypercortisolism. Case 2 was a 59-year-old
male who achieved the remission of hypercortisolemia after
the repeated pituitary surgery, that was 6 years after the first
pituitary surgery. And he also had hypertension for 10 years,
which may affect the improvement of cardiomyopathy. He
had no family history of HCM and developed HCM after the
occurrence of CS. The gene panel test for HCM was also
completed with negative result. So it should be considered that
his cardiomyopathy was closely related to hypercortisolemia. In
addition, a report showed that a male newborn was diagnosed
with hypertrophic obstructive cardiomyopathy. His cortisol level
was 4.34 µg/dL, and his mother had CD during pregnancy
(42).This special case suggested that CS with HCM was related
to the hypercortisolemia, which improved after treatment.

Patients with CS may develop a range of metabolic
syndrome conditions, including central obesity, hypertension,
insulin resistance, impaired glucose tolerance, hyperglycemia and
hyperlipidemia. These factors all have a negative impact on the
heart and may promote ventricular hypertrophy, fibrosis and fat
deposition, leading to cardiac insufficiency.

However, these metabolic factors do not fully explain the
changes in the hearts of patients with CS. Avenatti et al. (43)
enrolled 25 patients with CS and 25 controls (9 normotensive
and 16 hypertensive patients in each group), and the analysis
confirmed that the left ventricular mass and relative wall
thickness were increased in CS patients compared with matched
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FIGURE 1 | Cardiac images indicated non-uniformly thickened ventricular walls and hypertrophic cardiomyopathy of Case 2 (A–C) and Case 3 (D,E). (A)

Echocardiogram in Case 2 showed significant thickening of the base of the interventricular septum. (B,C) Cardiac MRI in Case 2 showed the lateral wall of the left

ventricle was about 8–10mm and the thickening of the basal and intermediate segments of the interventricular septum was uneven with the thickest part about

20–22mm (red arrow). (D,E) Cardiac MRI in Case 3 showed the lateral wall of the left ventricle was about 9–11mm and the interventricular septum thickened, about

14–16mm. The red arrows indicate non-uniformly thickened ventricular wall.

controls, but this was not directly related to blood pressure.
In the cases of CS complicated with cardiomyopathies in
this paper, cardiac function recovered in a short time after
hypercortisolemia remission, showing a close relationship with
the effect of overproduction of cortisol. Hypertension is not
invariably present in CS, LV hypertrophy has also been described
in CS patients without hypertension (5).

Therefore, apart from the effects of metabolic changes
caused by hypercortisolism, the direct effect of cortisol on
the myocardium should be considered. Mineralocorticoid
receptors are widely expressed in cardiomyocytes, cardiac
fibroblasts, vascular smooth muscle cells, endothelial cells
and other cardiovascular system cells and lead to oxidative
stress, inflammation, myocardial interstitial fibrosis and so on
after activation (44, 45). Cortisol-mediated myocardial fibrosis
mediated by activating mineralocorticoid receptors may be an
important factor leading to cardiomyopathies.

The study of Frustaci et al. (15) further explained the
pathogenesis of CS cardiomyopathies. At the time of diagnosis,
cell swelling, myocardial fibrinolysis and partial sarcomere
disorder were obvious. One year after adrenal surgery, the
cell volume, cytoplasmic density and body tissue showed
improvements. Meanwhile, atrogin-1 mRNAwas 30 times higher

in patients at baseline than in normal controls and returned to
normal after adrenal resection. Shortly thereafter, Frustaci et al.
(20) observed cardiomyopathy features in 8 patients (4 males and
4 females, mean age 61 ± 4.9 years) with CS caused by adrenal
adenoma complicated with DCM. The common features of
CS cardiomyopathies were cardiac hyperplasia, myofibrinolysis,
and myocardial fibrosis. Atrogin-1 levels were 28 times higher
in patients with CS cardiomyopathies than in normal controls
and 3.5 times higher than in patients with idiopathic DCM.
The atrogin-1 levels returned to normal after adrenal resection
and were negatively correlated with LVEF. Elevated plasma
cortisol levels could activate the FOXO transcription factor,
leading to a significant increase in atrogin-1 and ubiquitin
levels (46). However, it was reported that the reduction in the
myofiber content of cardiomyocytes was a reversible event, and
the atrogin-1 level returned to physiological levels 1 year after
adrenal resection and after the normalization of plasma cortisol
levels. There was also a concurrent reduction in fibrinolytic cell
area from 61 to 22%, paralleling the recovery of cardiac structure
and function (20).

Compared with CD patients without cardiomyopathies,
there were no significant differences in the course of
disease, sex, and age, but CS patients complicated with
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cardiomyopathies had higher serum sodium levels, lower
serum potassium levels, and higher ACTH levels. In
addition, although no significant difference was observed,
patients with CS complicated with cardiomyopathies had a
shorter course of disease and higher serum cortisol levels
than CD patients without cardiomyopathies. Although no
significant difference was observed, this suggests that patients
with CS complicated with cardiomyopathies tend to be
more severe and have a greater tendency to be affected
by hypercortisolemia.

In conclusion, CS complicated with cardiomyopathies is a
very rare clinical type, and the most common cardiomyopathy
is DCM, followed by HCM. Cortisol plays an important
role in the development of cardiomyopathies in CS, and
the cardiomyopathies can be greatly improved with remission
of hypercortisolemia.

The number of cases in this study is limited, and a larger study
is needed to explain the clinical features and prognosis of CS
complicated with cardiomyopathies.
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Pathological growth of cardiomyocytes during hypertrophy is characterized by excess

protein synthesis; however, the regulatory mechanism remains largely unknown. Using

a neonatal rat ventricular myocytes (NRVMs) model, here we find that the expression

of nucleosome assembly protein 1 like 5 (Nap1l5) is upregulated in phenylephrine

(PE)-induced hypertrophy. Knockdown of Nap1l5 expression by siRNA significantly

blocks cell size enlargement and pathological gene induction after PE treatment.

In contrast, Adenovirus-mediated Nap1l5 overexpression significantly aggravates the

pro-hypertrophic effects of PE on NRVMs. RNA-seq analysis reveals that Nap1l5

knockdown reverses the pro-hypertrophic transcriptome reprogramming after PE

treatment. Whereas, immune response is dominantly enriched in the upregulated genes,

oxidative phosphorylation, cardiac muscle contraction and ribosome-related pathways

are remarkably enriched in the down-regulated genes. Although Nap1l5-mediated gene

regulation is correlated with PRC2 and PRC1, Nap1l5 does not directly alter the levels

of global histone methylations at K4, K9, K27 or K36. However, puromycin incorporation

assay shows that Nap1l5 is both necessary and sufficient to promote protein synthesis

in cardiomyocyte hypertrophy. This is attributable to a direct regulation of nucleolus

hypertrophy and subsequent ribosome assembly. Our findings demonstrate a previously

unrecognized role of Nap1l5 in translation control during cardiac hypertrophy.

Keywords: cardiomyocyte hypertrophy, NAP1L5, translation control, nucleolar hypertrophy, ribosome assembly

INTRODUCTION

The heart develops ventricular hypertrophy to compensate for increased hemodynamic workload
under various stresses, and progressively leading to heart failure (1, 2). Cardiac hypertrophy is
characterized by enlarged cell size and excess protein synthesis (3–5). Protein synthesis efficiency
is fine-tuned at multiple steps, such as ribosomal gene transcription, ribosome assembly, ribosome
export, and translation initiation, elongation and termination (6, 7). How translation activity is
regulated during cardiac hypertrophy remains largely unexplored.
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Primary regulation of translation occurs in nucleolus, where
ribosomal DNA is transcribed and ribosome subunits are
assembled. Cardiac hypertrophy is one of the first diseases
identified to be associated with ribosomal DNA transcriptional
disorders (8, 9). Accelerated polymerase I (PolI) transcription
rate increases ribosome numbers during the development of
cardiac hypertrophy (10). Upstream binding transcription factor
(UBTF) has been shown to regulate PolI transcription activity in
cardiac hypertrophy (11, 12). Despite these earlier observations,
however, little progression has been made about translation
control in heart diseases.

The mechanistic target of rapamycin (mTOR) plays a
central role in protein synthesis by phosphorylating 70
kD ribosomal protein S6 kinase 1 (S6K1) and eukaryotic
translation initiation factor 4E (eIF4E)-binding protein-1 (4E-
BP1), which subsequently initiate a series of signal transduction
to promote the operation of ribosomes (13, 14). Though
generally thought to positively correlate with the pathogenesis
of cardiac hypertrophy, there are numerous mysteries about the
regulation and function of mTOR. Cardiac-specific ablation of
raptor, the core component of mTOR complex 1 (mTORC1),
impairs adaptive hypertrophy, but causes heart failure in mice
(15). Simultaneous knockout of two genes encoding for S6K1,
Rps6kb1, and Rps6kb2, has no effect on pressure overload-
induced cardiac hypertrophy in mice (16). Interestingly,
our previous study implicated that the activation of mTOR
signaling is usually transient, and quickly fades out after
hypertrophic stimulation (17). To what extent do the mTOR-
dependent and the mTOR-independent mechanisms contribute
to translational regulation during cardiac hypertrophy remains
under question.

Nucleosome assembly protein 1 like (NAP1L) protein
family has been identified as evolutionarily conserved histone
chaperones assisting the assembly of nucleosomes with
different histone variants (18–20). It consists of five members,
namely NAP1L1-5, among which NAP1L1 is the member
being firstly identified and best functionally characterized
(21–23). In addition to a role in assisting H2A-H2B dimer
incorporation into nucleosome, NAP1L1 also participates in
gene expression regulation through epigenetic mechanisms
(24, 25). Recently, NAP1L family members have been
found to be functionally involved in cell proliferation and
differentiation during development and human diseases,
such as carcinoma and virus infection (26–40). In contrast,

Abbreviations: 4E-BP1, eIF4E-binding protein-1; Acta1, Actin alpha 1; CHX,

Cycloheximide; DAPI, 4’, 6-Diamidino-2-phenylindole; DEGs, The different

expression genes; eIF4E, Eukaryotic translation initiation factor 4E; GEO, Gene

Expression Omnibus; GO, Gene ontology; GSEA, Gene set enrichment analysis;

mTOR, The mechanistic target of rapamycin; NAP1L, Nucleosome assembly

protein 1 like protein family; Nap1l5, Nucleosome assembly protein 1 like

5; NOL6, Nucleolar Protein 6; Nppa/ANF, Natriuretic peptide A; Nppb/BNP,

Natriuretic peptide B; NRVMs, Neonatal rat ventricular myocytes; PCA, Principal

component analysis; PE, Phenylephrine; PMSF, Phenylmethylsulfonyl fluoride;

PolI, polymerase I; PRC1, Polycomb Repressive Complex 1; PRC2, Polycomb

Repressive Complex 2; Rps6kb1, Ribosomal Protein S6 Kinase B1; Rps6kb2,

Ribosomal Protein S6 Kinase B2; RRP7A, Ribosomal RNA Processing 7 Homolog

A; S6K1, Ribosomal protein S6 kinase 1; SDAD1, SDA1 domain containing 1;

UBTF, Upstream binding transcription factor; WGA, Wheat germ agglutinin.

our knowledge about other family members is still limited.
NAP1L5 is the newest member firstly identified in human
liver malignancy as an imprinted gene (41, 42). Chang et al.
found that the gene coding for NAP1L5 was hypomethylated
in congenital heart diseases (43). However, the molecular
function and the role of NAP1L5 in human diseases remains
largely unknown.

Here we find that NAP1L5 expression is significantly
upregulated in phenylephrine (PE)-induced cardiomyocyte
hypertrophy. siRNA-mediated knockdown and

FIGURE 1 | NAP1L5 silence abolishes PE-induced cardiomyocyte

hypertrophy. (A) Expression of Nppa, Nppb and Nap1l5 in neonatal rat

ventricular myocytes (NRVMs) with and without phenylephrine (PE; 50µM)

treatment measured by qRT-PCR. ***P < 0.001 vs. Control. n = 3. (B)

Knockdown efficiency of Nap1l5 expression by siNap1l5 in NRVMs measured

by qRT-PCR. ***P < 0.001 vs. negative control siRNA (siNeg). n = 3. (C)

Representative α-actinin-staining images of NRVMs transfected with siNeg or

siNap1l5, with and without PE treatment. Scale bar: 20µm. (D) Quantification

of cell size measured by WGA staining in NRVMs transfected with siNeg or

siNap1l5, with and without PE treatment. ***P < 0.001 vs. siNeg; ###P <

0.001 vs. Control. n = 15. (E,F) Impact of Nap1l5 knockdown on PE-induced

expression of Nppa (E) and Nppb (F). **P < 0.01, ***P < 0.001 vs. siNeg; #P

< 0.05, ###P < 0.001 vs. Control. n = 3.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 December 2021 | Volume 8 | Article 79150170

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Guo et al. NAP1L5 Activates Translation During Hypertrophy

FIGURE 2 | NAP1L5 overexpression promotes PE-induced cardiomyocyte

hypertrophy. (A) Expression of Nap1l5 in NRVMs infected with adenovirus

vector (Ad-Vector) or that expressing rat Nap1l5 (Ad-Nap1l5) measured by

qRT-PCR. ***P < 0.001 vs. Ad-Vector. n = 3. (B) Immuoblots showing the

validation of NAP1L5 overexpression at the protein level using an anti-FLAG

antibody. GAPDH was used as an internal control. n = 3. (C) Representative

α-actinin-staining images of NRVMs infected with Ad-Vector or Ad-Nap1l5,

with and without PE treatment. Scale bar: 20µm. (D) Quantification of cell size

measured by WGA staining in NRVMs infected with Ad-Vector or Ad-Nap1l5,

with and without PE treatment. **P < 0.01 vs. Ad-Vector; ###P < 0.001 vs.

Control. n = 15. (E,F) Impact of Nap1l5 overexpression on PE-induced

expression of Nppa (E) and Nppb (F). **P < 0.01, ***P < 0.001 vs. siNeg; #P

< 0.05, ###P < 0.001 vs. Control. n = 3.

adenovirus-mediated overexpression experiments suggest
that NAP1L5 is required for the development of
cardiomyocyte hypertrophy. Transcriptome analysis
and puromycin incorporation assay reveal a crucial
regulation of nucleolus hypertrophy, ribosome assembly
and protein synthesis rate by NAP1L5. Our findings
demonstrate a novel role of NAP1L5 in translation
control during the pathological growth of cardiomyocytes,
and provide potential molecular targets to treat
cardiac hypertrophy.

RESULTS

NAP1L5 Silence Abolishes PE-Induced
Cardiomyocyte Hypertrophy
We previously performed an RNA-seq analysis in PE-induced
cardiomyocyte hypertrophy (17). After re-evaluating the genes
with altered expression, we noticed a five-fold upregulation of
Nap1l5, but not other Nap1l family members, in PE-treated
NRVMs compared with control, which was validated by qRT-
PCR (Figure 1A and Supplementary Figure 1A). To examine
whether NAP1L5 plays a role in cardiomyocyte hypertrophy,
we designed a Nap1l5-specific siRNA (siNap1l5) that achieving
80% knockdown efficiency 48h after transfection in NRVMs
(Figure 1B and Supplementary Figure 1B). NAP1L5 silence did
not change the cell size at basal level, but significantly suppressed
PE-induced cell size enlargement (Figures 1C,D). Consistently,
NAP1L5 knockdown significantly reversed the induction of
hypertrophymarkers, natriuretic peptide A (Nppa; also known as
ANP) and natriuretic peptide B (Nppb; also known as BNP), after
PE treatment (Figures 1E,F). These data suggest that NAP1L5 is
required for cardiomyocyte pathological growth induced by PE.

NAP1L5 Overexpression Promotes
PE-Induced Cardiomyocyte Hypertrophy
We then constructed an Adenovirus carrying rat Nap1l5 gene
(Ad-Nap1l5) to overexpress it in NRVMs. Both qRT-PCR and
Western blot analyses confirmed the overexpression of NAP1L5
48h after infection (Figures 2A,B). NAP1L5 overexpression had
amarginal effect on cell size at basal level; however, it significantly
aggravated the cell size enlargement after PE treatment
(Figures 2C,D). Moreover, the PE-induced expressions of
Nppa and Nppb were significantly enhanced by NAP1L5
overexpression (Figures 2E,F). These results indicate that
NAP1L5 functions as a pro-hypertrophic factor.

NAP1L5 Knockdown Reverses
Hypertrophic Transcriptome
Reprogramming
To explore the underlying mechanism, we performed a
transcriptome analysis in NRVMs with NAP1L5 knockdown.
Expression plotting confirmed the knockdown of NAP1L5
and the suppression of hypertrophy markers, including Nppa,
Nppb and Acta1 (actin alpha 1, skeletal muscle), after
siNap1l5 transfection (Figure 3A). Principal component analysis
(PCA) showed that NAP1L5 knockdown alleviated the pro-
hypertrophic effect of PE treatment at the transcriptome level,
and also caused a special impact on global gene expression
(Figure 3B). Venn diagram showed that the down-regulated
genes after NAP1L5 knockdown shared more genes with the
upregulated genes after PE treatment in comparison with the
down-regulated ones, and vice versa (Figure 3C), suggesting a
general anti-hypertrophic impact of NAP1L5 silence on PE-
induced transcriptome reprogramming. Furthermore, heatmap
of the union set between siNap1l5-sensitive and PE-sensitive
genes showed that NAP1L5 knockdown was generally oppositely
correlated with PE in gene expression patterns (Figure 3D).
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FIGURE 3 | NAP1L5 knockdown reverses hypertrophic transcriptome reprogramming. (A) Two-dimensional plotting showing the impact of Nap1l5 knockdown and

PE treatment on gene expression. Red and blue lines indicate the threshold of 1.5-fold changes. The expressions of Nap1l5, Nppa, Nppb, Acta1, Myh6, and Myh7

are highlighted. (B) Principal component analysis (PCA) showing the distribution of gene profiles from NRVMs transfected with siNeg or siNap1l5, with and without PE

treatment. Red arrows indicate the changes from Control to PE; blue arrows indicate changes from siNeg to siNap1l5. (C) Venn diagram showing the relationship

among up- and down-regulated genes by PE treatment or Nap1l5 knockdown. (D) Heatmap of the altered genes by either PE treatment or Nap1l5 knockdown.

These data further support a crucial role of NAP1L5 in pro-
hypertrophic transcriptome reprogramming.

NAP1L5 Does Not Affect Histone
Methylation-Mediated Epigenetic
Regulations
Gene ontology (GO) analysis showed that the upregulated
genes after NAP1L5 knockdown mainly related to

immune responses, whereas the down-regulated genes

covered oxidative phosphorylation, cardiac muscle

contraction, and ribosome (Figures 4A,B). Gene set

enrichment analysis (GSEA) also showed that hypertrophic

cardiomyopathy-related genes were enriched in the

down-regulated genes after NAP1L5 knockdown
(Figure 4C), suggesting an involvement of NAP1L5 in
hypertrophic cardiomyopathy.
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FIGURE 4 | NAP1L5 does not affect histone methylation-mediated epigenetic regulations. (A,B) GO analysis (left) and protein-protein interaction (PPI; right) of the

upregulated (A) and down-regulated (B) genes after Nap1l5 knockdown. (C–E) Gene set enrichment analysis (GSEA) showing the enrichment pattern of pathways,

including cardiac muscle contraction (C; upper), hypertrophic cardiomyopathy (C; lower), PRC2_EZH2_UP (D; left), PRC2_EZH2_DOWN (D: middle), PRC2_EED_UP

(D; right), PRC1_BMI_UP (E; left), PRC1_BMI_DOWN (E; middle), and BMI1_DOWN (E; right) after Nap1l5 knockdown. (F,G) Immunoblots (left) and quantification

data (right) showing the impact of Nap1l5 knockdown (F) and Nap1l5 overexpression (G) on histone methylations at H3 K4, K9, K27, and K36 sites. n = 3.
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Interestingly, the genes altered by siNap1l5 were negatively
correlated with the regulations by polycomb repressive complex
II (PRC2; Figure 4D) and complex I (PRC1; Figure 4E). We
became curious about a possible role of NAP1L5 in epigenetic
reprogramming. However, neither NAP1L5 knockdown nor its
overexpression affected global methylations at histone H3 K4,
K9, K27 and K36 sites, modifications essential for transcription
regulation (Figures 4F,G). These data implicate that epigenetic
regulation might not be the key mechanism underlying NAP1L5-
mediated gene regulation.

NAP1L5 Accelerates Protein Synthesis
Rate
Consistently with the GO analysis results, GSEA also revealed a
down-regulation of ribosomal genes after NAP1L5 knockdown
(Figure 5A), covering nearly all the genes of large and small
ribosome subunits (Figure 5B). This result implicates a potential
role of NAP1L5 in translation control. To test this hypothesis, we
performed the puromycin incorporation assay, which allowing
the detection of nascently synthesized peptides using Western
blot with a specific anti-puromycin antibody (17, 44). We found
that NAP1L5 knockdown significantly blocked the accelerated
protein synthesis rate after PE treatment (Figure 5C). On
contrary, NAP1L5 overexpression was sufficient to increase the
protein synthesis rate (Figure 5D), suggesting that NAP1L5
promotes translation activity during cardiomyocyte hypertrophy.

NAP1L5 Promotes Nucleolar Hypertrophy
and Ribosome Assembly
We next analyzed the interactome of NAP1L5 from the String
database, and found that NAP1L5 linked to core ribosomal
proteins through binding to ribosome assembly or transport
factors, including SDAD1, RRP7A, and NOL6 (Figure 6A).
Interestingly, NAP1L1 also exhibited a similar interactome
covering most of the NAP1L5-interacting factors (Figure 6B),
although they share little identity in protein sequence (22.5%)
or structure (Supplementary Figure 2). These observations
implicate that NAP1L5 might participate in ribosome assembly.
Nucleolus develops hypertrophy to accelerate ribosomal
RNA transcription and ribosome assembly upon pro-growth
stimulation (45). We found that NAP1L5 overexpression
substantially increased the size of nucleolus, as evidenced
by immunofluorescence of a nucleolar marker Fibrillarin
(Figure 6C) (46). We then examined the ribosome profiles
in NRVMs with NAP1L5 overexpression or knockdown.
Compared with the Ad-Vector control, Ad-NAP1L5-infected
NRVMs exhibited more ribosomal contents in the 40S, 60S,
and 80S components (Figures 6D,E). Consistently, Nap1l5
knockdown in NRVMs reduced the contents of 40S, 60S and 80S
components (Figures 6F,G), suggesting a crucial role of NAP1L5
in ribosome biogenesis.

To further explore the molecular mechanism, we tried to
validate the interaction between NAP1L5 and SDAD1 or NOL6.
Unfortunately, we did not observe a direct interaction between
NAP1L5 and SDAD1, nor the full-length or spliced NOL6
isoforms (Supplementary Figure 3). These data suggest that

other factors may be involved in the regulation of ribosome
assembly by NAP1L5.

DISCUSSION

The pathogenesis of cardiac hypertrophy is a programmed
process mediated by regulations at multiple layers such
as transcription, translation, and metabolism (2, 5, 47–
49). Compared with other aspects, our knowledge about
translation control during cardiac hypertrophy is relatively
limited. Here we find that NAP1L5 plays a key role in
PE-induced cardiomyocyte hypertrophy through promoting
nucleolar hypertrophy, ribosome assembly and protein synthesis.

Ribosome biogenesis is a highly energy-consuming process.
After translation, ribosomal proteins need to be transported
into nucleus and precisely folded with mature rRNA inside
nucleolus (50). Cardiac hypertrophy is one of the first
diseases identified to be associated with ribosomal DNA
transcriptional disorders (8, 9). Hypertrophied cardiomyocyte is
characterized by excess protein synthesis to meet the increased
demand for cell function maintenance, which necessitates an
accelerated ribosome biogenesis (8, 11, 51–53). Accelerated
PolI transcription activity increases ribosome numbers during
the development of cardiac hypertrophy (10–12). Beyond
these observations, we know little about the other processes
related to ribosome life cycle. Our discovery about the role
of NAP1L5 in translation control accounts for a novel step
toward the dynamic regulation of ribosome assembly under
pathological conditions.

During evolution, higher ordered plants and mammals have
acquired several paralogues of NAP1, named NAP1 like family,
and five different NAP1L proteins (NAP1L1-5) have been
identified. The overall structure of NAP1L proteins is highly
conserved and the protein sequences of humanNAP1L homologs
to hNAP1L1 show identities ranging between 31% for hNAP1L5
and 64% for hNAP1L4 (54). These NAP1L proteins all contain a
NAP1L motif, which is positioned within their central domain
and critical for their histone chaperone activity (55). As the
newest identified member of the NAP1L family, NAP1L5 has
the shortest amino acid sequence (182 aa) among NAP1L
family members, and its function has not been elucidated yet.
Nevertheless, its homolog NAP1L1 and NAP1L2 have been
reported to be histone chaperones, assisting the assembly and
disassembly of nucleosome at active transcription sites (21, 23,
56–58). Okuwaki et al. (57) found that NAP1L1 was specifically
responsible for the assembly and disassembly of H2A-barr body
deficient variant. Tachiwana et al. (58) found that NAP1L2, but
not NAP1L1, was required for the incorporation of testis-specific
H3t variant into nucleosome. Attia et al. (59) reported that
all five members of NAP1L family were able to interact with
each other directly via their highly conserved alpha helices. Our
analyses from the String database also revealed that NAP1L5
might directly interact with NAP1L2 and NAPL4 (Figure 6A).
A series of translatome-scale affinity capture studies identified
the direct interaction between NAP1L1 and NAP1L2 (60–63).
Thus, our findings indicate that the NAP1L proteins might form
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FIGURE 5 | NAP1L5 accelerates protein synthesis rate. (A) GSEA showing the negative enrichment of ribosome-related genes after Nap1l5 knockdown. (B)

Heatmap showing the expression of ribosome-related genes after Nap1l5 knockdown. (C) Puromycin incorporation assay showing the protein synthesis rate

regulated Nap1l5 knockdown in NRVMs with and without PE treatment. Quantification data were normalized to Coomassie blue staining. *P < 0.05 vs. siNeg; ###P

< 0.001 vs. Control. n = 3. (D) Puromycin incorporation assay showing the protein synthesis rate regulated Nap1l5 overexpression in NRVMs with and without PE

treatment. *P < 0.05, ***P < 0.001 vs. siNeg; ###P < 0.001 vs. Control. n = 3.

a special complex involving in the nucleosome dynamics during
rRNA transcription.

SDAD1 (SDA1 domain containing 1) is a shared hub protein
interacting with both NAP1L1 and NAP1L5 (Figures 6A,B). It
has been involved in the development of cardiac hypertrophy
and tumor diseases through binding with long non-coding
RNAs or microRNAs (64–66). Interestingly, the yeast homolog
of SDAD1 has been shown to interact with NAP1 and
facilitates the export of 60S pre-ribosomal subunits from
nucleus to cytoplasm (67, 68). NOL6 is a highly conserved
nucleolar protein that appears to be associated with ribosome

biogenesis by interacting with pre-rRNA primary transcript
(69). Although interactions of NAP1L5 with SDAD1 and
NOL6 have been implicated by affinity capture mass spectrum,
we could not validate their direct interactions using co-IP
assay (Supplementary Figure 3). Whether and how NAP1L5
links to the ribosome assembly process and contributes
to the pathogenesis of cardiac hypertrophy need to be
further investigated.

Regulation of cell growth is a fundamental process in
development and disease that integrates a vast array of
extra- and intra-cellular information. A central player in this
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FIGURE 6 | NAP1L5 promotes nucleolar hypertrophy and ribosome assembly. (A) Protein-protein interaction (PPI) network of NAP1L5 organized from String

database. (B) PPI network of NAP1L1 organized from String database. (C) Representative nucleolar immunofluorescence images using anti-Fibrillarin antibody in

NRVMs infected with Ad-Vector or Ad-Nap1l5. n = 15. (D) Ribosome profiles from NRVMs infected with Ad-Vector or Ad-Nap1l5 using sucrose gradient and

(Continued)
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FIGURE 6 | detection of absorbance at 260nm. n = 2. (E) Quantification of 40S, 60S and 80S ribosomes from the ribosome profiling assay of panel (D). Data were

mean ± SD. n = 2. (F) Ribosome profiles from NRVMs transfected with siNeg or siNap1l5 using sucrose gradient and detection of absorbance at 260 nm. n = 2. (G)

Quantification of 40S, 60S and 80S ribosomes from the ribosome profiling assay of panel (F). Data were mean ± SD. n = 2.

process is PolI, which transcribes ribosomal RNA (rRNA)
genes in the nucleolus. Rapidly growing cancer cells are
characterized by increased Pol I-mediated transcription, and
consequently nucleolar hypertrophy. An aberrant increase
in nucleolar size in cancer cells was documented more
than a century ago. Nucleolar hypertrophy is a common
feature in cancer and that nucleolar size can be used as a
histopathological marker to grade the malignancy of tumors
(70, 71). Despite this early association of enlarged nucleoli
and cancer, little is known about nucleolar size in cardiac
hypertrophy. Pathological growth of cardiomyocytes during
hypertrophy is characterized by excess protein synthesis. Our
data provide crucial evidence that overexpression of Nap1l5
aggravates cardiac hypertrophy along with increased ribosome
assembly and translation activity. This might be attributable
to its impact on PolI-mediated transcription and subsequently
nucleolar hyperplasia.

mTOR is at the core of the translational regulation by
converging signaling transduction from a variety of nutrients
and growth factors (13, 14, 72–76). Activation of mTOR
signaling has been involved in the pathogenesis of cardiac
hypertrophy; however, cardiac-specific ablation of raptor
impairs adaptive hypertrophy, but causes heart failure in
mice (15). Moreover, simultaneous knockout of two genes
encoding for S6K1, Rps6kb1 and Rps6kb2, has no effect on
pressure overload-induced cardiac hypertrophy in mice (16).
Interestingly, our previous study implicated that the activation
of mTOR signaling is usually transient, and quickly fades
out after hypertrophic stimulation (17). Due to the crucial
role of mTOR in cell survival and the diverse outcomes
of its inactivation (15, 16), mTOR would not be a good
drug target for cardiac hypertrophy therapy. Our findings
suggest that the mTOR-independent translation control might
contribute even more to the accelerated protein synthesis during
cardiac hypertrophy.

One limitation of this study is that all observations
are from an in vitro cellular model induced by an α1-
receptor agonist, PE. Whether this mechanism also
applies in vivo and in human systems need to be
further investigated.

CONCLUSIONS

Taken together, we demonstrate that NAP1L5 is upregulated
in PE-induced cardiomyocyte hypertrophy, which functions
to promote protein synthesis through facilitating ribosome
assembly. Our findings provide novel insights into the
translation control during cardiac hypertrophy, and provide
potential molecular targets to treat cardiac hypertrophy and
heart failure.

METHODS

Cell Culture
Neonatal rat ventricular myocytes (NRVMs) were isolated and
cultured as described previously (17). Neonatal rat hearts
(within 3 days after birth) were immediately extracted after
decapitation and placed in a dish containing precooled PBS.
Left ventricular tissues were dissected, finely cut into pieces,
and then digested in a solution containing 0.08% type II
collagenase (Sigma) and 0.125% protease (Sigma) at 37◦C for 20
min/time. The supernatants were discarded at the first time and
collected after that. This process continued until the heart tissues
were completely digested. Cardiomyocytes were separated from
fibroblasts by percoll (GE) density gradient centrifugation, and
cultured in high glucose DMEM (Hyclone) containing 10% FBS
(Gbico) and 1% penicillin/streptomycin. After 24 h of culture,
the medium was changed to DMEM medium with 1% ITS
(Invitrogen) for another 24 h before further treatment.

Plasmids
The full-length cDNA sequence of rat Nap1l5 (rNap1l5) were
obtained by the National Center for Biotechnology Information
(NCBI). The pcDNA3.1-rNap1l5-Flag recombinant plasmid
were constructed by cloning the entire coding region of rNap1l5
into the NheI and XhoI sites of the pcDNA3.1-HA plasmid. The
primer pair rNap1l5 CZF (5

′

- GGGAGACCCAAGCTGGCT
AGCGCCACCatggccgaccccgagaag−3

′

) and rNap1l5 CZR (5
′

-

TACGTCGTATGGGTATCTAGATcttctcggcagagtcgggacc−3
′

)
was used to amplify a cDNA fragment encoding the mature
rNap1l5 peptide. Massive plasmid replication was performed by
transforming the pcDNA3.1-rNap1l5-Flag plasmid into E. coli
DH-5α. In addition, in order to overexpress Nap1l5 in NRVM,
the pcDNA3.1-rNap1l5-Flag plasmid was sent to Shanghai
Hanheng Biotechnology Co., Ltd. for adenovirus packaging.

The full-length cDNA sequence of rat Nol6 and SDAD1 were
obtained by the National Center for Biotechnology Information
(NCBI). The pcDNA3.1-SDAD1-HA recombinant plasmid were
constructed by cloning the entire coding region of SDAD1 into
the NheI and XhoI sites of the pcDNA3.1-Flag plasmid. The

primer pair SDAD1 CZF (5
′

- ACTATAGGGAGACCCAAGC
TGGCTAGCGCCACCatgtccgggaggaacaac−3

′

) and SDAD1 CZR

(5
′

- ATCTGGTACGTCGTATGGGTATCTAGActtcattcttttcctct
ttttcag−3

′

) was used to amplify a cDNA fragment encoding
the mature SDAD1 peptide. Again, to get the mature Nol6

peptide, the primer pair Nol6 CZF (5
′

- ACTCACTATAGGGAG
ACCCAAGCTGGCTAGCGCCACCatgggaccagcccccgccgga−3

′

)

and Nol6 CZR (5
′

- ATCTGGTACGTCGTATGGGTATCTAGAca
cagtccacctctcacttcggg−3

′

) was used to amplify a cDNA fragment
encoding the mature Nol6 peptide. However, the sequencing
results showed that the deletion of exon 18 of this Nol6 resulted
in frameshift mutation after exon 18, so we named this spliced
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NOL6 isoforms as Nol61. To get the full-length Nol6, we used
genomic DNA of Nol6 as a template and designed primers NOL6
gBF (tggtttgtcacctggagggcagcgg) and NOL6 gBR (cttgaggacgtcagt
gtgtgtggcag) amplified in the upstream and downstream of exon
18 to obtain the missing fragment, and then the-full length Nol6
was obtained by bridging and recombination.

Cell Size Measurement
Cell size was measured using wheat germ agglutinin (WGA)
staining as previously described. Briefly, cardiomyocytes were
stimulated with 50µM of PE for 48 h after transfection with
different siRNA or infection with different adenoviruses for 24 h,
the culture medium was discarded, washed with PBS, and fixed
with 4% paraformaldehyde for 15min at room temperature.
Then 5.0µg/mL WGA (Invitrigen) was applied to incubate with
cardiomyocytes for 10min at 37◦C.When labeling was complete,
removed the labeling solution, and washed cells three times with
PBS. Then dyed with DAPI for 10min at room temperature, and
washed 5–7 times with PBS for 5min each time. Finally, Images
collected under a fluorescence microscope. Image Pro Plus 6.0
software was used to measure cardiomyocyte surface area. Each
field of view measured more than 50 to calculate the surface area
of cardiomyocytes.

Immunofluorescence
The method of immunofluorescence staining of cardiomyocytes
was as described above. The cardiomyocytes used for
immunofluorescence staining were cultured in a six well
cell culture plate containing sterile glass slides. Cardiomyocytes
were stimulated with 50µM of PE for 48 h after transfection
with different siRNA or infection with different adenoviruses
for 24 h, The cells were then fixed with 4% formaldehyde in
PBS for 15min at room temperature, permeabilized with 0.1%
Triton X-100 in PBS for 10min, goat serum was blocked at
room temperature for 30min, and then incubated with α-actinin
antibody (1:100, Proteintech) or Fibrillarin antibody (1:100,
Abclonal) at 4◦C overnight. The next day, incubated the cell
sample with the corresponding secondary antibody for 1 h at
room temperature. Then dyed with DAPI for 10min at room
temperature. Then washed 5–7 times with PBS for 5min each
time. Finally, removed the slides from the 6-well plate and
mounted the slides. Then, the fluorescence staining pictures of
cardiomyocytes were collected under a fluorescence microscope.
Image Pro Plus 6.0 software was used observe and take pictures.

Immunoprecipitation
Cultured HEK293T cells co-transfected with the appropriate
plasmids were collected and lysed in an IP buffer (50mM
Tris-HCl (pH 8.0), 150mM NaCl, 2mM EDTA, 1% NP-40
and 5% Glycerol) supplemented with a protease inhibitor
cocktail (Roche) and PMSF. After incubating for 30min at 4◦C,
followed by centrifuging 13,000 g for 15min, the cell lysates were
precleared with normal mouse or rabbit immunoglobulin G and
protein A/G-agarose beads (Roche) for 1h at 4◦C. The precleared
lysates (500 µl) were then incubated with 1 µg of antibody and
10 µl of protein A/G-agarose beads on a rocking platform at 4◦C
overnight. The immunocomplex was collected, washed 5–6 times

with cold IP wash buffer (50mM Tris-HCl (pH 8.0), 150mM
NaCl, 2mM EDTA, 0.1% NP-40) and blotted using the indicated
primary antibodies.

Western Blot
Total proteins were extracted from NRVM cells. NRVM cells
lysed in Radio Immunoprecipitation Assay (RIPA) lysis buffers
(Beyotime, Nanjing, China). Cell lysates were centrifuged at
12,000×g for 15min. The proteins concentration was detected
by the BCA method, and equal quantities of protein extracts
were loaded on a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), then transferred onto
polyvinylidene fluoride (PVDF) membranes (Millipore Corp.,
Bedford, MA, U.S.A.). The membranes were blocked with 5%
(w/v) non-fat milk for 1 h at room temperature, the membranes
were incubated with specific primary antibodies overnight at
4◦C. After washing 3 times with TBST, the membranes were
incubated with the HRP-linked secondary antibody at room
temperature for 1 h, and then washed 3 times with TBST again.
Finally, the protein bands on the membranes were detected
by chemiluminescent reagents (Beyotime, Nanjing, China).
Chemiluminescence signals were quantified using an ECL
imager, and analyzed using Quantity One software (Bio-Rad,
Hercules, CA, USA). The specific primary antibodies were:
anti-GAPDH (Proteintech), anti-Histone3 (Proteintech), anti-
H3K4me3 (CST), anti-H3K9me3 (CST), anti-H3K27me3 (CST),
anti-H3K36me3 (CST), anti-Flag (Sigma), and anti-Puromycin
(Santa Cruz).

Puromycin Incorporation Assay
Different treatments of NRVM cells, 30min before harvesting,
add 1µM puromycin to each well for 30min, then harvest the
cells and extract the protein, and detect the binding level of
puromycin by Western blot with anti-Puromycin antibody.

Ribosome Profiling
Ribosome profiling was performed as described. Cardiomyocytes
were transfection with different siRNA or infection with
different adenoviruses for 48 h, and were treated with with
CHX (100µg/mL) for 10–30min before harvested. Cells were
harvested using trypsin and then lysed in polysome extraction
buffer (20mM Tris-HCl [pH 7.0], 100mM KCl, 5mM MgCl2,
0.5% Nonidet P-40) containing 100µg/ml CHX, 1x protease
inhibitors and 1:1,000 dilution of RiboLock RNase inhibitor
for 15min on ice. Following centrifugation, lysates were
ultracentrifuged on 10–50% sucrose gradients at 190,000g
for 1.5 h at 4◦C. Following ultracentrifugation, fractions were
collected from each sample using a BioComp Piston Gradient
Fractionator instrument fitted with a TRIAX flow cell to
measure absorbance.

RNA-Seq Analysis
NRVMs were transfected with siNap1l5 or siNeg using
Lipofectamine RNAiMAX. After transfected 24 h, 50µM
phenylephrine (PE) were added in the media to induce
cardiomyocyte hypertrophy, was performed as described
previously (17). 48 h after treated with PE, NRVMs were
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harvested to extracted RNA according to the manufacturer’s
instructions. Transcriptome sequencing of RNA was completed
by Beijing Genomics Institution (BGI). Three independent
biological replicate samples were sequenced for each group.
(i) The different expression genes (DEGs) between groups
were screened using linear models for microarray data
(limma) package in R. |Fold change| >1.5 and adjusted P-
value < 0.05 were considered the threshold. (ii) Enrichment
analysis of DEGs using Metascape online database with default
parameters. (iii) Gene Set Enrichment Analysis (GSEA) is
used to screen significantly enriched signaling pathways and
transcription factors with default parameters, was performed as
described previously.

Quantitative Real-Time PCR
Total RNA was extracted from NRVM cells using the GenElute
Mammalian Total RNAMiniprep Kit (Sigma-Aldrich), following
the manufacturer’s instructions. RNA was quantified using
NanoDrop (Thermo Fisher Scientific). The cDNAs were
synthesized from 1µg RNA using a RevertAid First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, U.S.A.). Real-
time PCR was performed using the specific primers and Ultra
SYBR Mixture (Monad, Suzhou, China) on CFX96M Touch
Real-Time PCR Detection System (Roche, Basel, Switzerland).
The PCR primer sequences used in this study include rNap1l5-
forward: GAGCACAGCAGCTGACAGAC; rNap1l5-reverse:
ATGACGTCGTTCTTGGGTTC; rNppa-forward: ATACAGTG
CGGTGTCCAACA; rNppa-reverse: AGCCCTCAGTTTG
CTTTTCA; rNppb-forward: CAGCTCTCAAAGGACCAAGG;
rNppb-reverse: GCAGCTTGAACTATGTGCCA; rGAPDH-
forward: ACAGCAACAGGGTGGTGGAC; rGAPDH-reverse:
TTTGAGGGTGCAGCGAACTT. Relative expression of genes
was determined with GAPDH as an endogenous control.

Quantification and Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8
Software. All experimental data are presented as mean± SEM of
at least three independent experiments unless denoted elsewhere.
Statistical significance for multiple comparisons was determined
by one-way ANOVA or two-way ANOVA followed by Tukey’s
test. Bonferroni adjustment was used for post hoc analysis.
Student’s t-test was used for comparisons between two groups.
P < 0.05 was considered statistically significant.
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Benjamin S. Simmons 2, Ray W. Squires 2, Suixin Liu 1,3 and Thomas P. Olson 2*
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University, Changsha, China, 2Division of Preventive Cardiology, Department of Cardiovascular Medicine, Mayo Clinic,

Rochester, MN, United States, 3National Clinical Research Center for Geriatric Disorders, Xiangya Hospital of Central South
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Objective: We aimed to determine the cardiorespiratory responses during, and

adaptations to, high-intensity interval training (HIIT) prescribed using ratings of perceived

exertion (RPE) in patients after myocardial infarction (MI) during early outpatient cardiac

rehabilitation (CR).

Methods: We prospectively recruited 29 MI patients after percutaneous coronary

intervention who began CR within 2 weeks after hospital discharge. Eleven patients

(sevenmen; four women; age: 61± 11 yrs) who completed≥24 supervised HIIT sessions

with metabolic gas exchange measured during HIIT once weekly for 8 weeks and

performed pre- and post- CR cardiopulmonary exercise tests were included in the study.

Each HIIT session consisted of 5–8 high-intensity intervals [HIIs, 1-min RPE 14–17 (Borg

6–20 scale)] and low-intensity intervals (LIIs, 4-min RPE < 12). Metabolic gas exchange,

heart rate (HR), and blood pressure during HIIT were measured.

Results: The mean oxygen uptake (V̇O2) during HIIs across 88 sessions of HIITs [91

(14)% of V̇O2peak, median (interquartile range, IQR)] was significantly higher than the lower

limit of target V̇O2 zone (75% of V̇O2peak) recommended for the HII (p < 0.001). Exercise

intensity during RPE-prescribed HIITs, determined as %V̇O2peak, was highly repeatable

with intra-class correlations of 0.95 (95%CI 0.86– 0.99, p< 0.001). For cardiorespiratory

adaptations from the first to the last session of HIIT, treadmill speed, treadmill grade,

treadmill power, V̇O2HII, %V̇O2peak, and VE during HIIs were increased (all p < 0.05),

while no difference was found for HR, %HRpeak and systolic blood pressure (all p >

0.05). V̇O2peak increased by an average of 9% from pre-CR to post-CR. No adverse

events occurred.
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Conclusion: Our results demonstrate that HIIT can be effectively prescribed using RPE

in MI patients during early outpatient CR. Participation in RPE-prescribed HIIT increases

exercise workload and V̇O2 during exercise training without increased perception of effort

or excessive increases in heart rate or blood pressure.

Keywords: high-intensity interval training, cardiac rehabilitation, myocardial infarction, metabolic gas exchange,

rating of perceived exertion

INTRODUCTION

Exercise-based cardiac rehabilitation (CR) is a secondary
prevention tool used worldwide to improve physical function
and prognosis in patients after myocardial infarction (MI) (1, 2).
High-intensity interval training (HIIT) has recently emerged
as an alternative or adjunct strategy to traditional moderate-
intensity continuous training (3). HIIT involves alternating
periods ranging from a few seconds to 4min of higher intensity
exercise [high-intensity intervals, HIIs: 85 to 95% of peak
heart rate (HR) corresponding to 75 to 85% of peak oxygen
uptake (V̇O2)] with 1 to 4min of lower intensity exercise
(low-intensity intervals, LIIs: <60% of peak HR) during an
exercise session (4). HIIT has been shown to result in similar
or greater improvements in aerobic capacity and other health
outcomes compared to moderate-intensity continuous training
(4). However, the relationships between patient safety, perception
of effort, and cardiorespiratory responses and adaptations during
HIIT sessions in patients after MI have not been reported.
Gaps in our understanding of the relationship between effort
perception and cardiorespiratory responses limit our ability to
provide optimal guidance for prescription, implementation, and
safety of HIIT in CR.

The most common metrics to prescribe aerobic exercise
intensity during CR include V̇O2, HR, and their derivative
indicators such as percentages of predicted/peak HR and V̇O2;
reserves of HR and V̇O2; and metabolic equivalents (METs)
(5). During outpatient CR, continuous monitoring of V̇O2 is
impractical and, while continuous HR monitoring is feasible,
the high number of MI patients prescribed rate modulating
pharmacotherapy (e.g., beta-blockers) makes HR a highly
variable metric for exercise prescription (6). Furthermore, many
patients who begin CR have not performed a graded exercise test,
and peak HR has not been determined (7). For these patients,
prescribing exercise intensity using predicted peak HR as a guide
is imprecise.

Ratings of perceived exertion (RPE) are a practical alternative
for prescribing exercise intensity and facilitates relative patient
autonomy and progression of exercise intensity during CR
(4, 8). Our CR program has used RPE, accompanied by
continuous HR and periodic blood pressure monitoring, to
prescribe exercise intensity for several decades (9, 10). Our CR
staff are experienced in instructing patients on the proper use
of the 6–20 Borg RPE scale. Patients are carefully instructed
on the use of RPE as part of their baseline graded exercise
test and during their first supervised exercise session in CR
(10). We have previously demonstrated that RPE-prescribed

HIIT improves body composition, characteristics of metabolic
syndrome, and cardiorespiratory fitness in patients after MI (11,
12). However, the cardiorespiratory responses directly measured
with metabolic gas exchange during, and adaptations to HIIT
across several exercise sessions in MI patients have not been
previously reported.

Therefore, this study aimed to determine the cardiorespiratory
responses and adaptations during HIIT exercise sessions
prescribed using RPE in patients with MI who participate in
early outpatient CR. We hypothesized that: (1) Using RPE to
prescribe exercise intensity will effectively elicit a desired HIIT
cardiorespiratory response, and (2) RPE-based HIIT will result
in an increasing V̇O2 during exercise training across exercise
sessions without increased perception of effort or excessive
increases in heart rate and blood pressure.

METHODS

Participants and Study Design
This prospective observational study initially recruited
29 consecutive MI patients with percutaneous coronary
intervention who were referred to outpatient CR within 2 weeks
of discharge from inpatient care (our traditional time to begin
CR) at Mayo Clinic, Rochester, MN, USA from February 1st,
2017, to September 30th, 2018. Thirteen patients who did not
perform a post-CR cardiopulmonary exercise test (CPET), two
who refused to wear a metabolic gas collector/mask during
exercise training, and three who changed their exercise type from
treadmill to recumbent stationary cycle were excluded. Eleven
patients [seven men, four women; age: 62 [11] yrs, median
(interquartile range, IQR); BMI: 33.0 (7.2) kg/m2; the interval
between hospital dismissal and the start of CR: 14 [4] days]
who completed ≥24 sessions of supervised HIIT on a treadmill
with metabolic gas exchange measured during HIIT once per
week for eight consecutive weeks and who performed pre and
post CR CPET were included. Cardiovascular medications were
unchanged during the study period. Participants were free of
angina at low exercise intensities, symptomatic arrhythmias,
symptomatic heart valve disease, musculoskeletal limitations
to exercise training, and significant frailty or weakness (i.e.,
inability to engage in HIIT). Study procedures were approved
by the Institutional Review Board for Research at Mayo Clinic
(Rochester, MN, USA; 15-007977) and conformed to the
standards set forth by the Declaration of Helsinki. Patients were
informed regarding testing procedures and potential risks of
participation before providing written, informed consent.
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High-Intensity Interval Training Intervention
Our protocol for HIIT has been routinely applied in CR for
more than a decade and was described previously (4, 13). It
was designed for routine use by patients who begin CR within
2 weeks of hospital dismissal and start HIIT after 1 week of
moderate intensity aerobic exercise. Components of the exercise
prescription were Frequency: set as three sessions per week
for eight consecutive weeks. Intensity: HIIs lasting 1min at
an RPE 14–17 [Borg 6–20 RPE scale] followed by 4-min LIIs
at RPE < 12, treadmill speed and grade were self-selected
by patients themselves to achieve the target RPEs, and the
RPE scores were obtained at the end of each interval. Type:
a treadmill was used under continuous observation by clinical
exercise physiologists. Time: initial time started at 30min and
gradually progressed to 40min per session; Volume: at least
24 sessions of HIIT completed; Progression: the number of
HIIs was gradually increased from 5 to 8 throughout the study
according to the patients’ expectations and the judgment of
clinical exercise physiologists.

Patients were carefully instructed in the proper use of the
Borg RPE scale during their first supervised exercise session in
outpatient CR. All patients performed adaptive exercise training
during the 1st week of CR (three sessions) using RPE ratings of
11–13 to facilitate a gradual accommodation to exercise training,
ensure the ability to engage in sustained exercise for a minimum
of 20min, and to become accustomed to the use of the RPE scale.
Following the gradual adaptation phase (week-1), the patients
started HIIT. Each exercise session began with 5–10min of low-
intensity warm-up (RPE 8–10) and ended with a 5-min low-
intensity cool down.

Cardiopulmonary Exercise Testing
CPETs were conducted by clinical exercise physiologists with
cardiologist oversight at the beginning and end of CR.
The exercise modality and end-test criteria were consistent
between pre-and post-CR tests for all patients. Our operation
and interpretation procedures for CPET have been described
previously (13).

Metabolic Gas Exchange Measurements
During HIIT
Breath-by-breath V̇O2, carbon dioxide production (VCO2),
breathing frequency (f B), and tidal volume (VT) were measured
continuously using a standard cardiorespiratory diagnostic
system (Ultima Series 6 CPXTM, MGC Diagnostics Corporation,
Minnesota, USA) during an RPE-prescribed HIIT sessions once
each week. Continuous cardiorespiratory measurements were
performed during a total of 88 HIIT exercise sessions. The
cardiorespiratory diagnostic system was calibrated for flow
and gas concentrations before each session according to the
manufacturer’s recommendations using a 3-liter syringe and
calibration gases of known concentration. To minimize the
influence of subsidiary work, and therefore V̇O2 and VCO2,
patients were instructed to refrain from excessive stabilization
(i.e., using handrails) during all exercise sessions. Minute VE

was calculated as the product of VT and breathing frequency
(f B). The respiratory exchange ratio (RER) was calculated as

the ratio of VCO2 to V̇O2. V̇O2HII and V̇O2LII were calculated
as the highest average V̇O2 of three consecutive breaths during
the HIIs and LIIs (i.e., the highest single-breath V̇O2 value
and the preceding and following breaths), respectively. Other
metabolic gas exchange values (i.e., RER, VCO2, VE, VE/VCO2)
were determined by averaging values of the final 15-s of HII and
LII, respectively, of each HIIT session.

Heart Rate and Blood Pressure
Measurements
During each HIIT session, HR and rhythm were continuously
measured via electrocardiogram (ECG) telemetry (Q-Tel RMS,
Welch Allyn, New York, USA). The HRs at the end of HIIs and
LIIs were recorded. Systolic (SBP) and diastolic (DBP) blood
pressures were measured via manual sphygmomanometer by
clinical exercise physiologists at rest and during the final 15-s of
HII and LII, respectively, of each HIIT session.

Sample Size Calculation
As the primary hypothesis of this study is that RPE prescribed
exercise can effectively elicit the desired exercise intensity of HIIT
(more than 75% V̇O2peak) in patients after MI, the %V̇O2peak

during HIIs (VO2HII / V̇O2peak × 100), the gold standard of
exercise intensity, was set as the primary endpoint. %V̇O2peak

during HIIs was used to calculate the sample size. We applied
the repeated measures analysis model of the Power Analysis &
Sample Size software, version 15.0 (NCSS, LLC, USA) to calculate
the sample size. The main parameters are as follows: mean
%V̇O2peak during HIIs was 75%, eight sessions of HIITs data
from consecutive 8 weeks were collected, the mean increase of
%V̇O2peak during HIIs was 10% across sessions, the standard
deviation was 6%, autocorrelation was between 0.2 and 0.4, the
dropout rate was estimated 20%. To achieve a power (1-β) of 90%
with an α of 0.05, 11 participants were required.

Statistical Analysis
A minimum of five HIIs was performed by all patients during
all HIIT sessions. Therefore, regardless of the number of
HIIs performed (ranging from 5 to 8), the final five intervals
were used to make comparisons among HIIT sessions. A
familiarization HIIT session was used to ensure physiological
responses were accurately characterized. The familiarization
session was excluded from data analyses, and the second HIIT
session was categorized as the first HIIT session. A total of 88
sessions of HIIT data (8 × 11) with gas exchange measurements
were included in the analysis.

Data are presented as median [IQR] for continuous
variables and frequency and percentage for categorical variables.
Repeatability analysis of exercise intensity in terms of %V̇O2peak

was performed with intra-class correlation (ICC) (14) using a
random-effects model. Exercise workload (ie., treadmill speed,
grade and power in watts) and cardiorespiratory variables
measured during the HIIT training sessions (i.e., RPE, V̇O2,
%V̇O2peak, VE, HR, %HR, BP, energy expenditure [EE] per min
and per session) were compared within (HIIs vs. LIIs) and
between sessions (first vs. last) using repeated-measures analysis
of variance (ANOVA). Pre- and post-CR CPET measurements
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TABLE 1 | Demographics and clinical characteristics.

n 11

Age (years) 62 [11]

Men 7 (64)

Body weight (kg) 98.1 [22.6]

Body mass index (kg/m2 ) 33.0 [7.2]

LVEF (%) 56 [8]

Medical history, n (%)

MI 11 (100)

STEMI 4 (36)

NSTEMI 7 (64)

Coronary angiography 11 (100)

One-vessel disease 5 (46)

Two-vessel disease 3 (27)

Three-vessel disease 3 (27)

Previous MI 2 (18)

Hypertension 6 (55)

Dyslipidemia 11 (100)

Smoking history 5 (45)

Medications, n (%)

ACEI/ARBs 3 (27)

Anticoagulants 5 (45)

Antiplatelet agents 11 (100)

Beta-blockers 10 (91)

Calcium channel blockers 3 (27)

Diuretics 2 (18)

Nitrates 1 (9)

Digoxin 1 (9)

Statins 11 (100)

CPET parameters

HRrest (bpm) 70 [18]

HRpeak (bpm) 141 [54]

SBPrest (mmHg) 123 [30]

DBPrest (mmHg) 71 [16]

SBPpeak (mmHg) 180 [24]

DBPpeak (mmHg) 76 [20]

Respiratory exchange ratio 1.16 [0.11]

V̇O2peak (L·min−1 ) 2.4 [0.6]

V̇O2peak (ml·kg−1·min−1) 24.0 [6.5]

Number of completed CR sessions 35 [1]

Days between hospital discharge and CR start 14 [4]

Data presented as median [interquartile range, IQR] for continuous variables or n (%) for

categorical variables. SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF,

left ventricular ejection fraction; MI, myocardial infarction; STEMI, ST-segment elevation

myocardial infarction; NSTEMI, non-ST segment elevation myocardial infarction; ACEIs,

angiotensin-converting enzyme inhibitors; ARBs, angiotensin II receptor blockers; CPET,

cardiopulmonary exercise testing; HR, heart rate; CR, cardiac rehabilitation; V̇O2peak , peak

oxygen uptake.

(i.e., V̇O2peak) were compared via Wilcoxon signed-rank test.
%V̇O2peak and %HRpeak during HIITs were calculated as
(V̇O2HIIorLII/V̇O2peak) × 100 and (HR HIIorLII/HRpeak) × 100,
respectively. V̇O2peak and HRpeak values referred to pre-CR
CPET. Treadmill power in watts was calculated (Watts = %
treadmill grade × treadmill speed in m·min−1 × body

weight in kg). EE per min was calculated according to the
equation: calories = [V̇O2 in ml·kg−1·min−1 × body weight in
kilograms]/200 as described previously (15). EE per session= EE
permin× exercise time. Analyses were performedwith SPSS 19.0
(SPSS, Inc). Statistical significance was set at p < 0.05.

RESULTS

Patients’ demographic and clinical characteristics are shown
in Table 1. Among the 11 patients, four suffered ST-segment
elevation MI, and seven suffered non-ST-segment elevation MI;
two patients underwent double-vessel PCI, and nine performed
single-vessel PCI. The interval between the hospital dismissal and
the start of outpatient CRwas 14 [4] [median (IQR)] days. Pre CR
echocardiograms demonstrated normal left ventricular systolic
function with left ventricular ejection fractions of 56% [6%]
[median (IQR)]. Echocardiography was not repeated after CR.

Exercise workload and cardiorespiratory responses to RPE
prescribed HIIT are presented in Figure 1 and Table 2. The
highest mean V̇O2 during HIIs of 88 sessions of HIITs [91
(14)% of V̇O2peak, median (IQR)] was significantly higher than
for the target V̇O2 (75% of V̇O2peak) recommended for HIIs
(p < 0.001). The ICC of exercise intensity, %V̇O2peak, between
the RPE-prescribed HIIT sessions was 0.95 (95% CI, 0.86 to
0.99, p < 0.001). The values of treadmill speed, treadmill grade,
power, V̇O2, %V̇O2peak, HR, %HRpeak, SBP, VE, VT and f B
in the HIIs were significantly greater than those in the LIIs
during each exercise session (all p < 0.01), which was consistent
with the values of RPE during the HIIs vs. during the LIIs
[15 (2) vs. 11 (2), median (IQR), p < 0.001]. A difference of
9–11% between %HRpeak and %V̇O2peak was present for the
LIIs and is consistent with conventional wisdom as reported in
the literature (16) that %HRpeak is greater than %V̇O2peak at
a constant workrate. However, for the HIIs, %HRpeak was not
higher than %V̇O2peak. For the HIIs of the first HIIT session,
median %HRpeak and %V̇O2peak were identical (88%), while for
the final session %V̇O2peak was greater than %HRpeak (97% vs.
90%) during HIIs. No differences were found in DBP and RER
between HIIs and LIIs (all p > 0.05).

Comparisons of the first vs. the last exercise sessions to assess
cardiorespiratory adaptations during RPE-prescribed HIIT are
presented in Table 2 and Figure 2. No differences were found
for RPE, HR, %HRpeak, VT, f B, VE/VCO2, SBP and DBP (all
p > 0.05) between the first and last session for both HIIs and
LIIs. However, treadmill speed, treadmill grade, power, V̇O2,
%V̇O2peak, EE per minute and per session and VE increased
significantly from the first to the last session for the HIIs (all p <

0.05), while no changes were detected for the LIIs (all p > 0.05).
No adverse events related to exercise training occurred during
the study.

Body mass significantly decreased [98.1 (22.6) kg vs. 95.0
(11.0) kg, median (IQR)] with a mean decrease of 3.1 [95%
CI, 0.5 to 5.7] kg (p = 0.02). Peak cardiorespiratory variables
were determined via CPETs at the beginning and end of CR.
V̇O2peak independent of body mass was not significantly different

from pre- to post-CR [2.4 (0.6) L·min−1 vs. 2.5 (0.7) L·min−1,
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FIGURE 1 | Cardiorespiratory responses and treadmill workload during RPE-prescribed HIIT. (A), a representative patient’s oxygen uptake (V̇O2), heart rate (HR),

systolic (SBP), and diastolic (DBP) blood pressure responses during a HIIT session. The average V̇O2 (B), %V̇O2peak (C), HR (D), %HRpeak (E), treadmill speed (F),

and treadmill grade (G) responses to the high- and low-intensity intervals over time. FS is the first exercise session. LS is the last exercise session.

Repeated-measures ANOVA was used for all assessments. Data were expressed as mean + up limit of 95% confidence interval for high-intensity intervals and

mean–low limit of 95% confidence interval for low-intensity intervals in (B–G). *Significantly higher than low-intensity interval, p < 0.001.
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TABLE 2 | Treadmill workload and cardiorespiratory variables during high- and low-intensity intervals.

High-intensity intervals Low-intensity intervals

First session Last session First session Last session

Treadmill speed (km per hour) 5.9 [2.4] 6.2 [2.1]*† 4.9 [1.1] 4.9 [1.5]

Treadmill grade (%) 8.4 [2.7] 10.3 [5.8]*† 4.9 [3.2] 5.1 [2.9]†

Treadmill power (Watts) 807 [573] 1039 [707]*† 390 [211] 407 [196]

RPE 14 [2]* 15 [2]* 11 [1] 11 [2]

V̇O2 (ml·kg−1·min−1 ) 21.1 [2.8]* 23.3 [3.0]*† 14.6 [4.6] 14.6 [2.5]

%V̇O2peak 88 [11]* 97 [17]*† 61 [15] 61 [11]

EE per minute (kcal min−1 ) 10.4 [1.5]* 11.4 [2.0]*† 7.1 [2.0] 7.2 [1.3]

EE per 30-min session (kcal)‡ 62.0 [8.8]* 68.5 [11.3]*† 170.4 [45.8] 171.7 [28.6]

RER 0.95 [0.06] 0.98 [0.07] 0.94 [0.07] 0.93 [0.08]

HR (bpm) 124 [23]* 126 [26]* 99 [17] 101 [23]

%HRpeak 88 [8]* 90 [14]* 70 [8] 72 [11]

SBP (mmHg) 156 [18]* 148 [26]* 136 [16] 137 [16]

DBP (mmHg) 66 [8] 61 [7] 64 [14] 61 [6]

VE (L·min−1 ) 59 [22]* 65 [24]*† 40 [12] 42 [16]

VT (L) 1.8 [0.6]* 1.9 [0.5]* 1.4 [0.7] 1.4 [0.8]

fB (breaths·min−1 ) 34 [8]* 36 [6]* 30 [5] 30 [6]

VE/VCO2 32 [5] 33 [6]* 30 [3] 31 [4]

Data presented as median [interquartile range, IQR]. RPE, rating of perceived exertion; HR, heart rate; V̇O2, oxygen uptake; EE, energy expenditure; VCO2, carbon dioxide production;

RER, respiratory exchange ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure; VE , ventilation; VT , tidal volume; fB, breathing frequency; VCO2, carbon dioxide output.

*Significantly greater than the low-intensity interval (p < 0.05). †Significantly different compared to first session (p < 0.05). Repeated-measures ANOVA was used for all evaluations.
‡30-min session included five 1-min high-intensity intervals and five 4-min low-intensity intervals.

median (IQR)] with a mean difference of 0.1 [95% CI, −0.1
to 0.3] L·min−1 (p = 0.21). However, V̇O2peak dependent on
body mass increased in nine of 11 subjects. V̇O2peak relative to

body mass increased [24.0 (6.5) ml·kg−1·min−1 vs. 26.1 (8.0)
ml·kg−1·min−1, median (IQR)] with a mean increase of 1.9 [95%
CI, 0.1 to 3.8] ml·kg−1 ·min−1 (p= 0.049). In addition, V̇O2peak

as a percentage of age, sex, and anthropometrically predicted
values significantly increased from pre- to post-CR [95 (28)%
vs. 100 (25)%, median (IQR)] with a mean difference of 5 [95%
CI, 1 to 10] % (p = 0.04). No additional significant differences
were detected in peak exercise cardiorespiratory variables pre-
and post-CR.

DISCUSSION

Our study provided uniquemetabolic gas exchange data obtained
during HIIT sessions and established the efficacy of using self-
selected exercise intensity based on a target RPE range as a
safe and practical method of prescribing HIIT for patients after
MI during early outpatient CR. Our method of prescribing 5–8
one minute HIIs with RPE 14–17 interspersed with 4-min LIIs
(RPE <12) during a 40-min session of training was effective in
eliciting a V̇O2 of >95% of pre-training V̇O2peak during the final
HIIT session.

We demonstrated that over 8 weeks of HIIT, patients
were able to exercise at a higher V̇O2 without a concurrent
increase in RPE or excessive HR and blood pressure
response. Patients were able to increase the rate of energy

expenditure during the HIIT sessions without an increased
perception of effort which is potentially clinically important
for decreasing body fat stores with the attendant metabolic
health benefits.

Aamot et al. (17) reported that using RPE to prescribe
exercise intensity during HIIT resulted in a lower than
expected intensity based on %HRpeak, (detected 82% HRpeak

vs expected 85% HRpeak) during HIIs (18) in patients with
coronary artery disease in which 80% patients regularly used
beta-blockers. In our study, we utilized both %V̇O2peak (gold
standard to reflect exercise intensity) and %HRpeak to assess the
validity of RPE-prescribed HIIT. Both %V̇O2peak and %HRpeak

achieved during HIIs were more than the required levels
to meet the designation of high-intensity (75% V̇O2peak and
85% HRpeak) for all sessions. V̇O2HII increased from 88% of
V̇O2peak in the first HIIT session to 97% of V̇O2peak in the
last session.

Patient progression in exercise training dose without the
sacrifice of safety is a core tenet of cardiac rehabilitation.
We observed that despite an increased V̇O2HII across exercise
sessions, no significant increases in HR, DBP, SBP, or perception
of effort were found during RPE-prescribed HIIT. The
underlying reasons for this remain unclear. V̇O2 is an
integrated indicator of the systems that transport and utilize
oxygen, including the respiratory (oxygen uptake from the
atmosphere), heart (oxygen transport), peripheral vasculature
(oxygen transport, tissue perfusion, tissue diffusion), and skeletal
muscle (oxygen extraction and utilization) (19, 20). In the present
study, HR, O2 pulse [a surrogate for stroke volume (21)],
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FIGURE 2 | Cardiorespiratory and treadmill workload adaptations to RPE-prescribed HIIT. (A,B) Present comparisons of treadmill speed, treadmill grade, and power

output between the first and last HIIT sessions during high- and low-intensity intervals, respectively. (C,D) Present comparisons of heart rate (HR), systolic (SBP), and

diastolic (DBP) blood pressure between the first and last HIIT sessions. (E,F) Present comparisons of oxygen uptake (V̇O2), energy expenditure (EE) per minute, and

per session. (G,F) Present the changes in the relationship of %V̇O2peak and %HRpeak between the first and last HIIT sessions during high- and low-intensity intervals,

respectively. HII is high-intensity interval. LII is low-intensity interval. Repeated-measures ANOVA was used for all assessments. was used for all assessments. Data

were expressed as mean difference [95% confidence interval].
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VE/VCO2 [an indicator of ventilatory efficiency (22)], RER (a
variable to reflect degree of exertion) were not significantly
changed during 8 weeks of RPE-prescribed HIIT sessions,
which suggests that peripheral vasculature and skeletal muscle
adaptations may have contributed to the increase in V̇O2HII

across sessions. This hypothesis is supported by our pre-clinical
studies in mice that demonstrated regular exercise improved
the structure and function of the aortic endothelium (23) and
mitochondria in skeletal muscle (24, 25). However, additional
research on the mechanisms responsible for these observations
is needed.

In order to evaluate the cardiopulmonary adaptations during
8 weeks of HIIT sessions., we studied the relationship between
%V̇O2peak and %HRpeak during the HIIT sessions. During LIIs,
the values for %V̇O2peak were 61% for both first and last
sessions, and the corresponding %HRpeak values were 70 and
72%, respectively. This is consistent with previous reports, where
%HRpeak was∼10% higher than%V̇O2peak (26). However, during
HIIs, the %V̇O2peak was 88% for the first session and 97% for
the last session, while the corresponding %HRpeak remained
∼90% for both sessions. This is a clear disconnect from the
assumed relationship of %V̇O2peak and %HRpeak. Though it has
been assumed that the %HRpeak-%V̇O2peak relationship holds
during HIIT, the expected linear relationship between %V̇O2peak

and %HRpeak was established during graded exercise testing
with cardiopulmonary measurements and may differ during
HIIT. Further studies are needed to elucidate the mechanisms
responsible for these observations.

The effect of HIIT on cardiorespiratory fitness in patients with
coronary artery disease has been reported, with mean V̇O2peak

increases ranging from 11 to 25% (4). A recent study from
our group demonstrated that RPE-prescribed HIIT during early
outpatient CR significantly improved V̇O2peak by 18% (pre-
CR vs. post-CR, 23.0 ± 6.3 vs. 28.0 ± 5.9; mean change 5.0
± 2.5 ml·kg−1·min−1) in 42 MI patients (12). In the present
study, HIIT improved cardiorespiratory fitness (i.e., V̇O2peak) in
9 of 11 (82%) patients, with a mean improvement of only 9%.
Possibly related to the small sample size in the current study,
statistically significant changes were found in V̇O2peak related
to body mass and % predicted V̇O2peak, but not in V̇O2peak

independent of body mass. The percentage of non-improvement
(non-responder: failure to improve V̇O2peak) in CR was 18% in
the present study, which is consistent with the data reported
in the study by Savage et al. (27) in which 81 out of 385
patients (21%) failed to improve V̇O2peak during outpatient CR
using moderate-intensity continuous training. Our finding of
non-improvement in V̇O2peak with HIIT in some patients is
a novel finding. Non-improvement in CR may be associated
with exercise intensity, comorbidity score, self-reported physical
function, diabetes, and baseline V̇O2peak (27). In the present
study, mean baseline V̇O2peak was normal and may be a factor
in our findings of a less than typical increase in V̇O2peak and
identification of non-responders with HIIT.

The present study did not assess change in left ventricular
systolic or diastolic function resulting from HIIT. The literature
suggested that HIIT is an effective strategy to attenuate left
ventricular remodeling in clinically stable heart failure patients

with reduced ejection fraction (28). The effect of HIIT on left
ventricular function in heart failure with preserved ejection
fraction is controversial (29), while the positive effects of HIIT on
exercise capacity and quality of life in patients with MI and heart
failure have been reported (4). The patients in the present study
were not diagnosed with HFpEF. Further studies are warranted
to investigate the effects of HIIT on cardiac function in patients
after MI and heart failure with preserved ejection fraction.

LIMITATIONS

Our study examined a single, unique HIIT protocol in MI
patients and may not be generalizable to other methods of
prescribing HIIT or to other clinical populations. Because
measuring metabolic gas exchange data during multiple 30–
40min CR exercise sessions is technically and logistically
challenging, we studied only a limited number of patients. Our
patients’ average baseline V̇O2peak was in the normal range
for healthy individuals and our subjects are not representative
of typical post-MI patients. In addition, we did not compare
RPE vs. HR-based prescriptions for HIIT. While RPE certainly
appears to be an effective prescriptive tool for HIIT, it
remains unknown if RPE is the optimal prescription method
despite its previously discussed advantages. Additionally, the
cardiorespiratory assessments made during HIIT did not include
direct measures of cardiac function (e.g., echocardiogram) and
relied on an indirect method for cardiac adaptations (i.e.,
V̇O2 and VE/VCO2). As such, future studies should consider
performing more comprehensive and direct measurements
to identify the specific central and peripheral mechanisms
responsible for the cardiorespiratory adaptations to RPE-
prescribed HIIT in patients after MI.

CONCLUSIONS

RPE is an effective and safe method for prescribing HIIT for
patients enrolled in early outpatient CR after uncomplicated MI.
Using RPE eliminates reliance on heart rate for exercise intensity
prescription and may be advantageous for patients who do not
perform a pre-CR exercise test and for individuals receiving
heart rate modulating medications. Using an RPE target of 14–
17 during 1-min of high-intensity exercise elicits a robust V̇O2HII

of>90% of V̇O2peak. The expected relationship between%HRpeak

and %V̇O2peak (%HRpeak > %V̇O2peak) is not present during the
HIIs of the HIIT. Patients are comfortable performing 5–8 one-
minute intervals at >90% of V̇O2peak during a 40-minute aerobic
exercise session. Over the course of eight weeks of HIIT-based
CR, patients increased treadmill speed and grade, and V̇O2HII

without an increase in perception of effort or excessive increases
in heart rate and blood pressure.
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Patients with cancer who receive doxorubicin (DOX) treatment can experience cardiac

dysfunction, which can finally develop into heart failure. Oxidative stress is considered

the most important mechanism for DOX-mediated cardiotoxicity. Rutaecarpine (Rut), a

quinazolinocarboline alkaloid extracted from Evodia rutaecarpa was shown to have a

protective effect on cardiac disease. The purpose of this study is to investigate the role of

Rut in DOX-induced cardiotoxicity and explore the underlying mechanism. Intravenous

injection of DOX (5 mg/kg, once a week) in mice for 4 weeks was used to establish

the cardiotoxic model. Echocardiography and pathological staining analysis were used

to detect the changes in structure and function in the heart. Western blot and real-

time PCR analysis were used to detect the molecular changes. In this study, we found

that DOX time-dependently decreased cardiac function with few systemic side effects.

Rut inhibited DOX-induced cardiac fibrosis, reduction in heart size, and decrease in

heart function. DOX-induced reduction in superoxide dismutase (SOD) and glutathione

(GSH), enhancement of malondialdehyde (MDA) was inhibited by Rut administration.

Meanwhile, Rut inhibited DOX-induced apoptosis in the heart. Importantly, we further

found that Rut activated AKT or nuclear factor erythroid 2-related factor 2 (Nrf-2) which

further upregulated the antioxidant enzymes such as heme oxygenase-1 (HO-1) and

GSH cysteine ligase modulatory subunit (GCLM) expression. AKT inhibitor (AKTi) partially

inhibited Nrf-2, HO-1, and GCLM expression and abolished the protective role of Rut

in DOX-induced cardiotoxicity. In conclusion, this study identified Rut as a potential

therapeutic agent for treating DOX-induced cardiotoxicity by activating AKT.

Keywords: rutaecarpine, doxorubicin, oxidative stress, apoptosis, cardiotoxicity, AKT

INTRODUCTION

Doxorubicin (DOX) is an effective chemotherapeutic drug that is widely used in treating several
solid tumors and malignant hematologic diseases (1). However, DOX-induced cardiotoxicity is an
insurmountable barrier that can limit its clinical application. The molecular mechanism of DOX-
induced cardiotoxicity has been extensively investigated, and now oxidative stress, autophagy,
mitochondrial dysfunction, and apoptosis pathways were commonly recognized as the underlying
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mechanism of DOX-induced cardiotoxicity (2). Previous studies
have proved that inhibition of oxidative stress dramatically
alleviated DOX-induced cardiotoxicity in the heart (3).
Therefore, exploring novel drugs to inhibit DOX-induced
oxidative stress thereby improving patients’ quality of life is
urgently needed.

AKT is an essential signaling pathway regulating cell
proliferation, glucose metabolism, oxidative stress, and
also autophagy (4). Recent studies reported DOX inhibited
PI3K/AKT signaling pathway in mice heart, and inhibition
of PI3K/AKT aggravated DOX-induced cell death and heart
failure (5), whereas pharmacological activation of PI3K/AKT
attenuated DOX-induced cardiotoxicity (6). Nrf-2 is an essential
antioxidative gene that inhibits oxidative stress via upregulation
of the intracellular antioxidant enzymes such as HO-1 and
GCLM, which promote glutathione (GSH) generation (7).
Increased GSH would scavenge the excess reactive oxygen
species (ROS) in DOX-treated cardiomyocytes and inhibit
various forms of cell death including apoptosis and necroptosis
(8, 9). The activation of PI3K/AKT is noteworthy as it was
able to increase Nrf-2 and GCLM expression in the heart of
DOX-treated mice (10, 11). Therefore, targeting the PI3K/AKT
signaling pathway to prevent oxidative stress could be a prudent
strategy in Dox-induced cardiotoxicity. Rutaecarpine (8,13-
dihydroindolo-(2′,3′:3,4)pyrido(2,1-b)quinazolin-5(7H)-one)
is a quinazolinocarboline alkaloid that is extracted from the
traditional Chinese herb Evodia rutaecarpa (also named Wu
Zhu Yu). It exerts beneficial roles in treating several diseases
including hypertension (12), cardiac hypertrophy (13), cardiac
ischemia-reperfusion injury (14), diabetes (15), and tumor (16).
The cardioprotective effects of Rut were mainly attributed to
its vasodilatory, antiplatelet activation, antioxidant effect, and
anti-inflammatory effects (17). The antioxidant effect of Rut was
to a large extent due to its regulatory role in antioxidant enzymes
and NADPH oxidase. It has been reported that Rut protected
hepatotoxicity by upregulating antioxidant enzymes through the
Nrf-2/ARE pathway (18) and alleviated hypoxia-reoxygenation
induced cardiomyocytes apoptosis through inhibiting NADPH
oxidase expression (19). Since Rut has been shown to activate
PI3K/AKT signaling pathway (15), and PI3K/AKT was the
upstream signal of Nrf-2 (20), in this study, we investigated
whether Rut protected against DOX-induced cardiotoxicity.

In this study, we showed that rutaecarpine alleviated DOX-
induced cardiac dysfunction and cardiomyocyte death by
inhibition of oxidative stress and the antioxidant effect of Rut
probably due to the activation of the AKT/Nrf-2 signaling
pathway. Thus, we concluded that Rut may become a novel
potential drug to mitigate DOX-induced cardiotoxicity.

MATERIALS AND METHODS

Antibodies and Reagents
Antibodies for total AKT and phosphorylated AKT were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Antibodies for GCLM, Nrf-2, HO-1, cleaved caspase-
3, Bax, Bcl-2, and GAPDH were purchased from Proteintech
(Wuhan, Hubei, China). DOX was obtained from Absin

(Beijing, China), and the rutaecarpine was obtained from
Chengdu Must Bio-technology (Chengdu, Sichuan, China). The
AKT inhibitor (AKTi), wheat germ agglutinin (WGA), and
dihydroethidium (DHE) were purchased from Sigma-Aldrich
(Santa Clara, CA, USA). Hematoxylin-eosin/HE and Masson’s
trichrome staining kit were from Solarbio (Beijing, China). The
malondialdehyde (MDA) assay kit and total SOD assay kit
were purchased fromNanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China). The GSH assay kit was purchased
from Beyotime Biotechnology (Shanghai, China). TRIzol was
obtained from Invitrogen (Carlsbad, CA, USA). All primers
used in our laboratory were purchased from Sangon Biotech
(Shanghai, China).

Animals and Treatments
Male C57BL/6 mice aged 8–10 weeks old were purchased from
Vital River Laboratory Animal Technology (Beijing, China) and
were kept in pathogen-free and individual ventilated cages. All
mice were grown in the standard humidity or temperature-
controlled environment (70% relative humidity, 22◦C) and a
12:12-h light-dark cycle. Mice were divided into six groups
and subjected to the following protocols: (1) In the control
group, mice were treated with saline containing 0.5% dimethyl
sulfoxide(DMSO); (2) In the Rut group, Rut was dissolved
in saline contained 0.5% Tween 80, and then mice received
intragastric administration of 40 mg/kg Rut every day for 4
weeks; (3) In DOX group, mice were intravenously treated with
DOX (5 mg/kg, dissolved in saline contained 0.5% DMSO) once
per week for 2 or 4 weeks; (4) In DOX plus Rut (low dose)
group, mice treated with DOX and then at the same day received
intragastric administration of 20 mg/kg Rut every day for 4
weeks; (5) In DOX plus Rut (high dose) group, mice were treated
with DOX and parallelly received intragastric administration of
40 mg/kg Rut every day for 4 weeks; (6) In DOX plus Rut and
AKTi group, mice were intraperitoneally injected with AKTi (20
mg/kg) every other day for 4 weeks from the first day before DOX
and Rut administration. Because the long-term use of DOX can
result in severe side effects, we measured the changes in the food
uptake, body weight, and heart function every 2 weeks. Finally,
all the mice were sacrificed. The heart was harvested and then
analyzed by histopathology, western blot, and real-time PCR.

Echocardiographic Assessment
After drug treatment for 2 and 4 weeks, mice were subjected
to about 2% isoflurane mixed with 100% O2 by inhalation to
induce anesthesia as we described previously (21). Trans-thoracic
two-dimensional M mode echocardiography at different time
points was determined using a 30-MHz probe (Vevo 770 imaging
system, VisualSonics, Toronto, Canada). The heart rate was
maintained at 450–500 beats per min, and then the heart rate,
left ventricular ejection fraction (LVEF), LV fractional shortening
(LVFS), LV posterior wall (LVPW), and LV anterior wall (LVAW)
at diastole and systole were measured.

Real-Time PCR
Total RNA of mice hearts was extracted using TRIzol Reagent
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
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recommendations. Double-stranded cDNA synthesis was
performed using a TaKaRa cDNA synthesis kit (TaKaRa). Real-
time PCR analysis was performed using the SYBR Select Master
Mix according to the manufacturer’s instructions (Applied
Biosystems, Thermo Fischer Scientific). The mRNA of target
gene expressions was normalized to GAPDH, and the relative
value to sample in the control group is given by 2−11CT. The
primer pairs were as follows: ANF, 5′-TACAGTGCGGTG TCC
AACACAG-3′ and 5′-TGCTTCCTCAGTCTGCTCACTC-3′;
BNP, 5′-TCCTAGCCA GTCTCCAGAGCAA-3′ and 5′-GGT
CCTTCAAGAGCTGTCTCTG-3′; collagen I, 5′-GAGTACTGG
ATCG ACCCTAACCA-3′ and 5′-GACGGCTGAGTAGGGAAC
ACA-3′; collagen III, 5′-TCCCCTGGAATCTGTGAATC-3′ and
5′-TGAGTCGAATTGGGGAGAAT-3′; GAPDH, 5′-AGGTCG
GTGTGAACGGATTTG-3′ and 5′-TGTAGACCATGTAGT
TGAGGTCA-3′.

Western Blotting
The cardiac tissue was cracked with ice-cold RIPA buffer
containing a 1% protease inhibitor cocktail. Equal amounts
(20–30 µg) of protein were subjected to SDS-PAGE gel for
electrophoresis and transferred onto PVDF membrane by Bio-
Rad western blotting system. The membranes were blocked with
5% dry milk (dissolved in PBS buffer containing 0.1% Tween 20)
for 60min at room temperature and then incubated with anti-
GCLM, HO-1, p-AKT, AKT, Nrf-2, cleaved caspase-3, Bax, Bcl-2,
and GAPDH overnight at 4◦C. After washing by TBST buffer
for 3 times, the membrane was incubated with the horseradish
peroxidase-conjugated secondary antibodies for 1 h at room
temperature. Finally, the immunoreactive bands were detected
by Gel-Pro 4.5 Analyzer (Media Cybernetics), and the protein
expression level was quantified using the ImageJ software.

Histological Analysis
The fresh hearts were fixed in a 4% paraformaldehyde
solution for 24 h. After dehydration in xylene and ethanol,
the heart samples were embedded in paraffin, cut into 5µM
thickness, and then subjected to hematoxylin and eosin
(H&E) and Masson’s trichrome staining assay kit according
to the manufacturer’s instruction (Solarbio, Beijing). To assess
the size of cardiomyocytes, the heart sections were stained
with 50µg/ml TRITC-labeled WGA in PBS buffer at 37◦C
for 1 h and then subjected to three times washing. After
antifluorescence quenching agent treatment, the digital images
were photographed using a fluorescence microscope (BX51,
OLYMPUS, Japan), and the cardiomyocyte’s surface area was
analyzed by Image-Pro Plus software.

TUNEL Staining
The slides obtained were processed for a TUNEL assay to
detect fragmented nuclei in the myocardium. The annexin V-
EGFP apoptosis detection kit was used to detect apoptotic cells
according to the manufacturer’s protocol. Briefly, the paraffin-
sectioned tissues were dewaxed and rehydrated, and then the
slides were pretreated with 3% H2O2 and incubated with the
reaction mixture containing TdT enzyme and biotin-11-dUTP at

37◦C for 1 h. One hundred microliter of horseradish peroxidase-
conjugated streptavidin (HRP-labeled avidin working fluid) was
added to each slide and incubated at 37◦C for 30min. Reaction
products were visualized with diaminobenzidine (DAB) plus
substrate–chromogen solution for an appropriate time. The
sections stained were visualized using a fluorescence microscope
(BX51, OLYMPUS, Japan). The apoptotic cell number in each
section was calculated by counting the number of TUNEL-
positive apoptotic cells in five random fields.

ROS Detection
To evaluate ROS generation in the heart, the heart sections were
stained with 10µM DHE at 37◦C for 30min. The superoxide
anion (O−

2 ) in the heart was able to stain red fluorescence. After
the heart sections were washed three times with PBS buffer, the
digital images were photographed, and the fluorescence intensity
of DHE was quantified by Image-Pro Plus software.

Determination of SOD and MDA Activity
The myocardial tissue homogenate was broken by ultrasound
following 2,000 g centrifugation for 5min at 4◦C, and the
supernatant was prepared for the next examination. The levels
of superoxide dismutase (SOD) and MDA of each group were
analyzed using an automated microplate reader according to the
instruction of their corresponding assay kits (Nanjing Jiancheng
Bioengineering Institute, China).

GSH Content Assay
TheGSH assay kit (Beyotime Biotech) was used to detect the GSH
contents in the heart after drug treatments. In brief, cardiac tissue
(100 µg) was lysed in the protein removal solution S provided
by the kit and centrifuged at 12,000 g at 4◦C for 15min, and
then the supernatant was collected. After reaction with Ellman’s
reagent (DTNB), GSH reductase enzyme, and NADPH, the
absorbance was measured at 412 nm using a microplate reader
(Tecan Infinite Pro, Switzerland).

Statistical Analysis
Data were expressed as mean ± SEM and analyzed using
GraphPad Prism software version 8.0. Comparisons between
multiple groups were performed using one-way multivariate
ANOVA (Tukey’s post-hoc test). The difference was considered
statistically significant when the p-value was ≤0.05.

RESULTS

DOX-Induced Cardiac Dysfunction and
Hypotrophy
Numerous studies established the mice model of DOX-induced
cardiotoxicity by intraperitoneal injection of DOX. However,
intraperitoneal administration of DOX resulted in several side
effects that influenced the accuracy of experimental conclusions.
Intraperitoneal injection of DOX in mice severely reduced the
food and water intake, induced peritoneal damage, and fibrosis
which subsequently led to malaise, weight loss, and finally non-
cardiac death. To avoid these inadequacies, intravenous injection
of low dose DOX (5 mg/kg, once a week) for 4 weeks was
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FIGURE 1 | Doxorubicin (DOX) dose-dependently induced cardiac dysfunction and cardiac fibrosis. Mice were intravenously treated with DOX (5 mg/kg) or its solvent

once per week for 2 or 4 weeks. (A) Representative M-model echocardiography and the measurement of left ventricular EF% and FS%. The heart rate, left ventricular

posterior wall (LVPW), and left ventricular anterior wall (LVAW) at diastole and systole were shown below (n = 6). (B) Representative image of hematoxylin and eosin (H

and E) staining and the HW/BW and HW/TL ratios. Scale bar 1mm. (C) Cardiac myocyte size was evaluated by TRITC-labeled wheat germ agglutinin (WGA) staining,

and the cross-sectional area was quantified in the right panel (100 cells counted per heart, n = 3). (D) ANF and BNP mRNA expressions were determined by

qRT-PCR in the heart (n = 5). (E) Cardiac fibrosis was detected by Masson’s trichrome staining, and the relative fibrotic area was quantified (n = 5, right). Scale bar

50µm. (F) The collagen I and collagen III mRNA levels in the heart (n = 5). Data are presented as mean ± SEM, and n represents the number of animals per group.

*p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle.

used to induce cardiotoxicity. We found DOX time-dependently
reduced cardiac function reflected by reduced LVEF, LVFS,
LVPW, and LVAW during systole compared with vehicle-treated
mice (Figure 1A). Furthermore, DOXdramatically reduced heart
size, heart weight (HW) or body weight (BW), HW/tibia length

(TL) ratio, and myocyte cross-sectional area (Figures 1B,C),
whereas increased the mRNA expression of ANF and BNP
(Figure 1D). Masson’s trichrome staining showed that DOX
treatment for 2- and 4-weeks time-dependently increased fibrotic
area (Figure 1E); correspondingly, the mRNA level of fibrotic
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FIGURE 2 | Doxorubicin dose-dependently induced cardiac oxidative stress and apoptosis. Mice were intravenously treated with DOX (5 mg/kg) or its solvent once

per week for 2 or 4 weeks. (A,B) The changes of food uptake and body weight after DOX treatment (n = 4). (C) Reactive oxygen species (ROS) generation was

measured by dihydroethidium (DHE) staining, and the quantification of fluorescence intensity was shown right (n = 5). Scale bar 200µm. (D) Representative TUNEL

staining in the heart tissues and the TUNEL-positive nuclei were quantified (n = 3, right). Scale bar 100µm. *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle.

marker (collagen I and collagen III) in DOX-treated heart was
also increased compared with that in the vehicle-treated heart
(Figure 1F).

Tail Intravenous Injection of DOX-Induced
Myocardial Oxidative Stress and Apoptosis
With Few Systemic Side Effects
To assess the systemic side effects of DOX, the food intake
and body weight of the vehicle- and DOX-treated mice were
recorded. We found that intravenous administration of DOX
for 1–4 weeks had little effect on food intake and body weight
(Figures 2A,B). Next, we examined ROS generation in the
heart and found DOX treatment for 2- and 4-weeks time-
dependently increased ROS generation reflected by the enhanced
fluorescence intensity in the heart (Figure 2C). Meanwhile,
TUNEL staining showed DOX markedly induced myocardial
apoptosis as reflected by increased TUNEL-positive nuclei in the
hearts (Figure 2D).

Rut Inhibited DOX-Induced Cardiac
Dysfunction and Fibrosis in Mice
Since intragastric administration of Rut (low dose of 20 mg/kg
and high dose of 40 mg/kg) exerted beneficial effects in
cardiovascular diseases (13), we selected these doses of Rut
to investigate whether Rut protected against DOX-induced
cardiotoxicity. Echocardiography showed DOX-treated mice
developed heart failure reflected by reduced LVEF, LVFS, LVPW,
and LVAW during systole compared with vehicle-treated mice,
and these detrimental effects were dramatically mitigated by Rut
administration (Figure 3A). Furthermore, Rut inhibited DOX-
induced cardiac hypotrophy as reflected by the increased ratios
of heart weight/body weight (HW/BW) and heart weight/tibia
length (HW/TL), myocyte cross-sectional area, and decreased
mRNA level of ANF and BNP (Figures 2B–D). Results obtained
from Masson’s trichrome staining and qPCR analysis revealed
that the cardiac fibrosis caused by DOX was also inhibited after
low and high doses of Rut administration, indicating attenuated
cardiac remodeling (Figures 3E,F). However, there existed no
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FIGURE 3 | Rutaecarpine mitigated DOX-induced cardiac dysfunction and fibrosis. Mice were treated with DOX and then on the same day received intragastric

administration of 20 or 40 mg/kg Rut every day for 4 weeks. (A) Representative M-model echocardiography and the measurement of left ventricular EF% and FS%.

The heart rate, LVPW, and LVAW at diastole and systole were shown below (n = 6). (B) Representative image of HandE staining and the HW/BW and HW/TL ratios

(right, n = 6). Scale bar 1mm. (C) Cardiac myocyte size was evaluated by TRITC-labeled WGA staining, and the cross-sectional area was quantified in the right panel

(100 cells counted per heart, n = 3). (D) ANF and BNP mRNA expressions were determined by real-time quantitative PCR (qRT-PCR) in the heart (n = 5). (E) Cardiac

fibrosis was detected by Masson’s trichrome staining, and the relative fibrotic area was quantified (n = 5, right). Scale bar 50µm. (F) The collagen I and collagen III

mRNA levels in the heart (n = 5). Data are presented as mean ± SEM, and n represents the number of animals per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs.

vehicle; #p < 0.05, ##p < 0.01 vs. DOX group.

significant changes in heart function, cardiomyocytes size, and
fibrosis between the vehicle and Rut group (Figures 3A–F).

Rut Activated AKT/Nrf-2 Pathway and
Inhibited DOX-Induced Oxidative Damage
in the Heart
PI3K/AKT/Nrf-2-mediated oxidative stress was the most
important mechanism of DOX-induced cardiotoxicity (10); thus,
in this study, we examined ROS generation, oxidant enzymes
content and AKT/Nrf-2 protein expressions in DOX-treated
hearts after Rut administration. DHE and TUNEL staining

showed that Rut attenuated DOX-induced ROS generation
and cardiomyocytes apoptosis in the heart (Figures 4A,B).
Meanwhile, paralleled experiments demonstrated that DOX
significantly reduced SOD activity and GSH content, but
increased MDA activity in the heart, and all these effects were
partially inhibited by Rut (Figures 4C–E).

To investigate the molecular mechanism of the antioxidant
effects of Rut, we examined the protein levels of p-AKT,
Nrf-2, HO-1, and GCLM in DOX-treated hearts after Rut
administration and found that DOX reduced the protein
level of p-AKT, Nrf-2, HO-1, and GCLM compared with
vehicle-treated mice (Figure 4F), but the reduction in these
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FIGURE 4 | Rutaecarpine alleviated DOX-induced oxidative stress and apoptosis. Mice were treated with DOX and then on the same day received 20 or 40 mg/kg

Rut (intragastric administration) every day for 4 weeks. (A) ROS generation in the heart was detected by DHE staining, and the quantification of fluorescence intensity

was shown right (n = 5). Scale bar 100µm. (B) Representative TUNEL staining in the heart tissues and the TUNEL-positive nuclei were quantified (n = 3, right). Scale

bar 100µm. (C–E) Relative superoxide dismutase (SOD) activity, glutathione (GSH) content, and enhancement of malondialdehyde (MDA) activity in the heart; data in

other groups were normalized to the vehicle group (n = 5). (F) Western blot analysis of p-AKT, Nrf-2, GCLM, HO-1, cleaved caspase-3, Bax, and Bcl-2 in the heart

and the relevant quantification was shown right (right, n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle; #p < 0.05, ##p < 0.01 vs. DOX group.
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FIGURE 5 | AKT inhibitor (AKTi) abolished the antioxidant and antiapoptotic effect of rutaecarpine in DOX-treated hearts. Mice were intraperitoneally injected with

AKTi (20 mg/kg) every other day for 4 weeks before DOX and Rut administration. (A) ROS generation in the heart was detected by DHE staining, and the

quantification of fluorescence intensity was shown right (n = 5). Scale bar 100µm. (B) Representative TUNEL staining in the heart tissues and the TUNEL-positive

nuclei were quantified (n = 3, right). Scale bar 50µm. (C–E) Relative SOD activity, GSH content, and MDA activity in the heart; data in other groups were normalized

to the vehicle group (n = 5). (F) Western blot analysis of p-AKT, Nrf-2, GCLM, HO-1, cleaved caspase-3, Bax, and Bcl-2 in the heart, and the relevant quantification

was shown right (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. vehicle; #p < 0.05, ##p < 0.01 vs. DOX group; &p < 0.05 vs. DOX plus Rut group.

protein expressions was reversed by Rut administration for 4
weeks (Figure 4F). In addition, the proteins involved in apoptosis
were examined. Consistent with the results of TUNEL staining
shown in Figure 4B, we found DOX enhanced the pro-apoptotic

protein cleaved caspase-3 and Bax expressions, but reduced the
antiapoptotic protein Bcl-2 expression (Figure 4F). Interestingly,
these changes were all partly inhibited by Rut, suggesting the
antiapoptotic effect of Rut (Figure 4F).
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FIGURE 6 | AKT inhibitor alleviated the cardio-protective effect of rutaecarpine on DOX-induced heart failure. Mice were intraperitoneally injected with AKTi (20 mg/kg)

every other day for 4 weeks from the first day before DOX and Rut administration. (A) Representative M-model echocardiography of the left ventricular EF% and FS%.

The heart rate, LVPW, and LVAW at diastole and systole were shown below (n = 5). (B) Representative image of HandE staining and the HW/BW and HW/TL ratios

(right, n = 5). Scale bar 1mm. (C) Cardiac myocyte size was evaluated by TRITC-labeled WGA staining, and the cross-sectional area was quantified in the right panel

(100 cells counted per heart) (n = 3, right). Scale bar 100µm. (D) ANF and BNP mRNA expressions were determined by qRT-PCR in the heart (n = 5). *p < 0.05,

**p < 0.01, ***p < 0.001 vs. vehicle; #p < 0.05, ##p < 0.01 vs. DOX group; &p < 0.05 vs. DOX plus Rut group.

AKTi Partially Reversed the Beneficial
Effect of Rut on DOX-Induced Oxidative
Stress and Apoptosis in the Heart
To further confirm that the antioxidant effects of Rut were due
to its ability to activate AKT/Nrf-2, the DOX combined with
Rut-treated mice was subjected to AKTi. We found that the
reduced ROS generation and apoptosis caused by Rut in DOX-
treated heart were partially abolished by AKTi (Figures 5A,B).
In concordance with these results, blocking AKT by its inhibitor
counteracted the antioxidant effects of Rut, as demonstrated
by the reduced SOD activity and GSH content, and increased
MDA activity in the heart compared with DOX plus Rut
group (Figures 5C–E). Accordingly, we examined the protein
expressions which regulated oxidative stress and apoptosis in the
heart and found that Rut enhanced the protein levels of p-AKT,
Nrf-2, HO-1, GCLM, and Bcl-2, but inhibited cleaved caspase-3
and Bax expression compared with DOX-treated mice. Of note,

all these changes in protein expressions were reversed after
AKTi administration (Figure 5F), suggesting that the antioxidant
and antiapoptotic effects of Rut were mediated by the AKT
signal pathway.

AKTi Partially Abolished the Protective
Effect of Rut on DOX-Induced Heart Failure
Next, the changes in cardiac function and structure were
examined. We found that DOX-treated mice after Rut
administration exhibited improved cardiac function, as reflected
by increased LVEF, LVFS, LVPW, and LVAW during systole and
also enhanced HW/BW and HW/TL ratios and myocyte size
(Figures 6A–C), and these beneficial effects of Rut were partially
inhibited by AKTi (Figures 6A–C). At the molecular level,
we found that the biomarker of heart failure (ANF and BNP
mRNA) enhanced in DOX-treated hearts was correspondingly
reduced after Rut treatment, and AKTi partially reversed these
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FIGURE 7 | The proposed protective mechanism by rutaecarpine on DOX-induced heart failure. Rutaecarpine activated AKT/Nrf-2 signaling pathway, which in turn

inhibited DOX-induced oxidative stress and apoptosis through regulating heme oxygenase-1 (HO-1) and GSH cysteine ligase modulatory subunit (GCLM) expression.

effects (Figure 6D). Hence, these in vivo data suggested that Rut
inhibited DOX-induced cardiotoxicity by activating AKT.

DISCUSSION

In this study, we identified Rut as a novel drug in treating DOX-
induced cardiotoxicity, which was supported by inhibition of
oxidative stress, myocardial apoptosis, fibrosis, and improvement
of cardiac function. Rut enhanced HO-1 and GCLM expressions
thereby leading to reduced ROS generation through activating
the AKT/Nrf-2 signaling pathway, which was responsible for
the beneficial effects of Rut on DOX-induced cardiotoxicity, and
AKTi abolished these effects. These effects were summarized in
Figure 7. These results highlighted that Rut may be a potential
therapeutic drug for DOX-induced heart failure.

Doxorubicin is an effective chemotherapeutic drug in treating
multiple cancer all over the world, but as we know, this action
also comes at a price. Numerous patients who received DOX
treatment developed heart failure, and this detrimental side
effect even occurs many years after the cessation of DOX
administration. Although there existed a cardioprotective drug
that alleviated DOX-induced cardiotoxicity such as dexrazoxane,
the curative effect was still not satisfactory. Thus, searching
for novel drugs to mitigate the cytotoxicity of DOX and
revealing the underlying mechanism is an important task.

Recent studies suggested that Rut has antitumor potential by
inhibiting proliferation and inducing apoptosis in multiple
tumor cells, including human ovarian cancer cells (22), breast
cancer cells (23), and prostate cancer cells (24). On the other
side, Rut had cardioprotective roles in several cardiovascular
diseases including hypertension (12), atherosclerosis (25),
cardiac hypertrophy (13), and ischemia-reperfusion injury
(14). However, whether Rut protected against DOX-induced
cardiotoxicity remains obscure. In this study, our in vivo data
showed that Rut inhibited DOX-induced cardiac dysfunction,
oxidative stress, myocardial apoptosis, and loss of heart weight.
These results indicated that Rut may be a potential drug to treat
cancer and meanwhile prevent DOX-induced cardiotoxicity.

AKT signaling pathway plays an important role in regulating
oxidative stress and apoptosis, and activation of AKT exerts
protective effects on DOX-induced cardiotoxicity (10). Oxidative
stress was able to trigger cardiomyocyte apoptosis and was one of
the most important mechanisms of DOX-induced cardiotoxicity
(3). Recent studies reportedDOX reduced antioxidant substances
such as GSH and SOD and induced apoptosis which was
accompanied by increased cleaved caspase-3, Bax, and decreased
Bcl-2 expression (10). GSH functions at catalyzing the reduction
of peroxides, and SOD promoted the transition of O2− to
hydrogen peroxide (26, 27). Consistent with these reports, our
results showed that the level of GSH and SOD was reduced in
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DOX-treated hearts, but the level of MDA (the end product
of lipid hydroperoxide) was increased. Additionally, the protein
which regulated apoptosis manifested similar changes uponDOX
treatment, as demonstrated by upregulation of cleaved caspase-
3 and Bax and downregulation of Bcl-2 protein expressions
in DOX-treated hearts. Importantly, Rut administration for 4
weeks dramatically alleviated all these effects. Of note, AKT/Nrf-
2/GCLM signaling pathway inactivated by DOX was reactivated
by Rut. To get deeper knowledge on the mechanism of Rut
protected against DOX-induced cardiotoxicity, AKTi was then
used to block AKT signaling pathway. Our results showed that
AKTi inhibited AKT/Nrf-2/GCLM signaling pathway activated
by Rut and further abolished the beneficial effects of Rut in
DOX-induced cardiotoxicity. These results suggested that Rut
may inhibit DOX-induced cardiotoxicity through AKT/Nrf-
2/GCLM-mediated oxidative stress and apoptosis.

However, some limitations still existed in this study. These
in vivo experiments only used mice to investigate the effects of
Rut, and more animal models of DOX-induced cardiotoxicity
and clinical experiments should be established to further confirm
the protective role of Rut. In addition, although existing
evidence indicated that Rut activated AKT signaling pathway
through calmodulin-dependent protein kinase-II or IRS-1/PI3K
in HepG2 cell or liver tissues, respectively (15, 18), whether
these mechanisms were similar in the heart needs to be studied
in future.

In summary, we discovered a novel drug that protected
against DOX-induced cardiotoxicity. The molecular mechanism
may involve the activation of the AKT/Nrf-2/GCLM signaling
pathway, which alleviates DOX-induced oxidative stress and
apoptosis to improve cardiac dysfunction. These findings
may provide a novel therapeutic option in the treatment
of DOX-induced cardiotoxicity. These findings indicated that

Rut was a cardio-protective agent in treating DOX-induced
cardiac toxicity.
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Background: We investigated whether high body weight variability (BWV) is associated

with a higher prevalence of coronary artery calcification (CAC) or more rapid progression

of CAC in patients with predialysis chronic kidney disease (CKD).

Methods: A total of 1,162 subjects from a nationwide prospective cohort of predialysis

CKD were analyzed. The subjects were divided into the tertile (T1, T2, and T3) by BWV.

CACwas assessed at the baseline and a 4-year follow-up by CT scan. Rapid progression

of coronary artery calcification was defined as an increase in coronary artery calcium

score (CACS) more than 200 Agatston units during a 4-year follow-up.

Results: One-way ANOVA revealed that CACS change during the follow-up period

is significantly higher in the subjects with high BWV, although CACS at the baseline

and 4-year follow-up was not different among the tertile groups by BWV. Logistic

regression analysis revealed that compared to low BWV (T1), both moderate (T2,

adjusted odds ratio (OR) 2.118, 95% CI 1.075–4.175) and high (T3, adjusted OR 2.602,

95% CI 1.304–5.191) BWV was associated with significantly increased risk of rapid

progression of CAC. Importantly, the association between BWV and progression of CAC

remained robust even among the subjects without significant BW gain or loss during

follow-up periods (T2, adjusted OR 2.007, 95% CI 1.011–3.984; T3, adjusted OR 2.054,

95% CI 1.003–4.207).

Conclusion: High BWV is independently associated with rapid progression of CAC in

patients with predialysis CKD.

Keywords: body weigh variability, cardiovascular disease, chronic kidney disease, coronary artery calcification,

cardiovascular event
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INTRODUCTION

Patients with chronic kidney disease (CKD) are likely to
experience body weight (BW) fluctuation. Accumulation of
excess extracellular fluid in patients with CKD is associated with
BW gain, leading to accelerated coronary artery calcification
(1), cardiovascular (CV) remodeling (2), and increase the risk
of adverse renal outcome (3), and all-cause mortality (4).
Conversely, malnutrition-inflammation, which is prevalent even
before the commencement of renal replacement therapy (5, 6),
is associated with BW loss and is ultimately associated with
increased mortality (7). Diuretic use further increases the odd
for BW fluctuation in patients with CKD (8). As all these
conditions are likely to take place concurrently, it is expected that
bodyweight variability (BWV), rather than persistent loss or gain
of BW, maybe of high clinical significance, which has not been
established especially in patients with predialysis CKD.

Body weight variability is an emerging surrogate of clinical
outcomes. BWV is associated with a higher risk of incident
diabetes mellitus (DM) (9, 10), and is also associated with adverse
CV outcomes (11) and all-cause mortality (9, 12, 13) in the
general population. The prognostic impact of BWV has been
also validated in more specific clinical contexts, which is well
illustrated in patients with DM (14–16) and coronary artery
disease (CAD) (17). Moreover, it is noticeable that the association
of high BWV with adverse CV outcomes is independent of
traditional CV risk factors (15, 17), suggesting a potential role
of BWV in the prediction of outcomes in patients with CKD.
In this regard, we recently reported that high BWV is associated
with adverse CV outcomes in patients with predialysis CKD (18).
Despite the robust association between BWV and CV outcomes
in this population, the precise mechanism of how BWV is linked
to CV events was not clearly evaluated yet.

The high prevalence and prognostic role of coronary artery
calcification (CAC) in patients with CKD have been investigated
in several studies (19). Therefore, we here hypothesized that
high BWV would be associated with a higher prevalence of
CAC or more rapid progression of CAC lesions in patients with
predialysis CKD, as CKD is an independent risk factor for the
development of CAD (20), and CAD is the leading cause of
mortality in patients with CKD (21). We analyzed the coronary
artery calcium score (CACS) at the baseline and 4-year follow-up
by the degree of visit-to-visit BWV in patients with predialysis
CKD. To examine the clinical significance of BWV that is
distinctive from longitudinal BW change, we also investigated the
association of BWV with CACS progression in patients without
significant BW gain or loss during follow-up periods.

METHODS

Study Designs and Participants
The Korean Cohort Study for Outcomes in Patients With
Chronic Kidney Disease (KNOW-CKD) is a nationwide
prospective cohort study involving nine tertiary-care general
hospitals in Korea (NCT01630486 at http://www.clinicaltrials.
gov) (22). Korean patients with CKD from stage 1 to predialysis
stage 5, who voluntarily provided informed consent were

enrolled, according to the previously described inclusion and
exclusion criteria (22). This study was conducted following the
principles of the Declaration of Helsinki, and the study protocol
was approved by the institutional review boards of participating
centers, including at the Seoul National University Hospital, the
Yonsei University Severance Hospital, the Kangbuk Samsung
Medical Center, the Seoul St. Mary’s Hospital, the Gil Hospital,
the Eulji General Hospital, the Chonnam National University
Hospital, and the Busan Paik Hospital. A total of 2,238 subjects
were longitudinally followed up (Figure 1). After excluding those
lacking either the baseline or follow-up measurement of CACS,
those lacking the baseline BW measurement, and those with
the number of BW measurements during follow-up periods less
than three times, 1,162 subjects were finally included for further
analyses. The median follow-up duration was 6.940 years.

Data Collection
Demographic data, including age, gender, smoking history,
medications (angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers (ACEi/ARBs), diuretics, number of
antihypertensive drugs, and statins), and comorbid conditions,
were collected at the time of screening. Anthropometric indices
[height, weight, and systolic and diastolic blood pressures
(SBP and DBP)] were also measured. Body mass index (BMI)
was calculated as weight/height2 (kg/m2). Laboratory data
included hemoglobin, creatinine, albumin, glucose, triglyceride,
total cholesterol, low-density lipoprotein cholesterol, high-
density lipoprotein cholesterol (HDL-C), 25-hydroxyvitamin D
(25(OH) vitamin D), and high sensitive C-reactive protein (hs-
CRP). Serum creatinine was measured by an isotope dilution
mass spectrometry–traceable method, and estimated glomerular
filtration rate was calculated by Chronic Kidney Disease
Epidemiology Collaboration equation (23). CKD stages were
determined by the Kidney Disease Improving Global Outcomes
guidelines (24). Urine albumin-to-creatinine ratio (ACR) was
measured in random, preferably first-voided, spot urine samples.

Determination of BWV
Body weight was measured at 0, 6, and 12 months and then
yearly thereafter up to 8 years. The median number of BW
measurements was seven times. Intra-individual visit-to-visit
BWV is determined by average successive variability, defined as
the average absolute difference between successive values (9, 14,
17, 25). The subjects were divided into the tertile by BWV, in
which the 1st (T1), 2nd (T2), and 3rd (T3) tertiles were defined
as low, moderate, and high BWV, respectively (Figure 1).

Estimation of the Rate of Longitudinal BW
Change During Follow-Up Periods
The rate of longitudinal BW change for each individual was
estimated using a regression model and expressed as the slope
(%/year) (26). BW change less than 2.5%/year was defined as
non-significant BW gain or loss (26) (Supplementary Table S1).

Measurement of CACS and Study Outcome
Electrocardiography-gated coronary multidetector CT scans
were checked following the standard protocol of each center
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FIGURE 1 | Flow diagram of the study participants. ASV, average successive variability; BW, body weight; CACS, coronary artery calcium score; T1, 1st tertile; T2,

2nd tertile; T3, 3rd tertile.

at the baseline and year four follow-up visit. The CACS score
was determined using the Agatston unit (AU) on a digital
radiologic workstation (27). Rapid progression of coronary artery
calcificationwas defined as an increase in coronary artery calcium
score (CACS) more than 200AU during a 4-year follow-up (28).

Statistical Analysis
Continuous variables were expressed as mean ± SD or median
[interquartile range]. Categorical variables were expressed as
the number of participants and percentage. For descriptive
analyses, the Student’s t-test or one-way ANOVA and the chi-
squared test were used for continuous and categorical variables,
respectively. A binary logistic regression model was analyzed
to address an independent association between BWV and rapid
progression of CAC, multivariate logistic regression models were
analyzed. The models were adjusted for age, gender, Charlson
comorbidity index, smoking history, BMI, SBP, DBP, medications
(ACEi/ARBs, diuretics, total number of antihypertensive drugs,
and statins), hemoglobin, albumin, HDL-C, fasting glucose, hs-
CRP, 25(OH) vitamin D levels, eGFR, spot urine ACR, and
baseline CACS. The results of binary logistic regression analysis
were presented as odds ratios (ORs) and 95% CI. Restricted cubic
splines were used to visualize the association between serum
adiponectin as a continuous variable and the OR for fatal and
nonfatal CV events or all-cause mortality. For sensitivity analysis,
first, multivariate linear regression analysis was performed to
test the linear association of BWV and CACS change during
follow-up periods. Second, those with CACS < 10AU at the
baseline were excluded for binary logistic regression analysis,
as the progression of CAC in the subjects was relatively rare
(29). Third, as we assumed that the BWV may be exaggerated
in advanced CKD, those with CKD stages 4 and 5 at the baseline

were excluded for binary logistic regression analysis. Finally, to
examine the clinical significance of BWV that is distinctive from
longitudinal BW change, those without significant BW gain or
loss during follow-up periods were excluded for binary logistic
regression analysis. The results of multivariate linear regression
analysis were presented as β coefficient and 95% CI. Two-sided P
< 0.05 were considered statistically significant. Statistical analysis
was performed using SPSS forWindows version 22.0 (IBMCorp.,
Armonk, NY, USA).

RESULTS

Baseline Characteristics
The baseline characteristics of study participants in the tertile by
BWV are described in Table 1. The mean age, the frequency of
male gender, and the burden of comorbid conditions significantly
increased as BWV increased. Accordingly, the frequency of the
subjects with a history of DM and the subjects on medication
of no less than three antihypertensive drugs increased as BWV
increased. All the other demographic data and medical history
did not differ significantly across the groups. BMI also increased
as BWV increased. SBP and DBP were not significantly different
among the groups. Serum albumin, triglyceride, and fasting
glucose levels increased as BWV increased. In contrast, HDL-C
and 25(OH) vitamin D levels decreased as BWV increased. The
other laboratory findings, such as spot urine ACR and eGFR,
were not significantly different among the tertile groups.

Association of BWV and Rapid Progression
of CAC in Patients With Predialysis CKD
To compare the CACS by BWV, a one-way ANOVA was
performed (Figure 2). CACS at the baseline (Figure 2A) was
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TABLE 1 | Baseline characteristics of study participants in the tertile by BWV.

BWV

T1 T2 T3 P-value

Follow-up duration (year) 6.466 ± 1.450 6.569 ± 1.413 6.466 ± 1.450 0.594

CACS (AU) 0.804

0 216 (55.8) 198 (51.2) 204 (52.6)

0 <, ≤ 400 178 (38.2) 157 (40.6) 155 (39.9)

400 <, ≤ 1000 14 (3.6) 22 (5.7) 20 (5.2)

1,000 < 9 (2.3) 10 (2.6) 9 (2.3)

Age (year) 54.065 ± 10.334 53.390 ± 11.171 50.353 ± 13.246 < 0.001

Male 208 (53.7) 229 (59.2) 253 (65.2) 0.005

Charlson comorbidity index 0.007

0–3 340 (87.9) 312 (80.6) 304 (78.4)

4–5 44 (11.4) 73 (18.9) 81 (20.9)

6–7 3 (0.8) 2 (0.5) 3 (0.8)

DM 72 (18.6) 107 (27.6) 121 (31.2) 0.001

CAD 2 (0.5) 9 (2.3) 10 (2.6) 0.162

Arrhythmia 8 (2.1) 3 (0.8) 4 (1.0) 0.426

Medication

ACEi/ARBs 336 (86.8) 344 (88.9) 327 (84.3) 0.167

Diuretics 91 (23.5) 91 (23.5) 108 (27.8) 0.276

Number of anti-HTN drugs ≥ 3 78 (20.2) 81 (20.9) 111 (28.6) 0.009

Statins 204 (52.7) 192 (49.6) 186 (47.9) 0.403

BMI (kg/m2 ) 23.788 ± 2.2924 24.363 ± 3.058 25.616 ± 3.746 < 0.001

SBP (mmHg) 125.295 ± 14.014 125.645 ± 14.326 126.894 ± 15.551 0.279

DBP (mmHg) 77.220 ± 9.984 76.259 ± 10.358 77.090 ± 10.766 0.377

Laboratory findings

Hemoglobin (g/dl) 13.261 ± 1.664 13.414 ± 1.887 13.408 ± 1.946 0.429

Albumin (g/dl) 4.226 ± 0.333 4.273 ± 0.335 4.296 ± 0.363 0.016

Total cholesterol (mg/dl) 174.434 ± 35.000 174.179 ± 36.672 175.917 ± 35.720 0.768

HDL-C (mg/dl) 52.278 ± 15.914 51.237 ± 15.047 48.970 ± 14.017 0.008

LDL-C (mg/dl) 95.937 ± 29.055 96.560 ± 30.792 98.829 ± 30.224 0.375

TG (mg/dl) 142.621 ± 91.443 151.832 ± 91.224 162.992 ± 101.510 0.013

Fasting glucose (mg/dl) 102.632 ± 25.048 109.135 ± 33.699 108.190 ± 31.623 0.006

25(OH) vitamin D 18.835 ± 7.286 18.854 ± 7.712 17.180 ± 6.765 0.001

hsCRP (mg/dl) 0.600 [0.200, 1.400] 0.510 [0.200, 1.400] 0.700 [0.200, 1.900] 0.809

Spot urine ACR (mg/gCr) 245.079 [42.450, 616.708] 217.470 [34.877, 597.054] 241.744 [56.312, 625.118] 0.623

eGFR (ml/min./1.73 m2 ) 57.441 ± 27.405 59.227 ± 28.337 61.375 ± 30.714 0.165

CKD stages 0.167

Stage 1 72 (18.6) 79 (20.4) 100 (25.8)

Stage 2 96 (24.8) 101 (26.1) 97 (25.0)

Stage 3a 84 (21.7) 78 (20.2) 63 (16.2)

Stage 3b 91 (23.5) 88 (22.7) 79 (20.4)

Stage 4 41 (10.6) 41 (10.6) 44 (11.3)

Stage 5 3 (0.8) 0 (0.0) 5 (1.3)

Values for categorical variables are given as number (percentage); values for continuous variables, as mean ± SD or median (interquartile range).

ACEi, angiotensin-converting enzyme inhibitor; ACR, albumin-to-creatinine ratio; ARB, angiotensin receptor blocker; AU, Agatston unit; BMI, body mass index; BWV, body weight

variability; CACS, coronary artery calcium score; CAD, coronary artery disease; CKD, chronic kidney disease; Cr, creatinine; DBP, diastolic blood pressure; DM, diabetes mellitus;

eGFR, estimated glomerular filtration rate; HDL-C, high density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; HTN, hypertension; LDL-C, low-density lipoprotein

cholesterol; SBP, systolic blood pressure; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile; TG, triglyceride; 25(OH) vitamin D, 25-hydroxyvitamin D.

not significantly different among the groups. Although CACS
at 4-year follow-up (Figure 2B) was not significantly different
among the groups either, CACS at 4-year follow-up gradually

increased as BWV increased. Importantly, the change of CACS
during the 4-year follow-up period in subjects with high BWV
(T2) was significantly larger than that in subjects with low

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 January 2022 | Volume 8 | Article 794957107

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Suh et al. BW Variability and CAC Progression in CKD

FIGURE 2 | Comparison of the CACS at the baseline and at 4-year follow-up and the CACS change during 4-year follow-up period by BWV. CACS at the baseline (A)

and at 4-year follow-up (B) and the CACS change during the 4-year follow-up period (C) were compared by BWV. *P < 0.05 vs. T1 by one-way ANOVA with Scheffe’s

post-hoc test. Error bars indicate SE of means. AU, Agatston unit; BWV, body weight variability; CACS, coronary artery calcium score; T1, 1st tertile; T2, 2nd tertile;

T3, 3rd tertile.

TABLE 2 | Binary logistic regression of BWV for rapid progression of CAC.

Unadjusted Adjusted

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

BWV, T1 Reference Reference

BWV, T2 2.021 (1.194, 3.422) 0.009 2.118 (1.075, 4.175) 0.030

BWV, T3 2.121 (1.259, 3.572) 0.005 2.602 (1.304, 5.191) 0.007

Models were adjusted for age, gender, Charlson comorbidity index, smoking history, BMI,

SBP, DBP, medication (ACEi/ARBs, diuretics, number of antihypertensive drugs, statins),

hemoglobin, albumin, HDL-C, fasting serum glucose, 25(OH) vitamin D, hs-CRP, eGFR,

spot urine ACR, and baseline CACS.

BWV, body weight variability; OR, odds ratio; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile.

BWV (T1) (Figure 2C). The proportion of the subjects with
rapid progression of CAC during the 4-year follow-up period
also increased as BWV increased (Supplementary Figure S1).
To determine the independent association of BWV with the
rapid progression of CAC, a binary logistic regression model
was analyzed (Table 2). Compared to low BWV (T1), both
moderate (T2, adjusted OR 2.118, 95% CI 1.075–4.175) and
high (T3, adjusted OR 2.602, 95% CI 1.304–5.191) BWV was
associated with a significantly increased risk of rapid progression
of CAC. Restricted cubic spine depicted that adjusted (Figure 2B)
OR for rapid progression of CAC is positively correlated
with BWV (Figure 3).

Sensitivity Analysis
To test the linear association of BWV and CACS change
during follow-up periods, multivariate linear regression models
were analyzed (Supplementary Table S2). The analysis of all
subjects revealed that BWV is linearly associated with CACS
change during the 4-year follow-up period (adjusted β coefficient
12.098, 95% CI 1.807–22.389). Next, as the progression of CAC
is dependent on the baseline CAC status, the subjects with
CACS < 10AU at the baseline (n = 764) were excluded for
binary logistic regression analysis (Supplementary Table S3).

Despite the substantial reduction of the number of subjects
being analyzed, the analysis revealed a robust association
between BWV and rapid progression of CAC (T2, adjusted
OR 2.331, 95% CI 1.151–4.718; T3, adjusted OR 2.380, 95%
CI 1.148–4.932). In addition, based on the assumption that
BWV may be exaggerated in advanced CKD, those with CKD
stages 4 and 5 at the baseline (n = 134) were excluded for
binary logistic regression analysis (Supplementary Table S4).
The analysis demonstrated a significant association between
BWV and the rapid progression of CAC among the subjects
with eGFR ≥ 30 ml/min/1.73 m2 (T2, adjusted OR 2.291,
95% CI 1.078–4.867; T3, adjusted OR 3.328, 95% CI 1.529–
7.242). Finally, to prove the clinical significance of BWV that
is distinctive from longitudinal BW change, those without
significant BW gain or loss during follow-up periods (n
= 69) were excluded for binary logistic regression analysis
(Table 3). The analysis reproduced a robust association between
BWV and rapid progression of CAC among the subjects
without significant BW gain or loss during follow-up periods
(T2, adjusted OR 2.007, 95% CI 1.011–3.984; T3, adjusted
OR 2.054, 95% CI 1.003–4.207).

Subgroup Analysis
To figure out whether the association of BWV with the
rapid progression of CAC is modified in various clinical
contexts, we conducted subgroup analyses. The subgroups
were stratified by age (< 60 or ≥ 60 years), gender (male
or female), Charlson comorbidity index (≤ 3 or ≥ 4),
history of DM (without or with), eGFR (≥ 60 or < 60
ml/min/1.73 m2), spot urine ACR (< 300 or ≥ 300 mg/g).
Binary logistic analyses revealed that P for interactions was
> 0.05 for all subgroups (Table 4). Linear regression analysis
revealed the association is marginally more significant in those
with Charlson comorbidity index ≥ 4 than in those with
Charlson comorbidity index ≤ 3 (P for interaction = 0.04)
(Supplementary Table S2). Age, gender, history of DM, eGFR,
and albuminuria did not alter the association between BWV and
rapid progression of CAC.
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FIGURE 3 | The restricted cubic spline of BWV on the risk of rapid progression of CAC. Adjusted OR of BWV as a continuous variable for the risk of rapid progression

of CAC is depicted. The model was adjusted for age, gender, Charlson comorbidity index, smoking history, BMI, SBP, DBP, medication (ACEi/ARBs, diuretics, number

of antihypertensive drugs, statins), hemoglobin, albumin, HDL-C, fasting serum glucose, 25(OH) vitamin D, hs-CRP, eGFR, spot urine ACR, and baseline CACS. BWV,

body weight variability; OR, odds ratio.

TABLE 3 | Binary logistic regression of BWV for rapid progression of CAC in

subjects with BW maintenance during follow-up periods.

Unadjusted Adjusted

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

BWV, T1 Reference Reference

BWV, T2 1.925 (1.130, 3.280) 0.016 2.007 (1.011, 3.984) 0.046

BWV, T3 1.910 (1.110, 3.287) 0.019 2.054 (1.003, 4.207) 0.049

Models were adjusted for age, gender, Charlson comorbidity index, smoking history, BMI,

SBP, DBP, medication (ACEi/ARBs, diuretics, number of antihypertensive drugs, statins),

hemoglobin, albumin, HDL-C, fasting serum glucose, 25(OH) vitamin D, hs-CRP, eGFR,

spot urine ACR, and baseline CACS.

BWV, body weight variability; OR, odds ratio; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile.

DISCUSSION

In this study, we discovered that high BWV is independently
associated with the rapid progression of CAC in patients with
predialysis CKD. Importantly, the association between BWV and
progression of CAC remains robust even among the subjects
without significant BW gain or loss during follow-up periods.

Following a recent report that high BWV is associated with
adverse CV outcomes in patients with predialysis CKD (18),
we here suggest a rationale for the previous finding. Although
BWV is associated with CV outcomes in patients with CAD
(17), any direct evidence for the association between BWV and
progression of CAC in patients with predialysis CKD has not
been presented yet. On the other hand, compared to the patients
with end-stage renal disease (ESRD), especially those under
maintenance hemodialysis, the degree of BWV should be modest
in patients with predialysis CKD. Intriguingly, the progression of
CAC in patients with ESRD is altered by the modality of renal
replacement therapy (30). A recent observational study reported
that peritoneal dialysis is not associated with CAC or is associated
with less CAC progression than hemodialysis (30). Provided
that BWV is inevitable in most patients on hemodialysis,

rather than in patients on peritoneal dialysis, primarily due to
the discontinuous nature of hemodialysis leading to saw-tooth
volume fluctuations (31), it is speculated that BWV may also
be representative of ongoing CAC progression in patients with
ESRD. Collectively, our finding expands the clinical significance
of BWV as an indicator of underlying CAD in patients with
predialysis CKD, which is in line with the findings both from the
subjects without CKD and from the subjects with ESRD.

We are not able to present a precise mechanism of the
association of BWV with the progression of CAC even in
patients without significant longitudinal BW changes. One
possible explanation is that BWV might be a mixed phenotype
of the processes that facilitate BW gain and BW loss. As
the accumulation of extracellular fluid and malnutrition-
inflammation are not mutually exclusive, both of which is
associated with CAC progression (1, 5, 6), a longitudinal trend of
BW change may be masked if those processes concurrently take
place. Therefore, a potential strength of BWV over longitudinal
BW change may be a sensitive detection of vulnerable subjects
who are at high risk of CAC progression, although the precise
mechanism of the association of BWV with the progression of
CAC should be further elucidated.

LIMITATIONS

There are a number of limitations to this study. First, we were
not able to determine the causal relationship between high BWV
and progression of CAC, because of the observational nature of
the current study. In addition, BWV was calculated from the
data up to 8 years, while CACS was collected at the baseline
and 4-year follow-up. Due to the limitation of the study design,
it is also possible that CAC progression might promote BW
fluctuation. A more focused study should evaluate the causal
relation between BWV and the progression of CAC. Second,
despite the clear association of high BWVwith the progression of
CAC, the precise mechanism should be further clarified. Third,
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TABLE 4 | Binary logistic regression of BWV for rapid progression of CAC in various subgroups.

Unadjusted OR (95%CIs) P for interaction Adjusted OR (95%CIs) P for interaction

Age < 60 years BWV, T1 Reference 0.172 Reference 0.176

BWV, T2 1.461 (0.663, 3.220) 1.224 (0.330, 4.533)

BWV, T3 1.400 (0.642, 3.053) 1.445 (0.347, 6.007)

Age ≥ 60 years BWV, T1 Reference Reference

BWV, T2 2.676 (1.283, 5.578) 3.167 (1.237, 8.104)

BWV, T3 3.696 (1.767, 7.730) 4.462 (1.729, 11.517)

Male BWV, T1 Reference 0.435 Reference 0.719

BWV, T2 1.674 (0.918, 3.055) 2.193 (0.996, 4.830)

BWV, T3 1.590 (0.880, 2.871) 2.395 (1.068, 5.371)

Female BWV, T1 Reference Reference

BWV, T2 3.184 (0.991, 10.235) 2.428 (0.293, 20.118)

BWV, T3 3.748 (1.163, 12.073) 10.033 (1.088, 92.508)

Charlson comorbidity index ≤ 3 BWV, T1 Reference 0.858 Reference 0.582

BWV, T2 0.812 (0.297, 2.221) 1.091 (0.223, 5.343)

BWV, T3 0.767 (0.281, 2.097) 1.906 (0.396, 9.163)

Charlson comorbidity index ≥ 4 BWV, T1 Reference Reference

BWV, T2 2.741 (1.400, 5.370) 2.690 (1.181, 6.129)

BWV, T3 3.180 (1.629, 6.209) 3.216 (1.384, 7.476)

DM (-) BWV, T1 Reference 0.877 Reference 0.459

BWV, T2 1.316 (0.579, 2.995) 1.709 (0.527, 5.538)

BWV, T3 1.345 (0.591, 3.060) 1.786 (0.521, 6.128)

DM (+) BWV, T1 Reference Reference

BWV, T2 1.990 (0.933, 4.246) 2.235 (0.868, 5.756)

BWV, T3 1.894 (0.898, 3.994) 2.398 (0.928, 6.194)

eGFR ≥ 45 ml/min./1.73 m2 BWV, T1 Reference 0.743 Reference 0.970

BWV, T2 1.742 (0.836, 3.631) 1.730 (0.687, 4.359)

BWV, T3 2.106 (1.036, 4.284) 2.513 (0.985, 6.411)

eGFR < 45 ml/min./1.73 m2 BWV, T1 Reference Reference

BWV, T2 2.440 (1.134, 5.251) 3.071 (1.022, 9.225)

BWV, T3 2.237 (1.029, 4.859) 2.769 (0.895, 8.568)

Spot urine ACR < 300 mg/g BWV, T1 Reference 0.081 Reference 0.151

BWV, T2 1.011 (0.469, 2.180) 1.245 (0.461, 3.365)

BWV, T3 1.604 (0.791, 3.254) 2.461 (0.911, 6.652)

Spot urine ACR ≥ 300 mg/g BWV, T1 Reference Reference

BWV, T2 3.672 (1.679, 8.031) 2.633 (0.928, 7.470)

BWV, T3 2.846 (1.289, 6.282) 2.606 (0.895, 7.589)

Models were adjusted for age, gender, Charlson comorbidity index, smoking history, BMI, SBP, DBP, medication (ACEi/ARBs, diuretics, number of antihypertensive drugs, statins),

hemoglobin, albumin, HDL-C, fasting serum glucose, 25(OH) vitamin D, hs-CRP, eGFR, spot urine ACR, and baseline CACS.

ACR, albumin-to-creatinine ratio; BMI, body mass index; DM, diabetes mellitus; eGFR, estimated glomerular filtration rate, OR, odd ratio; T1, 1st tertile; T2, 2nd tertile; T3, 3rd tertile.

although accumulation and removal of excess fluid have been
suggested as a mechanism to explain BWV in the current study,
the other cause, such as diet and physical activity, should also be
considered, as BW was measured as long as every 12 months.
Fourth, as this cohort study enrolled only ethnic Koreans, a
precaution is required to extrapolate the data in this study to
other populations.

CONCLUSION

In conclusion, we report that high BWV is
independently associated with the rapid progression

of CAC in patients with predialysis CKD. Our results
suggest that the association between BWV and
progression of CAC remains robust even among the
subjects without significant BW gain or loss during
follow-up periods.
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Background: Mortality after out-of-hospital cardiac arrest (OHCA) with return of

spontaneous circulation (ROSC) remains high despite numerous efforts to improve

outcome. For patients with suspected coronary cause of arrest, coronary angiography

is crucial. However, there are other causes and potentially life-threatening injuries related

to cardiopulmonary resuscitation (CPR), which can be detected by routine computed

tomography (CT).

Materials and Methods: At Hannover Medical School, rapid coronary angiography

and CT are performed in successfully resuscitated OHCA patients as a standard of care

prior to admission to intensive care. We analyzed all patients who received CT following

OHCA with ROSC over a three-year period.

Results: There were 225 consecutive patients with return of spontaneous circulation

following out-of-hospital cardiac arrest. Mean age was 64 ± 13 years, 75% were male.

Of them, 174 (77%) had witnessed arrest, 145 (64%) received bystander CPR, and 123

(55%) had a primary shockable rhythm. Mean time to ROSC was 24 ± 20min. There

were no significant differences in CT pathologies in patients with or without ST-segment

elevations in the initial ECG. Critical CT findings qualifying as a potential cause for cardiac

arrest were intracranial bleeding (N = 6), aortic dissection (N = 5), pulmonary embolism

(N = 17), pericardial tamponade (N = 3), and tension pneumothorax (N = 11). Other

pathologies were regarded as consequences of CPR and relevant for further treatment:

aspiration (N = 62), rib fractures (N = 161), sternal fractures (N = 50), spinal fractures

(N = 11), hepatic bleeding (N = 12), and intra-abdominal air (N = 3).

Conclusion: Early CT fallowing OHCA uncovers a high number of causes and

consequences of OHCA and CPR. Those are relevant for post-arrest care and are

frequently life-threatening, suggesting that CT can contribute to improving prognosis

following OHCA.

Keywords: intensive care, computed tomography, out-of-hospital cardiac arrest, resuscitation, post-resuscitation

treatment, return of spontaneous circulation
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INTRODUCTION

Out-of-hospital cardiac arrest (OHCA) remains a striking
challenge for emergency and intensive care medicine, and
constitutes one of the main causes of in-hospital mortality
worldwide (1). More than 50% of OHCA cases are caused by
coronary ischemia (1–4). In Europe, mortality rates after OHCA
are highly variable between countries (5, 6). Overall mortality and
neurologic outcome are determined by the cause of arrest and
its management. Awareness for basic life support in the general
population is extremely heterogeneous despite broad education
programs and telephone-guided resuscitation instructions (5).
While algorithms and standards of care for immediate life
support are constantly progressing, in-hospital post-resuscitation
care is still less standardized (7). Coronary angiography and
percutaneous intervention have emerged as a central part of early
in-hospital care following OHCA due to the high prevalence of
myocardial infarction as cause of arrest (3, 4, 7). Urgent coronary
angiography is recommended by the European Resuscitation
Council (ERC) and European Society of Cardiology guidelines
in case of return of spontaneous circulation (ROSC) with ST-
elevation and in resuscitated patients without ST-elevation, if
myocardial infarction is assumed (8, 9).

In addition to invasive assessments, an increasing number of
cardiac arrest centers employ whole body computed tomography
(CT) into their standard of care (10–12). However, these
advanced diagnostics are not yet fully implemented as immediate
post-resuscitation care by current guidelines (7, 13). The 2021
ERC guidelines recommend CT only in case of suspected non-
cardiac cause of arrest or when no coronary cause of arrest could
be identified during coronary angiography (7).

The Hannover Cardiac Resuscitation Algorithm (HaCRA)
includes routine coronary angiography and CT immediately
after hospital admission for OHCA as a standard of clinical
care (14). Here, we report whether CT scans as a standard
diagnostic procedure provided important additional information
and improved diagnostic accuracy.

MATERIALS AND METHODS

Study Design
The HAnnover COoling REgistry -HACORE- is a prospective
observational registry approved by the ethics committee at
Hannover Medical School (#3567-2017) and is in accordance
with the Declaration of Helsinki. HACORE includes all
OHCA patients treated with therapeutic hypothermia at our
institution (14).

Abbreviations: ACLS, Advanced cardiac life support; BLS, Basic life support;

CPR, Cardiopulmonary resuscitation; CT, Computer tomography; ECG,

Electrocardiogram; eCPR, extracorporeal cardiopulmonary resuscitation;

HaCRA, Hannover Cardiac Resuscitation Algorithm; HACORE, Hannover

Cooling Registry; ICU, Intensive care unit; LBBB, Left bundle branch block;

MCS, Mechanic cardiac support; OHCA, Out- of- hospital cardiac arrest; PCI,

Percutaneous coronary intervention; ROSC, Return of spontaneous circulation;

STEMI, ST-elevation myocardial infraction.

Patient Population
From HACORE we identified all patients admitted to our center
receiving immediate (<2 h after admission) CT as part of the
HaCRA standard during a continuous three-year period prior to
the COVID-19 pandemic (14).

Patients included were aged >18 years, had non-traumatic
OHCA with successful ROSC either prior to admission or in the
emergency room, 12-lead ECG following ROSC, and successful
application of the HaCRA algorithm (Figure 1). Patients with
refractory hemodynamic instability after OHCA were provided
with eCPR at admission. Patients requiring early eCPR are
associated with a relatively worse outcome due to their initial
instability (15). In order to avoid bias by this particular collective,
they were excluded from the present study. An ECG after ROSC
suggestive for a coronary cause of arrest was defined by the
presence of either ST-segment elevation/ depression or a new
onset bundle branch block according to current guidelines (7).
Written consent was obtained retrospectively by next of kin or, if
not present, by legally authorized officials.

The Hannover Cardiac Resuscitation
Algorithm
All patients were treated according to a local
diagnostic and interventional standard procedure (14)
(Supplementary Figure 1). In brief, the algorithm includes
a multidisciplinary work-up of OHCA patients starting
in the emergency room with immediate endotracheal
airway management if not achieved before, continuation of
mechanical CPR by an automated compression device in case
of ongoing CPR, and early determination of cardiac function
by transthoracic echocardiography in patients with ROSC.
All patients without suspicion of obvious non-cardiac causes
of arrest such as intracranial bleeding or massive pulmonary
embolism were transferred to the catheterization laboratory.
Diagnostic coronary angiography is performed irrespective of
the presence or absence of ST-segment elevations in a 12-lead-
ECG followed by revascularization of angiographically relevant
coronary stenosis. In case of cardiogenic shock, complete
revascularization was attempted at that time (16, 17) along
with mechanical circulatory support prior to PCI (16, 18, 19).
CT was performed after coronary angiography in case of a
presumably cardiac cause of arrest or upfront in patients with
a suspected non-cardiac cause of arrest (Figure 1). Thereafter,
patients were transferred to the cardiac intensive care unit where
therapeutic hypothermia was performed using intravascular
cooling catheters (Coolguard Quattro R©, ZOLL Medical, San
Jose, CA, USA) for at least 24 h depending on the duration of
ROSC or presence of anoxic cause of arrest. An active cooling
device had been chosen to select and maintain a constant
target temperature of 32◦C during hypothermia followed
by controlled rewarming (0.25◦C per h) and maintained
normothermia for at least another 72 h (14, 20). Transfer
of the patient between catheterization laboratory, CT, and
intensive care unit was supervised at all times by a team
consisting of an anesthesiologist, intensive care physician, and
an anesthetic nurse.
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FIGURE 1 | Intrahospital patient flow and human resource allocation for patients with ROSC after OHCA depending on a suspected primary coronary or non-coronary

cause of arrest; CT – computed tomography; ER, emergency room; ICU, intensive care unit.

CT Protocol
All CT-scans were conducted on a dual source dual energy CT
(SomatomForce, SiemensMedical Systems, Erlangen, Germany).
The CT protocol always included a native cranial CT, a native

chest CT, and an arterial phase i.v. contrast enhanced chest

CT with coverage of the abdomen and pelvis. For the native

head CT the scan parameters were: 120 kV, 330 mAs, CareDose,

rotation time 1 s, collimation 64 x 0.6mm, 1mm reconstructed

slice thickness, pitch 0.8. For the chest, abdomen and pelvis CT

the scan parameters were: 120 kV, 140 mAs, CareDose, rotation
time 0.28 s, collimation 192 x 0.6mm, 1mm reconstructed
slice thickness, pitch 2.5. For arterial phase imaging 80–100mL
of non-ionic contrast agent were injected intravenously at 5
mL/s. Bolus tracking was performed at the ascending aorta
using a 250 HU trigger setting. Routinely, coronal and sagittal
reconstructions were performed. A board-certified radiologist
analyzed the images directly after the CT scans were performed
and reported clinically relevant findings to the cardiologist in the
cardiac arrest center responsible for the patient. Findings were
classified as potentially life threatening in case of intracranial or
intra-abdominal bleeding, free intra-abdominal air, ileus, type
A aortic dissection, pericardial tamponade, central or bilateral
occlusive pulmonary embolism, tension pneumothorax or
pneumothorax with severely aggravated ventilation parameters
with rapid improvement after chest tube insertion.

Statistics
Quantitative data are presented as mean ± standard error
of mean (SEM), median and interquartile range (IQR), and
ranges depending on distribution. Data were compared using
the Student’s t-test for normally distributed data or the Mann-
Whitney U test for nonparametric data. Deviations from a
Gaussian distribution were tested by the Kolmogorov-Smirnov
test. Spearman’s rank correlation for nonparametric data was
used to test univariate correlations. Qualitative data are presented
as absolute and relative frequencies and compared using
the chi-square test or the Fisher’s exact test, as appropriate.
Data were analyzed using SPSS version 26.0 for Windows
(SPSS Inc. Chicago, IL, USA). A P < 0.05 was considered
statistically significant.

RESULTS

Baseline Characteristics
During the reported three-year period, 225 consecutive patients
with non-traumatic OHCA and ROSC were treated per protocol
and analyzed. Mean age was 64 ± 13 years and 170 (75%)
patients were male. Initial rhythm after CPR was shockable
in 55% (ventricular tachycardia or ventricular fibrillation,
N = 123). Most patients (77%) had witnessed cardiac arrest
and received immediate bystander CPR (64%). The average
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TABLE 1 | Demographics and baseline characteristics of patients.

Characteristics Overall

N= 225 (100)

Pathologic ECGs*

N = 120 (53)

Normal ECGs**

N = 105 (47)

P

Male sex 170 (75) 95 (79) 75 (71) 0.178

Age (years) 64 ± 13 65 ± 13 64 ± 14 0.372

Body mass index (kg/m2 ) 27 ± 7 27 ± 6 28 ± 8 0.253

Circumstance on admission

Bystander CPR 145 (64) 77 (64) 68 (65) 0.926

Initial rhythm

Asystole 76 (34) 30 (25) 46 (44) 0.003

Pulseless electric activity 17 (8) 9 (<1) 8 (<1) 1.000

Ventricular tachycardia/

fibrillation

123 (55) 77 (64) 46 (44) 0.002

Other 9 (4) 4 (<1) 5 (<1) 0.737

ROSC (min) 24 ±20 24 ±19 24 ±22 0.984

Ongoing resuscitation on

admission

23 (10) 8 (<1) 15 (14) 0.060

Clinical chemistry on admission

Potassium (mmol/l) 4,4 ± 1,02 4,23 ± 1,21 4,54 ± 2,21 0.841

Creatininkinase (U/l) 290 ± 191 312 ± 150 151 ± 201 0.041

Lactate (mmol/l) 8,34 ± 3,51 8,12 ± 3,12 8,71 ± 3,11 0.974

Hs-Troponin (ng/l) 690 ± 603 720 ± 513 466 ± 422 0.052

pH 7,17 ± 0,48 7,16 ± 0,43 7,17 ± 0,51 1.000

Pre-existing illness/Risk factors

Smoking 70 (31) 40 (33) 30 (29) 0.441

Arterial hypertension 125 (55) 71 (59) 54 (51) 0.244

Hyperlipidemia 67 (30) 41 (34) 26 (25) 0.124

Positive family history for

CAD

15 (7) 7 (<1) 8 (<1) 0.605

Diabetes 50 (22) 27 (23) 23 (22) 0.915

Preexisting CAD 47 (21) 26 (22) 21 (20) 0.759

Preexisting PAD 16 (7) 6 (<1) 10 (10) 0.205

Atrial fibrillation 49 (22) 26 (22) 23 (22) 0.966

Previous cerebral event

(Stroke/TIA)

32 (14) 15 (13) 17 (17) 0.429

Chronic kidney disease 32 (14) 18 (15) 14 (13) 0.721

Circumstance in ICU

Hemodialysis 67 (30) 28 (23) 39(37) 0.754

MCS 14 (6) 9 (8) 5 (5) 0.207

Mortality (30d) 113 (50) 55 (45) 58 (55) 0.913

Data are shown as mean ± standard deviation, otherwise (%) percentage of all patients with available data.

*Defined as new onset left bundle branch block, ST-elevation/-depression on admission.

**Defined as ECG without signs suggestive for acute/chronic ischemia.

CAD, coronary artery disease; CPR, cardio-pulmonary resuscitation; ECG, electrocardiogram; MCS, mechanic cardiac support; PAD, peripheral artery disease; ROSC, return of

spontaneous circulation; TIA, transient ischemic attack.

time for reaching stable ROSC was 24 ± 20min. ECGs after
ROSC were suggestive for myocardial ischemia in 53%, and
baseline characteristics of those patients were not significantly
different compared to patients with non-suggestive ECGs, except
for initial rhythm. A shockable rhythm was more frequent
in the ischemia-suggestive ECG group (64 vs. 44%, P =

0.002), whereas the non-suggestive ECG group had higher
numbers of asystole as initial rhythm (44 vs. 25%, P = 0.003)
(Table 1).

Computed Tomography
All 225 patients received a CT of the head, chest, and
abdomen/pelvis. In 120 patients (53%), CT scans were performed
after coronary angiography and upfront in the remaining
105 patients. Table 2 shows the results of cranial CT, of
abdominal/pelvic CT, and those of chest CT. In the cranial CT
screening a total of 17 pathological findings were described in
12 patients without ECG signs suggestive of myocardial ischemia
and in five patients with ischemia-suggestive ECG patterns. The
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TABLE 2 | Pathological findings on Computed tomography.

Findings Overall

N = 225

Pathologic ECGs*

N = 120

Normal ECGs**

N = 105

P

Cranial Computed tomography

Intracranial bleeding 1 (<1) 0 (0) 1 (1) 0.467

Subarachnoid bleeding 4 (2) 2 (2) 2 (2) 1.000

Subdural bleeding 1 (<1) 1 (1) 0 (0) 1.000

Subgaleal bleeding 8 (4) 2 (2) 6 (6) 0.150

Skull fracture 3 (1) 0 (0) 3 (3) 0.100

Abdominal Computed tomography

Liver bleeding 12 (5) 8 (7) 4 (4) 0.388

Liver cirrhosis 8 (4) 6 (5) 2 (2) 0.289

Intra-abdominal air 3 (1) 2 (2) 1 (1) 0.600

Mesenteric stenosis 13 (6) 10 (8) 3 (3) 0.092

Ileus 3 (1) 0 (0) 3 (3) 0.100

Invagination 2 (<1) 2 (2) 0 (0) 0.500

Chest Computed tomography

Aortic aneurysm

Ascending Aorta 14 (6) 8 (7) 6 (6) 0.791

Abdominal Aorta 7 (3) 5 (4) 2 (2) 0.453

Aortic dissection

Type A 2 (<1) 2 (2) 0 (0) 0.500

Type B 3 (1) 2 (2) 1 (1) 1.000

Pericardial tamponade 3 (1) 2 (2) 1 (1) 1.000

Aspiration 62 (28) 34 (28) 28 (27) 0.780

Pulmonary embolisma 17 (8) 7 (6) 10 (10) 0.322

Pulmonary edema 20 (9) 11 (9) 9 (9) 0.876

Pneumothoraxb 11 (5) 2 (2) 9 (9) 0.026

Lung mass 12 (5) 5 (4) 7 (7) 0.554

Pleural effusion 65 (29) 33 (28) 32 (30) 0.623

Rip fracture 161 (72) 88 (73) 73 (69) 0.492

Sternal fracture 50 (22) 26 (22) 24 (23) 0.830

Spinal fracture 11 (5) 4 (3) 7 (7) 0.355

Data are shown as (%) percentage of all patients with available data.

*Defined as new onset left bundle branch block, ST-elevation/-depression on admission.

**Defined as ECG without signs suggestive for acute/chronic ischemia.
aCentral or bilateral occluding embolism.
bTension pneumothorax or aggravated ventilation parameters (↑pressure, ↓ tidal volume) with rapid improvement after chest tube insertion.

further subdivision to intracerebral, subarachnoidal, subdural,
or subgaleal bleeding showed no significant difference between
the two ECG groups (Table 2). Abdominal CT revealed a total
of 41 positive results within 28 cases with concomitant ECG
signs suggestive of myocardial ischemia; only 13 cases had a
non-pathological ECG, without significant differences between
groups (Table 2). The highest number of pathological findings
were made in chest CTs (Table 2). Overall, 438 pathologies were
described with a nearly equal distribution between patients with
ECGs being either suggestive or non-suggestive for coronary
ischemia (N = 229 vs. 209).

Initially moderate pericardial effusions seen on
echocardiography in the emergency room showed hemodynamic
progression into pericardial tamponade in three cases as
detected by CT-scan, of whom two had an ischemia-suggestive
ECG. Furthermore, 17 patients suffered from central or

bilateral occluding pulmonary embolism, 11 patients had
pneumothoraxes, mostly represented in the patient group with
ECGs non-suggestive for ischemia (N = 9). All of these patients
showed aggravated ventilation parameters such as increased
ventilatory pressures and decreased tidal volumes. One presented
with a mediastinal shift and signs of tension pneumothorax that
required immediate treatment. Bone fractures were located in
mainly three areas: Sternal (N = 50), rib (N = 161), and spinal
fractures (N = 11). Similarly, there was an equal distribution
of fractures between groups with and without an ischemic
ECG. Of all CT findings, 60 cases (27% of the total population)
provided clinically relevant results, 28 (12%) in patients with
ischemia-suggestive and 32 (14%) in patients with normal
ECGs. Likely due to early CT diagnostics and the resulting
initiation of chest drain insertions in case of pneumothorax or
surgical treatment in case of aortic dissection, mortality was
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FIGURE 2 | In-hospital mortality (%) in patients with no or non-critical (dark

blue) compared to critical CT-findings (light blue) including separate evaluation

of critical findings with respect to the imaging area.

not increased compared to the remaining OHCA population.
Overall, 113 patients (50%) died during the hospital stay. Of
the 60 patients with critical CT-findings, 29 (48%) died, while
84 of the remaining 165 patients without critical pathologies
in CT died (51%) (Figure 2). Therefore, rapid identification of
potentially lethal comorbidities and subsequent causal treatment
likely prevented increased mortality in this highly vulnerable
subgroup [mortality 48 vs. 51%, P = 0.7646; relative risk 0.95
(95%-CI 0.70–1.28)].

Since prolonged time to ROSC may lead to more side
effects and increased mortality, we examined whether time to
ROSC was correlated with either mortality or pathological CT
findings. Time to ROSC was shorter in survivors than in non-
survivors (20.1 ± 1.3min vs. 28.2 ± 2.3min; p = 0.003).
For most pathological CT findings there were no significant
differences in time to ROSC except for patients with type A aortic
dissection (65.1 ± 40.9min vs. 23.2 ± 1.3min; p = 0.004) or
pericardial effusion (17.1± 3.4min vs. 24.3±1.3min; p= 0.037).
We observed higher survival in patients with initial shockable
rhythms compared to patients with non-shockable rhythms
(65 vs 31%; p < 0.001). However, there was no significant
difference in pathological CT findings with respect to the form
of initial rhythm.

DISCUSSION

In this study on 225 patients with successful resuscitation after
OHCA, CT on admission uncovered a substantial number of
pathological and potentially life-threatening CT findings. Those
were similarly distributed between patients with and those
without ischemia-suggestive ECG patterns indicating a probable
coronary cause of arrest. Rapid identification of potentially
life-threatening conditions with subsequent intervention likely
contributed to a comparable mortality compared to patients
without such findings.

Results from Coronary Angiography after Cardiac Arrest
without ST-Segment Elevation (COACT) and Angiography after
Out-of-Hospital Cardiac Arrest without ST-Segment Elevation
(TOMAHAWK) suggest that if no ST-segment elevation is
present, delayed coronary angiography has no disadvantage for

patients (21, 22). However, in the HACORE population we could
recently show that the rate of culprit coronary stenosis was high
even in patients without ST-segment elevation in first ECG after
ROSC if there was an initial shockable rhythm.

There, early angiography was associated with similar favorable
neurological outcome as in OHCA patients with ST-elevations
(23). As supported by the trial results from COACT and
TOMAHAWK and the real-world experience from HACORE,
we do believe that a CT scan as initial diagnostic test should
be favored in all OHCA patients without ST-segment elevations.
Nevertheless, we feel that a CT does also provide valuable
information in patients with ST-elevations, but the exam should
be performed after successful revascularization and prior to
ICU admission.

A study from the Parisian Region out of Hospital cardiac Arrest
registry (PROCAT) found that immediate coronary angiography
irrespective of ECG findings would lead to an improved outcome
and hospital survival (24). This was attributed to the fact that
coronary artery disease and myocardial ischemia are the most
common reason for OHCA (25). However, data from the same
PROCAT registry also demonstrated that in addition to coronary
angiography, CT would be the most effective diagnostic tool to
detect any other OHCA etiology. The authors concluded that
only a combination between those two diagnostic modalities
would lead to a clear understanding of the particular case
(10). Furthermore, the presence of comorbidities on CT was
associated with in-hospital mortality (10, 26), most probably
due to unmasking otherwise unseen extra-coronary pathologies.
Accordingly, underdiagnosing comorbidities or resuscitation-
related injuries would increase morbidity and mortality,
counteracting all efforts of post-resuscitation care. Missing
the frequent resuscitation-related injuries might significantly
affect the outcome, if they remain undetected under routine
intensive care (27). In turn, recognizing those patterns may
translate into better outcome or at least prevent unintended
complications such as persistent bleeding, e.g., caused by
intensified anti-thrombotic medications following percutaneous
coronary interventions (28, 29). The observation of 438 overall
pathological findings in chest CTs from 225 patients in
our registry is well in line with other studies focusing on
complications resulting from CPR (27, 29–32). However, even
the 2020 American Heart Association (AHA) Guidelines for
Cardiopulmonary Resuscitation and Emergency Cardiovascular
Care mention chest radiography instead of chest CT as the
essential diagnostic test for intubated patients after OHCA
(25). In contrast, CT shows a clear advantage compared
to simple chest radiography, since it allows higher quality
imaging and multiplane anatomical reconstruction (33). Chest
radiography underestimates life-threatening complications such
as pneumothorax, especially in supine position single-plane
images (12, 33, 34). In addition, CPR-related rib and sternal
fractures are underdiagnosed by conventional chest X-ray (35).
This could translate into a more complicated management
of ventilation leading to ventilator-associated lung injury and
worsening overall outcome. CT currently represents the only
gold standard for diagnosis or rule-out of certain life-threatening
pathologies such as pulmonary embolism, aortic dissection,
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or intracranial bleeding (12). No other available diagnostic
measure can provide rapid and definite diagnosis of potentially
life-threatening pathologies in a single procedure. Measures
such as sonography, echocardiography, or clinical examination
are important diagnostic tools, but remain subjective, time-
consuming, and insufficiently sensitive. In contrast, CT offers
high quality multiplane imaging and the ability to record a
whole body or larger area image in one setting. In many
cases of OHCA a number of extra-cardiac pathologies detected
by CT implicate an immediate threat and require adaptations
of intensive care strategies in order to prevent deterioration.
For instance, in cases of extracorporeal cardiopulmonary life
support after OHCA, computed tomography provides sensitive
information for further intensive care therapy. In a recent report
in eCPR patients, routine CT diagnostic revealed a large number
of relevant pathological findings similar to our observation
in a broader patient cohort (36). During implementation of
the 2010 American Heart Association Guidelines only 2.8% of
detected pathologies were identified as directly life threating (37).
However, every single cardiac arrest case has to be evaluated
individually as circumstances of arrest and resuscitation differ
widely. In this context, CT performed on admission provides
essential information by ruling out immediately compromising
conditions. Especially when considering the neurologic status
after prolonged cardiopulmonary arrest in comatose patients, CT
imaging helps to detect significant and irreversible pathologies on
admission andmay guide prognostication (28, 38). Therefore, CT
imaging to detect brain injury and predict neurological outcome
is, together with magnetic resonance imaging, the most studied
neuroimaging modality (25). What distinguishes CT imaging
from magnetic resonance imaging in the case of OHCA patients
is its speed and advantageous ability in delivering additional
information about structural lesions such as skull fractures. Using
a radiological assessment of almost the whole body, early risk
stratification for further invasive management in the intensive
care setting can be planned (39). A positive finding in coronary
angiography commonly represents a treatable cause of arrest and
thus beneficially affects survival, also by reducing the likelihood
of recurrent arrest. A “positive” finding on cranial CT scans
is often associated with underlying severe damage of the brain
and is most probably associated with worse outcome (10). The
European Guidelines for Resuscitation Care recommend head-
and thoracic- CT scans prior to ICU admission after OHCA (7).
In our analysis, CT detected 496 findings with a nearly equal
distribution in both pathological and normal ECG groups (N =

262 vs. 234) (Figure 3). Even in patients with ischemic ECGs and
primary PCI concomitant extra-cardiac pathologies have to be
anticipated and frequently require acute treatment. Only when
combining coronary angiography with whole-body CT prior to
ICU admission a complete diagnostic image of the patient after
OHCAwill be gained. Patient recruitment for the current analysis
was before the COVID-19 pandemic. Even in that non-COVID
context, early CT diagnostic during initial work-up revealed
important information for treatment from thoracic pathologies
(40). Taking the approaching fourth wave of the pandemic into
account, the likelihood of false-positive rapid PCR or MDA tests
is increasing. The extremely helpful ability of chest CT to indicate
a pulmonary COVID-like pattern will provide useful additive

FIGURE 3 | Proportion of patients (%) with critical (red) compared to

non-critical (blue) CT-findings according to the electrocardiogram (ECG) being

either suggestive for coronary ischemia (A) or not (B).

information gained from post-arrest CTs, not only influencing
care of the individual patient but also impacting on strategic
allocation of patients within hospitals regarding a probable or
non-probable COVID-19 disease (41).

Limitations
This analysis comprises certain limitations. First, it was a
retrospective single center observation. Second, it did not include
other diagnostic measures that were performed immediately after
admission such as echocardiography or abdominal ultrasound.
Those potentially could detect pathologies or injuries secondary
to CPR, either leading to a faster adjustment of management or,
by missing such pathologies, emphasize the value of additional
whole-body CT.

CONCLUSIONS

Immediate whole-body CT in OHCA patients provides valuable
information about non-coronary causes of cardiac arrest and
resuscitation-related injuries affecting further treatment. If
coronary angiography is primarily used based on a suspected
coronary cause of arrest, a CT should be performed afterwards.
Detection of potentially life-threatening comorbidities and their
causal treatment is associated with comparable mortality as in
patients without life-threatening complications. Therefore, CT
should be routinely included in diagnostic workup of OHCA,
irrespective of the presence or absence of ischemic ECG patterns.
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Heart failure (HF) is a major global healthcare problem accounting for substantial

deterioration of prognosis. As a complex clinical syndrome, HF often coexists with

multi-comorbidities of which cognitive impairment (CI) is particularly important. CI is

increasing in prevalence among patients with HF and is present in around 40%, even

up to 60%, of elderly patients with HF. As a potent and independent prognostic factor,

CI significantly increases the hospitalization and mortality and decreases quality of life

in patients with HF. There has been a growing awareness of the complex bidirectional

interaction between HF and CI as it shares a number of common pathophysiological

pathways including reduced cerebral blood flow, inflammation, and neurohumoral

activations. Research that focus on the precise mechanism for CI in HF is still ever

insufficient. As the tremendous adverse consequences of CI in HF, effective early

diagnosis of CI in HF and interventions for these patients may halt disease progression

and improve prognosis. The current clinical guidelines in HF have begun to emphasize

the importance of CI. However, nearly half of CI in HF is underdiagnosed, and few

recommendations are available to guide clinicians about how to approach CI in patients

with HF. This review aims to synthesize knowledge about the link between HF and

cognitive dysfunction, issues pertaining to screening, diagnosis and management of CI

in patients with HF, and emerging therapies for prevention. Based on data from current

studies, critical gaps in knowledge of CI in HF are identified, and future research directions

to guide the field forward are proposed.

Keywords: cognitive impairment, heart failure, epidemiology, pathophysiology, diagnosis, management

INTRODUCTION

Both heart failure (HF) and cognitive impairment (CI) are the important health concerns for older
adults and loom as the public health problems in the coming decades due to the aging global
population (1, 2). The similar epidemiological trends and the bidirectional feedback interactions
between the heart and the brain are expected to cause a major increase in the prevalence of CI
in HF (3). HF is generally considered a leading cause of hospitalization and mortality with an
estimated prevalence of>64 million individuals worldwide (4, 5). CI is a very frequent comorbidity
in patients with HF and is increasingly recognized as the major cause of chronic disability. It thus
confers a substantial global burden to patients and healthcare systems.

122

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.831734
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.831734&domain=pdf&date_stamp=2022-02-07
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:renjingyi1213@hotmail.com
https://doi.org/10.3389/fcvm.2021.831734
https://www.frontiersin.org/articles/10.3389/fcvm.2021.831734/full


Yang et al. Cognitive Impairment in Heart Failure

Cognitive function refers to a group of mental processes
containing memory, language, executive function, visuospatial,
concentration, and social cognition (6). The definition of CI is
a clinical syndrome that acquires objective cognitive dysfunction
affecting one or more cognitive domains. Using normative
neuropsychological criteria, CI mostly refers to a performance
1.5 SD units lower than the population mean after accounting
for demographics such as age and education. According to the
impairment of activities of daily life, CI is classified into mild
CI (MCI) and dementia (7). MCI is a stage between normal
cognition and dementia that individuals, particularly, those with
objective CI on neurocognitive testing and with largely preserved
activities of daily living, have. Conversely, dementia is severe
enough to affect independent activities of daily life (8).

Cognitive impairment (CI), including its extreme form
dementia, has tremendous consequences not only for reduced
HF self-care and independence, but also in limiting recognition
and appropriate response to worsening HF symptoms of patients.
This consequently deteriorates the prognosis of HF (9). It has
been confirmed that HF contributes to cognitive decline and that
the grade of CI correlates with the severity of HF. As a potent
and independent prognostic factor, CI significantly increases the
mortality in patients with HF (10). However, some degree of
cognitive decline is typical in normal aging; hence, nearly half
of CI in HF may be underdiagnosed (11). Therefore, identified
CI, especially the early diagnosis of MCI in the preclinical stage,
may avoid the occurrence of dementia and, by optimal therapies,
revert cognition to normal which has been considered as a crucial
strategy for the improvement of prognosis and quality of life in
HF population.

In this review, we synthesize knowledge about the landscape of
CI in HF, the latest epidemiological data on CI in HF, the current
understanding of heart and brain interaction, and the clinical
diagnosis and assessment of CI in HF. We also address the
potential therapeutic opportunities for preventing and halting the
progression of CI in patients withHF. Based on data from current
studies, we identify the critical gaps in knowledge of CI in HF and
propose future research directions to guide the field forward.

FIGURE 1 | The time curve of dementia incidence in general population and patients with cognitive impairment (CI).

EPIDEMIOLOGY, PREVALENCE, AND
PROGNOSTIC IMPLICATIONS OF CI IN HF

Epidemiology of CI in the General
Population
Cognitive impairment (CI) remains a rising global epidemic,
accounting for substantial morbidity. The prevalence rates of CI
exponentially increase with increasing age, ranging from about
20% tomore than 40% in general older adults (12–15). Dementia,
the most severe state of CI, affects about 55 million of the adult
population worldwide. The incidence of dementia in the general
population is 1–2% per year. However, the incidence among
patients with MCI that progressed to dementia is significantly
higher, with an annual rate of 5–12%, in community-based
populations without intervention (14, 16, 17) (Figure 1). The
annual death rate was 8% among those with CI, and the rate
almost doubled if patients combined with additional medical
conditions, such as heart disease (14).

Prevalence of CI in Patients With HF
Cognitive impairment (CI) is overwhelmingly common and has
become a severe burden in HF with a prevalence of 25–75%
across population-based studies due to variation in definitions
and diagnostic criteria (Figure 2) (10, 11, 18–23). Accounting
for age, the prevalence of CI in patients with HF is significantly
higher compared with the general population. A multicenter
survey conducted in Italy reported that about 35% (526/1,511)
of patients with HF were detected with CI, while only 29%
(3,448/11,790) of patients without HF were diagnosed with
CI (10). A cross-sectional analysis from communities in US
recruited 6,189 patients aged ≥ 67 years. It also found that the
age-adjusted prevalence of CI is about 40% in 707 patients with
a moderate or high probability of HF, of which more than one
third were dementia. The odds of dementia in those withHFwere
1.52-fold than that of non-HF patients with the adjustment of age,
race, educational level, net worth, and self-reported prior stroke
(23). Gallagher R et al. studied 128 HF patients with an average
age of 80 years. The odds of CI were increased more than 4-fold
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FIGURE 2 | Prevalence of CI in general population and patients with HF. *Including Sweden, Italy, Israel, The Netherlands, Germany, and the United States. CI,

cognitive impairment; HF, heart failure; LVEF, left ventricular ejection fraction.

in HF caused by ischemic heart disease compared with non-
ischemic HF (OR, 4.18; 95% confidence interval, 1.15–15.69)
(24, 25). With an exception for chronic HF, the Rehabilitation
Therapy for Older Acute Heart Failure Patients (REHAB-HF)
study revealed that 78% elderly patients hospitalized with acute
decompensated HF had broad marked impairments in cognitive
function. In addition, the prevalence of CI was similar in
patients with preserved vs. reduced ejection fraction [EF; HF
with preserved ejection fraction (HFpEF) and HF with reduced
ejection fraction (HFrEF)] when adjusted for sex, body mass
index (BMI), and comorbidities (26).

Furthermore, the occurrence and deterioration of CI in
patients with HF has been demonstrated in longitudinal studies.
Cardiovascular Health Study (CHS) enrolled 4,864 participants
without a history of HF and of clinical stroke. After a diagnosis
of HF at 80 years old, 5-year decline of cognitive functions was
significantly worse compared with that in participants without
HF of the same age period (27). Longitudinal data with a
longer 8-year period of evaluating trajectories of 457 patients
also demonstrated that congestive HF predicted cognitive
decline (28).

Multiple Cognitive Domain Impairments
in HF
Recent studies have paid further attention to the detailed and
multiple cognitive domains and spectrum of brain lesions in
patients with HF. It is well-acknowledged that patients with
HF typically exhibit CI in domains of memory, particularly in
both verbal and visual memory, working memory, attention,

processing speed, and executive function (29). A secondary
analysis of Atherosclerosis Risk in Communities (ARIC) study
supported that the risk of developing CI had no concern with
HFpEF or HFrEF, while worse diastolic function was weakly
but significantly associated with worse performance in memory,
attention, and language due to abnormal cardiac hemodynamics
(30). Similarly, Anna Frey et al. enrolled 148 patients with HF
and determined that patients with HF exhibited cognitive deficits
in the domains of attention and memory with a prevalence of
41 and 46%, respectively. Furthermore, the degree of advanced
medial temporal lobe atrophy (MTA) was strongly related to
CI (31). Ichijo et al. assessed the frontal brain activity by
near-infrared spectroscopy (NIRS) and non-invasively measured
regional cerebral bold volume in patients with HF, showing that
frontal brain activity was significantly lower in the HF group
than in the control subjects (28.5 vs. 88.0mM mm; p < 0.001)
and significantly correlated with mini-mental state examination
(MMSE) (R = 0.414, p = 0.017) (32). Similar data from Asian
populations indicated that the neuropsychological impairment
in Asian patients with HF characterized vascular pathology with
frequently impaired visuomotor speed (60%), visuoconstruction
(48%), and visual memory (43%) (11).

Deterioration of Prognosis With CI in HF
Heart failure (HF) and CI accelerate each other, and CI would
further worsen the cardiac function and prognosis of HF with
higher mortality, hospitalization admission, and poor quality of
life (QoL). As early as before the incident HF, CI is prevalent
in patients with subclinical chronic heart disease at high-risk
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of chronic HF. A prior study supported that patients with MCI
had 2-times higher risk with diastolic dysfunction and 1.7-times
greater risk with other cardiac abnormalities (33). Moreover, the
development of CI in patients with HF has an adverse impact
on the clinical outcomes. Previous studies confirmed that CI was
an independent risk factor for death and readmission in patients
with HF, which increased the risk of cardiovascular mortality
by 57% and the risk of all-cause death by 50%. The prospective
multi-center prevalence and prognostic value of social frailty
in geriatric patients hospitalized for HF (FRAGILE-HF) study
enrolled 1,180 patients with HF aged ≥65 years, and 37.1% were
identified as with CI using Mini-Cog. Further, they observed
that coexistence of multiple frailty domains, including cognitive
dysfunction, was prevalent in patients with HF readmission
and all-cause death within 1 year (34). Similarly, Patel A et al.
recruited 270 patients with HF and reported that the all-cause
death and readmission rates of patients with CI were twice as
high as those of patients without CI (46 vs. 22%, p< 0.0001) (35).
In line with them, Hannes H et al. further recognized that worse
scores of Montreal Cognitive Assessment (MoCA) heralded
increased mortality and readmission risk. A study screened HF
patients aged ≥70 and found that patients with HF with CI had
a significantly higher 30-day readmission rate than those without
CI (26.8 vs. 12.8%; p < 0.05) (36). CHS study examined CI and
other common comorbidities in 558 participants who developed
incident HF and showed that CI was significantly associated
with greater total mortality risk (37). Additional investigations
regarding the cognitive functions were conducted and worse
outcome were observed. Huynh QL et al. performed MoCA in
1,152 Australian patients with HF with a 12-months follow-up,
suggesting that visuospatial/executive and orientation were the
cognitive domains that were most predictive of post-discharge
adverse outcomes in HF (18). It should also be noted that even
MCI could deteriorate the prognosis of patients with HF.

It is widely endorsed that patients with HF are vulnerable to
CI with serious consequences in healthcare and outcome, with
interplay of poor self-care, incapacity of adhering to treatment
regimens, and weakening daily living due to decreased attentions,
memory, and execution abilities (38–40). On the other hand,
the difficulties in describing symptoms would interfere with
the recognition by doctors of worsening HF, resulting in the
inability to adjust treatment strategy in time. Apart from the
adverse outcome brought from poor disease management, CI
also seriously impairs QoL and exercise capacity of patients.
The secondary analysis of the Wii-HF trial, conducted with
605 patients, evaluated CI using MoCA and measured exercise
capacity using a 6-min walk test (6MWT). It indicated that lower
6MWT scores were associated with five domains in cognitive
function, including visuospatial/executive, naming, attention,
language, and orientation (19).

PATHOPHYSIOLOGY, CELLULAR
MECHANISM, AND RISK FACTORS OF CI
IN HF

The underlying mechanism proposed for CI in HF is
multifactorial but not fully elucidated. It is important to

understand the pathophysiological mechanism regarding CI
in HF for a promising diagnostic and therapeutic approach.
Existing evidence indicated that hemodynamic alterations
and molecular mechanisms may play important roles in the
interaction between HF and CI. Also, common cardiovascular
and non-cardiovascular comorbidities burden further link HF
and CI with risk factors which have not been well established. A
systematic summary addressing the potential pathophysiology
and mechanisms is illustrated in Figure 3.

Pathophysiology of CI in HF
Reduced Cerebral Blood Flow
It has well-established that HF usually has unfavorable effect
on cerebral perfusion with decreased cerebral blood flow (CBF)
(41). According to previous studies, CBF could be reduced by
nearly 14–30% in chronic HF depending on the severity and
chronicity of HF. Despite this, it can be managed using medical
treatment, cardiac resynchronization therapy, left ventricular
assist devices and heart transplantation (42–46). Several factors
determine the reduced CBF in patients with HF. In addition to
the systematic hypoperfusion caused by reduced cardiac output
(CO) and blood pressure (BP), the distortion of cerebrovascular
autoregulation also appear to play critical roles in decreasing
CBF (47). The cerebral autoregulation ability help maintain
the adequate blood flow in the brain after using vasodilators.
However, in patients with HF, microcirculatory changes, such
as endothelial dysfunctions, reduced nitric oxide bioavailability,
and vascular smooth muscle proliferations may lead to impaired
cerebral autoregulation and abnormal cerebrovascular reactivity
which appears as significant determinants of reduced CBF in
HF (48).

Due to high metabolic demand and limited capacity for
energy stores, the normal functions of brain highly depend on
adequate perfusion to maintain normal nerve activity. Thus,
the subtler alterations of CBF impairment and hypoperfusion
due to cardiac dysfunctions could cause chronic brain injury,
especially the vulnerable areas in the brain (49). A recent
study further calculated the whole-brain CBF maps using MRI
scanner and found that reduced CBF appeared in multiple areas
involving bilateral prefrontal, frontal, temporal and occipital
cortex, thalamus, cerebellum, corona radiate, corpus callosum,
hippocampus, and amygdala, which regulate memory, decision-
making executive functions, and language (50). Additionally,
prior data has revealed that white matter lesions (WML) were
expanded in patients with HF and was associated to CI (51,
52). This data is regarded as a manifestation of cerebral small
vessels. The extensively decreased cerebral perfusion in cognitive
regulatory sites is likely to contribute to cognitive deficits.

The deleterious effects of local CBF loss on cognitive
function regarding molecular level have not been fully clarified,
while hypoxia, reduced metabolic activity, and neurohormonal
activations may play crucial roles to contribute to brain injury
(53). Hypoxia caused by hypoperfusion induce the release of
hypoxia inducible factor-1 (HIF-1) and increase the expression
of vascular endothelial growth factor-1 (VEGF-1), resulting in
increased permeability and disruption of the blood-brain barrier
(BBB) by destroying the tight junctions (54, 55). Moreover, it has
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FIGURE 3 | Proposed pathophysiology of cognitive impairment in heart failure. Aβ, amyloid-β; BBB, blood-brain barrier; BP, blood pressure; CBF, cerebral blood flow;

CI, cognitive impairment; CO, cardiac output; HF, heart failure.

been shown that the reduced CBF and chronic perfusion could
decrease the ability of glial cells to eliminate amyloid-β (Aβ).

Even jeopardized CBF has commonly been considered to be
the key explanations for CI in patients with HF as data on
CBF in HFpEF with the similar manifestation of CI are still
insufficient (56). Additionally, in the case of cortical gray matter
loss with rich vasculature, reduced CBF did not seem to be the
main causative factor (57), implying more pathological offenders
should be investigated.

Inflammation, Oxidation, and Immunity
Amounting studies have shown that HF is considered as a state
of systematic inflammation and that hypoperfusion in HF could
contribute to local brain inflammation, which may also paly
critical roles in development and deterioration of HF associated
CI. Oxidative stress usually interplays with inflammation and
is also proposed as one of the mechanisms in cognitive decline
(58). Inflammatory factors, including interleukin-1 β (IL-1β),
interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), CRP,
and interleukin-17A (IL-17) have been found to be inversely
associated with cognitive functions in HF patients (59) as these
remain significant after changes in LVEF and symptoms of HF.
Additionally, animal models of HF also demonstrated that the
expression of inflammatory genes, such as toll-like receptor-
4 (TLR-4), TNF-α, and IL-6, were significantly upregulated in
the cortex and hippocampus, particularly in the mouse (60).
Cytokines regulate cognition by altering the synaptic plasticity
and neurogenesis and directly inhibit the neurotransmitter
cascade involved in learning and memory (61, 62). Among the
proinflammatory factors, IL-1β and TNF-α seems to be the main

driver and regulator in the inflammatory response, causing cell
death via increasing neurotoxicity. IL-1β decreases the release
of glutamate, which further affects the release of brain-derived
neural factors and promotes the activation of protein kinase
by p38 mitogen in the hippocampus, thus interfering with the
memory and consolidation ability of hippocampus (63). ASK1-
p38-TNF-α is one of the key pathways involved in the disruption
of the BBB, inducing the production of IL-6 (64). At the same
time, IL-1β and TNF-αwould upregulate the expression of CD73,
which exert a protective effect on WHL by activation of glial
cells and help to relieve inflammation via the counter-regulatory
feedback (65).

Oxidative stress and immune response usually act
synergistically. Increased level of circulating angiotensin II
(Ang-II) during HF process induced perivascular macrophage
(PVM) activation, which further regulate vascular permeability
and recruit granulocyte. Upon Ang-II binds to angiotensin
receptor 1 in the PVMs, the NADPH oxidase 2 is activated
to promote ROS overproduction (66, 67). ROS, such as
superoxide, NO, and ONOO–, increased BBB permeability
via activating matrix metalloproteinase, producing oxidative
damage to cellular molecules (68). Oxidative damage could also
activate β-site amyloid precursor protein-cleaving enzyme-1
(BACE-1), resulting in increased synthesis of amyloid precursor
protein (APP) and Aβ (60, 69). Meanwhile, the abnormality
downregulated expressions of β-site amyloid precursor protein-
cleaving enzyme-2 (BACE-2) and contribute to reduced
degradation of Aβ precursor proteins.

During the process of Aβ synthesis and deposition, evidence
suggest that immune mediator, such as microglia and the
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macrophages in central nervous system, may contribute to the
disease progression (70). Altered phenotype of microglia due
to hypoperfusion result in impaired functions, which further
reduce the elimination of Aβ (71). The high level of signal
of translocator protein (TSPO) often indicate hyperactivated
microglia. Thus, TSPO has been found as a useful marker to
identify microglial activity. At the same time, active astrocytes
express more amyloid precursor protein and cause an increasing
Aβ production (72). Dendritic spines are important in learning
and memory functions. When they are destroyed by excessive
neurons, death, or Aβ, CI would occur (73).

In brief, the inflammation, oxidative stress, and immune
response aggravate cognitive functions mainly via disruption of
the BBB, damaging white matter and actitation of glial cells and,
consequently, leading to CI (74).

Neurohumoral Activations
Although it has been well-documented that reduced CO and
CBF are major drivers for CI in HF, interestingly, HFpEF
without diminished brain perfusion has also proven to be closely
and independently associated with CI. Therefore, current data
support the notion that CI in HFpEF may be associated with
additional mechanisms independent of hypoperfusion, of which
neurohumoral activations have caught increasing attractions
(75). Exacerbated neurohumoral activations may alter neuronal
functions and promote productions of CI-related proteins in
cognitive areas.

Sympathetic nervous system and renin-angiotensin system
(RAS) activation and elevated catecholamine levels in HF were
related to poor cognitive performance. On one hand, the
exaggerated sympathetic activity and RAS participate in the
rightward shift of the lower limit of CBF autoregulation and
lead to CBF reduction in patients with HF (45). On the other
hand, it is speculated that increased level of catecholamines in HF
could disturb Wnt signaling via inducing a loss of β-adrenergic
pathway. Wnt/β-catenin signaling has been implicated in the
regulation of synaptic assembly, neurotransmission, and synaptic
plasticity of hippocampus. Toledo et al. found that a rat with HF
with normal EF displayed impaired learning process andmemory
loss. CI in the rats was correlated to the downregulated Wnt/β-
catenin signaling, which attenuated phosphorylated glycogen
synthase kinase 3β (p-GSK3β) in the hippocampus and reduced
synaptic plasticity, ultimately impairing cognitive functions (76,
77).

In addition, sustaining activation of the neuroendocrine
system, such as hypothalamic-pituitary-adrenal axis, was
suggested to have potential effects on progression of HF
and structural damages of brain by regulating the neuronal
metabolism, physiologies, and gene expressions. Glucocorticoid
receptors are commonly expressed in neurons and glial cells
with the highest levels in the hypothalamus, hippocampus, and
amygdala brain structures, while the mineralocorticoid receptors
expressed most in the hippocampus, amygdala, and prefrontal
cortex edge. The two kinds of cortisol receptors play vital roles
for the normal cognitive functions (78).

Potential Cellular Mechanisms of CI in HF
Disruption of Blood-Brain Barrier
The complete BBB exert protective effects by preventing
extravasation of toxic substances from circulation to the brain
parenchyma. The increased permeability of BBB mainly caused
by hypoperfusion and inflammation would lead to the influx
of fluids, ions, albumin, and other proteins into neurons
from the blood and cause infiltration of immune cells and
secondary inflammation, further exacerbating brain edema,
oxidative damage, luminal stenosis, and neuronal dysfunction,
and ultimately lead to CI in patients with HF (79, 80).

Metabolism Disorder
The normal energy metabolisms in the brain are high reliant
on proper cardiac function, thus poor perfusion and ischemia
lead to rapid consumption of adenosine triphosphate (ATP)
and subsequent ROS are produced. Oxidative damage further
increases the production of cytokines to induce specific
inflammatory changes and lead to Aβ deposition eventually (81).
In addition, mitochondrial dysfunction has been suggested as
a key mechanism during development of CI in HF, as energy
deficiency would result in functional abnormalities of central
neurons which are intimately linked to cognitive functions
(82). Incremental evidence indicated that mitochondria are
also critical for neurodevelopment and neurogenesis, while
mitochondrial degeneration could mediate CI through Wnt
signaling pathway (83).

Apoptosis of Neuron
Loss of brain cells has been observed in lots of neurological
diseases. Bax, a member of the Bcl-2 family, plays a key
role in regulating apoptosis. Prior studies have found that
the expressions of Bax in the hippocampal cortex changed
female mice with HF, which may affect the apoptosis process
of neurons related to cognitive function in the brain (84).
Furthermore, evidence have shown that the expression of caspase
family, especially caspase 3 and 6, have been increased in the
hippocampal tissue of mice with HF (85). Animal studies also
found that the activation of the RAS in mice with HF can
affect AMPK-PGC1α signaling by stimulating angiotensin II
receptors and increase the apoptosis of neural stem cells in the
hippocampus of rats (86).

Amyloid-β Deposition
Neuropathology of Alzheimer’s disease (AD) such as Aβ

deposition is closely related to chronic hypoperfusion. In
patients with HF, a variety of pathways may participate in the
accumulation and deposition of Aβ via increasing production
and decreasing clearance, including CBF insufficiency, activation
of microglia and astrocytes, inflammatory cascade, and oxidative
imbalance. In turn, Aβ could aggravate these pathological
alterations and promote neurodegenerative process, forming a
vicious circle. The accumulation of Aβ ultimately leads to CI in
patients with HF (87).
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Risk Factors Predicting CI in Patients
With HF
Although it is well-known that patients with HF are more prone
to cognitive decline, the predictors of developing CI have not
been fully clarified. Some earlier studies and systematic reviews
revealed that left ventricular ejection fraction (LVEF) and 6-
min walk tests (6MWT) were independently associated with
development of CI in patients with HF. Recent work also pointed
out that the high level of NT-proBNP was the independently
predictor for CI in patients with HF (11, 88–90). In addition,
the risk factors for dementia-related structural brain damage
have also been explored. Karsten et al. observed a significant
correlation between diminished gray matter density (GMD),
decreased LVEF, increased NT-proBNP, and GMD in wide brain
regions including the whole front median cortex along with the
hippocampus and precuneus (91).

To date, the role of the well-established comorbidities in
CI, such as diabetes mellitus (DM) and hypertension, has been
controversial in HF-associated CI. The longitudinal time-varying
analysis of Warfarin vs. Aspirin in Reduced Ejection Fraction
(WARCEF) trial disclosed that higher baseline cognitive status
(MMSE scores), non-white race, older age, lower education, and
NYHA≥ II were independently associated with cognitive decline
in HF while traditional cardiovascular risk factors containing
hypertension, DM, and smoking seemed no association with
cognitive decline (92).

Besides, additional comorbidities coexisting with HF
contributed to CI have become gradually recognized by exerting
inflammatory, metabolic, and neurohormonal pathways (31).
Obesity, as a significant contributor toHF and, especially, HFpEF,
has become an established risk factor for adverse brain changes
and poor cognitive outcome in HF (93). Atrial fibrillation (AF)
was also demonstrated to be significantly associated with CI
independent of a history of stroke, exhibiting lower total brain,
gray and white matter volumes related to poorer cognition, and
increased risk of dementia (94, 95). The potential mechanism
includes micro-emboli and hypoperfusion resulting from
abnormal heart rate and CO. Moreover, nutritional deficiencies
are common in patients with HF due to absorption disorders
of nutrition or diuretic use. Low level of folate, B12 vitamin,
and albumin were correlated with CI and anemia (96). Animal
models have demonstrated that thiamine deficiency caused
brain atrophy and white matter changes, further affecting
the learning ability in rats (3, 97). In addition, homocysteine
levels due to renal insufficiency led to brain atrophy and brain
cell apoptosis, further affecting neurogenesis and resulting in
cognitive deficit (98).

CLINICAL DIAGNOSIS AND ASSESSMENT
FOR CI IN HF

Subjective Assessment
Assessments, including subjective and objective, are crucial for
the diagnosis of CI in HF. Whenever possible, history should
be obtained both from the patient and from a family member,
caregiver, or other reliable informant (99, 100). However, many

TABLE 1 | Screening tools used commonly in clinical practice for cognitive

impairment (CI) diagnosis and assessment in general population.

Classification Screening Cut points* Sensitivity (%) Specificity

tools (%)

MCI MMSE (103) ≤22∼29 62∼85.5 53.0∼65.9

MoCA (103) ≤22∼27 68.7∼93.0 63.9∼100.0

Mini-Cog (109) ≤2 55 83

CAMCOG (113) ≤94 72 76

RCS (111) ≤7 87 70

SLUMS (110) ≤23.5∼25.5 92∼100 55∼81

Dementia MMSE (104–106) ≤23∼26 87∼89 82∼89

MoCA (105) ≤17∼23 93 90

Mini-Cog (106) ≤2 76∼99 89∼96

CAMCOG (114) ≤92∼93 100 95

RCS (111) ≤5 89 94

SLUMS (110) ≤19.5∼21.5 100 91∼98

*The cut points for diagnosis of mild CI (MCI) are dependent on the population norms,

age, educational level, and comorbidities, estimates of premorbid cognitive function.

MMSE, mini-mental state examination; MoCA, montreal cognitive assessment; SLUMS,

Saint Louis University mental status; RCS, rapid cognitive screen; CAMCOG, Cambridge

cognitive examination.

patients with HF and their families accept cognitive decline as
part of normal aging, and will declare themselves normal on the
grounds that they are no worse than others their age. Therefore,
subjective concerns alone are insufficient for diagnosis.

Neuropsychological Tests
The objective assessment requires to accomplish one or
more standardized neuropsychological tests. Neuropsychological
assessment of specific cognitive domains is preferred for both
detecting mild impairments and for differential diagnosis.
Diagnostic for CI in patients with HF are the same as in
populations without HF. Previous studies have shown that the
identification of CI by the screening tools was more accurate
than the diagnosis by symptoms alone for patients with HF
(101). More importantly, early diagnosis and therapy of CI could
significantly reduce the 6-month readmission rate and mortality
in patients with HF (101).

Multiple neuropsychological tests are available for CI
assessment, including the MMSE (102–106), the MoCA (103,
105, 107), the Mini-Cog (108, 109), the Saint Louis University
mental status (SLUMS) (110), the rapid cognitive screen (RCS)
(111), and the Cambridge cognitive examination (CAMCOG)
(112–114). MMSE and MoCA are the most frequently used tests
in clinical practices. Due to different cut points, the sensitivity
and specificity of screening tools are different (Table 1). It is
critically important that the test performance of a patient be
interpreted in accordance with norms for the age, educational
level of that patient, and preferably for his/her cultural/linguistic
group and region as well.

Nowadays, the diagnostic accuracy of neuropsychological
tests to screen for CI in populations with HF varies widely in
studies. In a study to evaluate the usefulness ofMoCA andMMSE
compared with the golden standard European Consortium
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Criteria for diagnosingMCI in HF population, the sensitivity and
specificity of MoCAwere 82 and 91% andMMSEwere 9 and 91%
(115). Hawkins et al. also compared the ability of the MMSE and
MoCA to detect CI in patients withHF (116). Both tests are useful
in identifying the majority of patients with and without CI with
the sensitivity and specificity around 60–70%. Other tests, such
as the Mini-Cog and the CAMCOG, had a moderate accuracy in
populations with HF (117, 118). With up and coming research
investigating CI in HF, however, there is still no clear consensus
regarding the optimal screening tool for the assessment of CI in
HF. The evidence on how and when best to screen cognitive in
patients with HF is needed.

Biomarkers
The neuropsychological tests only have a moderate accuracy
for the assessment of CI, thus there is a large need of special
biomarkers to support the clinical diagnosis. Cerebrospinal
fluid (CSF) biomarkers that reflect the pathophysiology of CI
have been increasingly used and are the most common test
in neurology to identify CI. Circulating biomarkers would be
preferable, as blood is more accessible than CSF. However, only
a fraction of brain proteins enters the circulatory system due
to the BBB. Of note, considering that patients with HF and
CI have multiple pathologies, a broader panel of biomarkers
reflecting neuro injury, inflammation, and oxidative stress would
be needed.

Cerebrospinal Fluid Biomarkers
The exploration of biomarkers in CSF has focused on the core
molecules of CI pathogenesis, including Aβ and tau proteins
(119, 120). Numerous studies demonstrated that a marked
decrease of Aβ42 in CSF can predict and identify CI due to
cortical amyloid deposition in the brain (121, 122). In patients
with AD, the degree of increase in CSF total tau is around 300% of
control levels (123). A meta-analysis of 51 studies suggested that
p-tau is also a satisfactory prognostic biomarker for progression
of MCI (124).

However, the lumbar puncture for CSF testing is a rare to
be accepted in patients with HF, although it is safe and cheap.
Recent research investigated the associations of LVEF with CSF
biomarkers in older adults (125). Results showed that participants
with lower LVEF had higher levels of CSF t-tau and t-tau/Aβ42
ratios. There are few research focusing on the CSF biomarker in
HF population. The biomarkers testing is still highly dependent
on blood samples which are relatively convenient and suitable in
clinical practice.

Circulating Biomarkers

Amyloid-β in Plasma
Amyloid-β 42 (Aβ42) is the most extensively studied blood
biomarker for the diagnosis of symptomatic and prodromal AD
and CI. Several studies reported plasma Aβ as a potentially useful
biomarkers for the early diagnosis of cognitive dysfunction and
for the prediction of its progression in Parkinson’s disease and
amnestic MCI (126, 127). However, Bayes-Genis et al. measured
circulating Aβ40 in 939 consecutive patients with HF and found
that there were no differences in circulating Aβ40 levels in HF

patients with and without CI at baseline or during follow-up over
a median of 4 years (128). Interestingly, in multivariable analysis,
including relevant clinical predictors and N-terminal pro-brain
natriuretic peptide (NT-proBNP), Aβ40 remained significantly
associated with all-cause (HR, 1.22; 95%CI, 1.10–1.35; p < 0.001)
and cardiovascular death (HR, 1.18; 95%CI, 1.03–1.36; p= 0.02),
but not with HF-related death (HR, 1.13; 95%CI, 0.93–1.37; p
= 0.22). Further studies are warranted to identify whether the
bloodstream Aβ concentration results in or facilitates Aβ plaque
formation in the brain in HF patients.

Inflammatory Factors in Plasma
Heart failure (HF) is considered a state of increased inflammatory
responses which induce cognitive dysfunction involved in
memory loss and impaired executive function. Redwine LS et al.
investigated outpatients with HF and found that lower MoCA
scores are associated with higher levels of plasma inflammatory
biomarkers, such as interferon-γ (IFN-γ), tumor necrosis factor-
α (TNF-α), and soluble vascular cell adhesion molecule-1
(sVCAM-1) (129). In an exploratory parallel design study of 69
patients with symptomatic HF, it was observed that changes in
C-reactive protein (CRP) and IL-6 levels predicted alterations in
MoCA scores (130).

Cortisol in Plasma
Cortisol was indicated to influence cognitive function. Elevated
serum levels of cortisol were observed in patients with HF
compared with healthy controls. More importantly, significantly
higher levels of cortisol were found in patients with HF who
had symptoms of depression and CI than those free from
these symptoms. Besides, matched patients treated with cortisol
performed worse on specific cognitive assessments compared
with those treated with placebo, suggesting that cortisol levels in
HF might influence the development of CI.

Natriuretic Peptide in Plasma
Elevated brain natriuretic peptide (BNP) and NT-proBNP are
also associated with CI and increased risk for dementia in patients
with HF. In recent years, there have been major advances in the
development of blood-based biomarkers for CI. However, the
sensitivity and specificity of a single circulating biomarker are
not significant. Hence, a combination of biomarkers may offer
a better diagnosis value for CI in HF.

Potential Biomarkers in Blood
Recent developments have also given some novel circulating
candidate biomarkers for CI. The novel N-terminal tau fragment
(NT1) in plasma is not only a biomarker to distinguish normal,
MCI, and AD dementia populations with high specificity and
sensitivity, but is also a strong predictor of future cognitive
decline and neurodegeneration in healthy elderly individuals
(131, 132). A parallel metabolomics analysis in both the brain
and blood conducted by Varma et al. identified 26 metabolites
from two main classes, sphingolipids and glycerophospholipids,
consistently associated with severity and progression of AD
(133). Abdullah et al. found that the serum flotillin levels
significantly decreased in patients with AD compared with
those of non-AD controls, suggesting flotillin, the abundant
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exosome protein, may be a novel diagnostic marker for AD
(134). However, these biomarkers mainly target in AD in the
general population. Further studies are needed to validate these
findings in patients with CI, especially in patients with HF and
CI. Additional technical developments of novel ultrasensitive
immunoassay and mass spectrometry methods show promise for
blood biomarkers with potential applications as screening tools
for CI in HF.

Neuroimaging
Neuroimaging has contributed to our understanding of the
mechanisms by which HF may lead to CI and is recommended
by guidelines for CI diagnosis. Structural changes of brain,
such as increased white matter hyperintensities, gray matter
loss, and brain atrophy, are frequently encountered imaging
findings in patients with HF with CI and often preceded by
functional changes.

Structural Brain Changes in Neuroimaging

White Matter
The increase of white matter hyperintensities (WMH) may
represent underlying ischemia and impact upon the course of
cognitive symptoms, which has been reported as a specific change
of HF-related CI. The pathologically characteristics of WMH
contains pale myelin sheath, loss of myelin sheath and axon, and
mild gliosis. WMH can lead to cognitive decline and increase the
risk of depression, anxiety, cerebrovascular events, dementia, and
even death. These lesions usually present in small vessel diseases,
which are considered to be the result of the destruction of the BBB
caused by chronic cerebral hypoperfusion and the subsequent
infiltration of plasma into white matter (135, 136). Brain MRI
is a sensitive indicator of cerebrovascular disease and could use
to image patients with HF with CI as it can reveal a number
of asymptomatic findings, including WMH. Beer et al. found
that left medial temporal lobe atrophy and deep WMH detected
by MRI showed a negative correlation with cognitive scores in
patients with HF compared with healthy controls (137). The
population-based LIFE-Adult Study quantitated white matter
lesions in 2,490 participants and found that the prevalence was
independently associated with WML (OR 2.8, 95% CI 1.2–6.5),
which was associated with cognitive dysfunction (138). Further,
the longer duration of HF independently predicted WML while
the duration of hypertension not.

Diffusion tensor imaging (DTI) reflects the integrity of the
fiber bundle by detecting the anisotropy and degree of the water
molecule diffusion in cerebral white matter fibers, which clearly
display the direction and distribution of intracranial white matter
fiber bundles after post-product. Kumar et al. found that the
axial and radial diffusion was significantly increased and mainly
existed in autonomous, analgesic, emotional, and cognitive parts
in patients with HF than that in health controls, suggesting that
the axon integrity and myelin were injured in patients with
HF (139).

Gray Matter
The majority of imaging studies in CI have used MRI to
investigate changes in gray matter structure. Almeida et al.

compared the brain gray matter reduction using MRI and
emotional changes between patients with chronic HF and healthy
controls (140). It has demonstrated that the prevalence of
depression and anxiety was much higher in patients with HF
compared with that in healthy controls. Of note, gray matter loss
mostly in particular parts of the brain with motional regulation,
such as left and right thalamus, left caudate nucleus, left and right
posterior cingulate gyrus, left and right parahippocampal gyrus,
left upper middle temporal gyrus, and right lower parietal lobe.

Brain Atrophy
Studies have shown that half of patients with chronic HF
has cortical brain atrophy exists, which is 10-flod higher than
that in the control group (31, 91). With the advancement
of imaging technologies, the detrimental effects of HF on
CI have also been demonstrated with structural alterations
of brain. The COGNITION.MATTERS-HF prospective cohort
study quantified the concurring dynamics affecting cognitive
functions in 148 patients with mild chronic HF and found that
cognitive function remained stable with “intensity of attention”
as the only domain declining over 3 years (141). Moreover,
in patients with HF, the markedly reductions of hippocampal
volume observed at baseline was more related to impaired
cognitive function, while the total brain volume and the load of
white matter change within the limits of normal aging.

Functional Brain Changes in Neuroimaging
The use of single photon emission computed tomography
(SPECT) enables to detect the distribution of radionuclides in
the body. It is widely utilized due to its great value of diagnosis
for early metabolic disorder in various diseases. Alves et al. found
that the regional cerebral blood flow reductions in patients with
HF using SPECT was similar to the regional glucose metabolism
disorder in patients with CI by positron emission tomography,
which support to a view that congestion dysfunction brain
changes of congestion dysfunction may develop in patients with
HF, possibly as a consequence of chronic cerebral blood flow
hypoperfusion (142). Recently, a prospectively study enrolled 102
patients with HF and 15 healthy controls who underwent gated
99mTc-sestamibi SPECT and found that cerebral metabolism
in the whole brain was reduced, especially hippocampus and
para-hippocampus areas in patients with HF, while the cerebral
metabolism maintained in frontal areas due to its higher
sensitivity and self-regulation (143).

Functional MRI (fMRI) is a technique highlighting regional
patterns of brain activation based on little change of the
deoxy/oxy-hemoglobin ratio (144). Once the neuronal activity is
enhanced, the blood flow through the cortex functional region
significantly increased, which results a change of deoxy/oxy-
hemoglobin ratio. This ratio, due to the different magnetic
properties of hemoglobin states, can be measured through MRI
and reconstructed in the form of blood oxygenation level–
dependent signal. Hence, fMRI has been widely used to describe
the characteristics cerebral function and functional networks
in CI and its related diseases. Several studies have shown the
extensive activity reduction in the brain of patients with diabetes.
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FIGURE 4 | Comprehensive management for mild CI (MCI) in HF to halt disease progression. MCI, mild cognitive impairment; HF, heart failure.

However, fMRI is rarely used in patients withHF andCI clinically
and data specific for HF are currently lacking.

PREVENTION AND POTENTIAL
THERAPEUTIC OPTIONS FOR CI IN HF

Improving and maintaining cardiac function should be the
primary strategy for treatment of CI in patients with HF, which
would have a positive impact on brain function (Figure 4).
Although clinical guidelines in HF have recently begun to
emphasize the importance of CI in HF, few recommendations are
available to guide clinicians about how to approach CI in patients
with HF. Contemporary HF therapies may improve or aggravate
cognitive decline (Table 2). On the other hand, therapy for CI
may also have cardiovascular side effects, which may in turn
affect the treatment of HF. Furthermore, research are undergoing
to develop novel potential therapeutic targets for CI and HF
(Table 3).

Contemporary Medical Therapies
Effect of HF Medical Therapy on CI

Sodium Glucose Co-Transporter 2 Inhibitor
The novel antidiabetic agent, sodium glucose co-transporter 2
(SGLT2) inhibitor, is essential for overcoming the burden of
diabetic and have beneficial cardiovascular and renal effects,
especially in improving the prognosis of HF, which supports
it as a foundational therapy for HF (153, 154). Evidence have
shown SGLT2 inhibitor to limit or slow down brain pathology
in CI among patients with diabetes. Animal studies indicated
that SGLT2 significantly ameliorated cognitive decline in type 2
diabetic mice (152, 155). A recent large propensity score-matched
population-based study demonstrated that patients treated with
SGLT2 inhibitors were associated with lower risks of dementia
compared with when treated with DPP4 inhibitors (148). Simone
et al. also found that cognitive status did not change significantly
during the 12 months of treatment of SGLT2 inhibitor (156).
However, whether the SGLT2 inhibitor could reduce incidence

of cognitive or improve the cognitive dysfunction in HF is not
known and requires further confirmation.

Angiotensin Receptor Neprilysin Inhibitor
Angiotensin receptor neprilysin inhibitors (ARNIs) significantly
improve the clinical outcome of patients with HFrEF as
shown in PARADIGM-HF which compared the angiotensin
receptor neprilysin inhibitor (ARNI) (sacubitril/valsartan) with
angiotensin converting enzyme inhibitor (ACEI) (enalapril).
As neprilysin is one of enzymes clearing Aβ peptides from
the brain, in theory, inhibition of neprilysin may reduce Aβ

degradation and accelerate its accumulation (145). Besides,
inhibition of neprilysin increases bradykinin levels, which
directly interacts with Aβ1-42 aggregates to generate Aβ plaques.
Hence, there is a concern about how neprilysin inhibitor may
cause cognitive decline in patients treated with ARNI. However,
large scale randomized controlled trials, such as PARADIGM-
HF, confirm that there is no adverse effect of ARNI on CI
(146, 147). A possible cause may be that cognitive decline
in HF is not wholly related to Alzheimer’s type pathology
and may also be associated with declining cardiac function
and vascular abnormalities. Therefore, the long-term ARNI
treatment, by improving cardiovascular function and preventing
hospitalization, may have a positive effect on cognitive function
in patients with HF. Further, a study, PERSPECTIVE (NCT
02884206), is undergoing to explicitly focused on whether
ARNNI will lead to CI in populations with HFpEF. This study
is expected to be completed in March 2022.

Angiotensin Converting Enzyme Inhibitor/Angiotensin II

Receptor Blocker
Angiotensin converting enzyme inhibitors (ACEIs)/angiotensin
II receptor blockers (ARBs) have been shown to improve
cognitive function in patients with HF by reducing the activity
of sympathetic nervous system and improving cerebral blood
flow (150). In a mouse model of AD, the centrally active
ACEI perindopril significantly reversed the CI, including the
indices of immediate working memory and relatively long-term
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TABLE 2 | Summary of trials targeting medical treatment of cognitive impairment in heart failure (HF) (completed).

Trial Year of

publication

Study design Intervention Study population

(n)

Primary end point Secondary end

points

Results

ACEIs/ARBs

The antihypertensives and

vascular, endothelial and

cognitive function trial

(AVEC trial) (157)

2012 Randomized, controlled Candesartan vs.

lisinopril vs.

hydrochlorothiazide

hypertension and

cognitive impairment

aged ≥60 years (53)

Changes in cognitive

assessment: making test

parts A and B (TMT),

Hopkins verbal learning

test—revised (HVLT), and

the digit span test.

Change of systolic

blood pressure and

blood flow velocity

Candesartan improved in TMT-B (P = 0.008),

the adjusted TMT, B-A which adjusts the test

for motor speed (P = 0.012), and the

recognition portion of the HVLT (P = 0.034).

Blood pressure control levels and systolic

blood pressure reductions were equivalent in all

three groups.

Soto et al. (151) 2013 Randomized, controlled ACEIs vs. other

antihypertensive

drugs

Older adults with

mild to moderate

Alzheimer’s disease

(616)

Change in MMSE score. - The use of ACEIs in older adults with AD is

associated with a slowest rate of decline in

MMSE score independent of hypertension.

Ginkgo evaluation of

memory study (GEMS) (158)

2013 A post-hoc analysis of

the randomized

controlled GEMS trial.

ACEIs vs. diuretic

vs. ARB vs.

β-blocker vs. CCB

Older adults aged

≥75 years with

normal cognition

(1,928) or MCI (320)

Incidence of AD. - ACEI, ARB, or diuretic use was associated with

reduced risk of AD among patients with normal

cognition or MCI.

Zuccalà et al. (150) 2005 Observational,

retrospective

With ACEIs vs.

without ACEIs

Heart failure (1,220) The improvement of

cognitive performance

- Cognitive performance improved in 30% of

participants started ACEIs, but only in 22% of

remaining patients (P = 0.001). Use of ACEIs

among patients with heart failure was

associated with improving cognition (odds ratio

= 1.57; 95% CI 1.18–2.08) in the multivariable

regression modeling, independently of baseline

or discharge blood pressure levels. The

probability of improving cognitive performance

was higher for dosages above the median

values compared with lower doses (odds ratios

= 1.90 and 1.42; P for trend = 0.001), and

increased with duration of treatment (odds

ratios for the lower, middle, and upper tertiles =

1.25, 1.34, and 1.59; P for trend = 0.007)

Ouk et al. (160) 2021 Observational,

retrospective

ACEIs vs. ARBs Cognitively normal

or AD/MCI with

amyloid-β-positive

aged 55–90 years

(311)

Global and sub-regional

amyloid-β accumulation by
18F-flflorbetapir

- In cognitively normal older adults, ARB use was

associated with a lower rate of global Aβ

accumulation over time compared to ACE-I

users. The rates of amyloid-β accumulation had

no difference between ARBs or ACEIs in

amyloid-positive participants with AD dementia

or MCI.

(Continued)
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TABLE 2 | Continued

Trial Year of

publication

Study design Intervention Study population

(n)

Primary end point Secondary end

points

Results

Hajjar et al. (159) 2020 Randomized, controlled Candesartan vs.

lisinopril

hypertension and

mild cognitive

impairment aged 55

years or older (141)

Change in executive

function (measured using

the trail making test,

executive abilities: measures

and instruments for

neurobehavioral evaluation

and research tool)

Change in episodic

memory (measured

using the Hopkins

verbal learning

test-revised) and

microvascular brain

injury reflected by

MRI of white matter

lesions.

Candesartan was superior to lisinopril on the

executive function measured by Trail Making

Test Part B [effect size (ES) = −12.8 (95% CI,

−22.5 to −3.1)] but not executive abilities:

measures and instruments for neurobehavioral

evaluation and research score. Candesartan

was also superior to lisinopril on the secondary

outcome of Hopkins Verbal Learning

Test-Revised delayed recall [ES = 0.4 (95% CI,

0.02–0.8)] and retention [ES = 5.1 (95%

CI, 0.7–9.5)].

β-blockers

Holm et al. (162) 2020 Randomized, controlled, With β-blockers vs.

without β-blockers

General population

treated with

β-blockers (18,063)

Incidence of dementia

(developing vascular

dementia, all-cause,

Alzheimer’s and mixed

dementia)

- β-blocker therapy was independently

associated with increased risk of developing

vascular dementia, regardless of confounding

factors (HR: 1.72, 95%CI 1.01–3.78; P =

0.048). Conversely, treatment with β-blockers

was not associated with increased risk of

all-cause, Alzheimer’s and mixed dementia

ARNI

PARADIGM-HF. (146) 2017 Randomized, controlled Sacubitril/valsartan

97/103mg bid vs.

enalapril 10mg bid

in a 1:1 ratio

Symptomatic HFrEF

(8,399)

Relevant cognition- and

memory-related adverse

event (AE) reports

- The incidence of dementia-related AEs in

patients treated with sacubitril/valsartan was

similar to that in patients treated with enalapril.

SGLT2 inhibitor

Simone et al. (156) 2018 Randomized, controlled Incretins vs. SGLT2

inhibitor

Elderly patients with

type 2 diabetes

mellitus (39)

Change of cognitive

performance with the

attentive matrices test, the

verbal fluency test and the

Babcock story recall test.

Metabolic outcomes. Cognitive status did not change significantly

during the 12 months of treatment in SGLT2

inhibitor group or incretins group. SGLT2

inhibitor resulted in a reduction in weight, in

BMI, and an increase in high-density

lipoprotein cholesterol.

Mui et al. (148) 2021 Retrospective,

territory-wide cohort

study

SGLT2I vs. DPP4I Type 2 diabetes

mellitus patients

(39,828)

New-onset dementia,

Alzheimer’s, and

Parkinson’s.

All-cause,

cardiovascular, and

cerebrovascular

mortality.

SGLT2I users had lower incidences of

dementia, Alzheimer’s, Parkinson’s disease,

all-cause, cerebrovascular, and

cardiovascular mortality. SGLT2I use was

associated with lower risks of dementia,

Parkinson’s, all-cause, cardiovascular, and

cerebrovascular mortality.

Aβ, amyloid-β; ACEIs, angiotensin converting enzyme inhibitors; AD, Alzheimer’s disease; ARNI, angiotensin receptor neprilysin inhibitor; ARBs, angiotensin II receptor blockers; MCI, mild CI; MRIs, magnetic resonance images; SGLT2,

sodium glucose co-transporter 2.

F
ro
n
tie
rs

in
C
a
rd
io
va
sc
u
la
r
M
e
d
ic
in
e
|w

w
w
.fro

n
tie
rsin

.o
rg

F
e
b
ru
a
ry

2
0
2
2
|
V
o
lu
m
e
8
|A

rtic
le
8
3
1
7
3
4

133

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yang et al. Cognitive Impairment in Heart Failure

T
A
B
L
E
3
|
O
n
g
o
in
g
tr
ia
ls
ta
rg
e
tin

g
m
e
d
ic
a
lt
re
a
tm

e
n
t
o
f
C
Ii
n
H
F.

T
ri
a
l

S
tu
d
y
d
e
s
ig
n

In
te
rv
e
n
ti
o
n

S
tu
d
y
p
o
p
u
la
ti
o
n
(n
)

P
ri
m
a
ry

e
n
d
p
o
in
t

S
e
c
o
n
d
a
ry

e
n
d

p
o
in
ts

C
li
n
ic
a
lT
ri
a
ls
.g
o
v

id
e
n
ti
fi
e
r

A
C
E
Is
/A

R
B
s

C
a
n
d
e
sa
rt
a
n
’s
e
ffe

c
ts

o
n
A
lz
h
e
im

e
r’s

d
is
e
a
se

a
n
d
re
la
te
d
b
io
m
a
rk
e
rs

(C
E
D
A
R
)

R
a
n
d
o
m
iz
e
d
,

c
o
n
tr
o
lle
d

C
a
n
d
e
sa
rt
a
n
vs
.

P
la
c
e
b
o

M
ild

c
o
g
n
iti
ve

im
p
a
irm

e
n
t;
a
m
yl
o
id

p
o
si
tiv
ity

d
e
te
rm

in
e
d

(7
7
)

H
yp

o
te
n
si
ve

e
p
is
o
d
e
s,

sy
m
p
to
m
s

o
f
h
yp

o
te
n
si
o
n
,
e
le
va
te
d
se
ru
m

c
re
a
tin

in
e
,
h
yp

e
rk
a
le
m
ia
,

d
is
c
o
n
tin

u
in
g
th
e
st
u
d
y

m
e
d
ic
a
tio

n

C
h
a
n
g
e
in

c
e
re
b
ro
sp

in
a
lfl
u
id

(C
S
F
)
Ta
u
le
ve
ls
,

p
u
ls
e
w
a
ve

ve
lo
c
ity

(P
W
V
),
a
u
g
m
e
n
ta
tio

n
in
d
e
x

(A
I),

b
ra
in

p
e
rf
u
si
o
n
,
h
ip
p
o
c
a
m
p
a
lv
o
lu
m
e
,

va
so

re
a
c
tiv
ity
,
c
lin
ic
a
ld

e
m
e
n
tia

ra
tin

g
(C
D
R
)

N
C
T
0
2
6
4
6
9
8
2

A
n
g
io
te
n
s
in

(1
–7

)

A
n
g
io
te
n
si
n
(1
–7

)
tr
e
a
tm

e
n
t
to

im
p
ro
ve

c
o
g
n
iti
ve

fu
n
c
tio

n
in
g
in

h
e
a
rt
fa
ilu
re

p
a
tie
n
ts

R
a
n
d
o
m
iz
e
d
,

c
o
n
tr
o
lle
d

D
ru
g
:

a
n
g
io
te
n
si
n
-(
1
–0

7
)

B
e
h
a
vi
o
ra
l:
m
e
m
o
ry

tr
a
in
in
g

A
d
u
lts

w
ith

c
h
ro
n
ic
H
F
;

w
ith

o
u
t
n
e
u
ro
lo
g
ic
o
r

p
sy
c
h
ia
tr
ic
d
is
o
rd
e
rs

(1
6
)

C
h
a
n
g
e
s
in

p
e
rf
o
rm

a
n
c
e
o
n
th
e

M
e
m
o
ry

In
te
n
tio

n
s
Te
st

(M
IS
T
)

C
h
a
n
g
e
s
o
f
a
ss
e
ss
m
e
n
t
o
f
se
lf-
re
p
o
rt
e
d
q
u
a
lit
y

o
f
lif
e
(Q
o
L
)
a
n
d
sy
st
e
m
ic
in
fla
m
m
a
tio

n
a
ss
a
y

N
C
T
0
3
1
5
9
9
8
8

A
R
N
I

A
m
u
lti
c
e
n
te
r,
ra
n
d
o
m
iz
e
d
,
d
o
u
b
le
-b
lin
d
,

a
c
tiv
e
-c
o
n
tr
o
lle
d
st
u
d
y
to

e
va
lu
a
te

th
e
e
ffe

c
ts

o
f
L
C
Z
6
9
6
c
o
m
p
a
re
d
to

va
ls
a
rt
a
n
o
n
c
o
g
n
iti
ve

fu
n
c
tio

n
in

p
a
tie
n
ts

w
ith

c
h
ro
n
ic
h
e
a
rt
fa
ilu
re

a
n
d
p
re
se
rv
e
d
e
je
c
tio

n
fr
a
c
tio

n

R
a
n
d
o
m
iz
e
d
,

c
o
n
tr
o
lle
d

L
C
Z
6
9
6
vs
.

va
ls
a
rt
a
n
vs
.

p
la
c
e
b
o

P
a
tie
n
ts

w
ith

c
h
ro
n
ic

H
F
p
E
F
a
n
d
c
o
g
n
iti
ve

fu
n
c
tio

n
(5
9
2
)

C
h
a
n
g
e
in

th
e
C
o
g
S
ta
te

g
lo
b
a
l

c
o
g
n
iti
ve

c
o
m
p
o
si
te

sc
o
re

(G
C
C
S
)

C
h
a
n
g
e
in

c
o
rt
ic
a
lc
o
m
p
o
si
te

st
a
n
d
a
rd
iz
e
d

u
p
ta
ke

va
lu
e
ra
tio

(S
U
V
r)
,
in
d
iv
id
u
a
lc
o
g
n
iti
ve

d
o
m
a
in
s
(m

e
m
o
ry
,
e
xe
c
u
tiv
e
fu
n
c
tio

n
,
a
n
d

a
tt
e
n
tio

n
),
th
e
su

m
m
a
ry

sc
o
re

o
f
th
e

in
st
ru
m
e
n
ta
la
c
tiv
iti
e
s
o
f
d
a
ily

liv
in
g
(IA

D
L
)

N
C
T
0
2
8
8
4
2
0
6

recognition memory (149). In elderly patients with hypertension
and CI, studies have indicated that ACEIs and ARBs could
improve the cognitive function and were associated with reduced
risk of AD (151, 157–159). Recently, research demonstrated that
ARBs had a stronger protection against memory decline than
ACEIs through its potential benefits on the inhibition of Aβ

accumulation in the cortex (160).

β-Blockers
Findings of β-blockers to improve CI are heterogeneous, and
some are even controversial. β-blockers may reduce the incidence
of CI through the control of blood pressure. It has been first
reported in JAMA in 1986 that β-blockers may lead to depression,
which is a cause of CI. However, another study showed that
there was no correlation between β-blockers and depression the
next year. A meta-analysis indicated β-blockers were related to
the occurrence of vascular dementia (161, 162). Thus, further
investigations are warranted to identify the specific relationship
between β-blockers and CI.

Mineralocorticoid Receptor Antagonists
Mineralocorticoid receptors are ubiquitously expressed in limbic
brain structures such as the hippocampus, amygdala, and
prefrontal cortex. Findings showed that mineralocorticoid
receptor antagonists (MRAs) decreased verbal learning, verbal
memory, and visuospatial memory in adult population and
impaired verbal memory and executive function in young
depressed patients. However, MRAs improved verbal learning
and visuospatial memory in elderly depressed patients. Thus far,
the relevant research of MRAs and CI is relatively limited, and
the impact of MRAs on CI is still controversial (163).

Effect of CI Medical Therapy on HF
Virtually all clinical trials of HF therapy have excluded patients
with CI or dementia. There is limited data pertaining to the
treatment for CI in HF. As a result, current guidelines are unable
to provide evidence-based recommendations for diagnosis and
treatment of patients with CI in routine clinical practice (164).
Acetylcholinesterase inhibitors and memantine are considered as
the first-line therapy for CI due to the benefit of concentration
and memory. A position paper from the Study Group on
Heart and Brain Interaction of the Heart Failure Association
mentioned the favorable side effect profile for CI and the
potential cardiovascular adverse events. For acetylcholinesterase
inhibitors co-treated with β-blockers, digoxin, amiodarone, and
calcium channel blockers may increase the risk for syncope or
heart block. Dizziness, hypertension, angina, bradycardia, and
HF may be observed in patients treated with memantine (165,
166).

Novel Therapeutic Targets
Angiotensin-converting enzyme 2 (ACE2), angiotensin-(1-7)
[Ang-(1-7)], andMas have been identified as a new component of
RAS, which constitute ACE2-Ang-(1-7)-Mas axis (167). Recently,
Ang-(1-7) has showed to reverse HF-related CI in animal
experiment. Ang-(1-7) is mainly produced by the hydrolysis of
Ang II and the ligand for the Mas receptor. MAS is highly
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expressed in the hippocampus, a brain region related to memory
function. Thus, the activation of Mas by Ang-(1-7) may play
a protective role in brain. Hay et al. found that following 3
weeks treatment with systemic Ang-(1-7), the HF mice novel
object recognition discrimination ratios were significantly better
than the performance of mice with HF treated with saline
(168). Ang-(1-7) also improved spatial memory in mice with
HF without effect on cardiac function. Besides, 3 weeks of Ang-
(1–7) treatment in the mice with HF resulted in a significant
increase in plasma IL-1a, G-CSF, IL-16, and sICAM, which
have been shown a neuroprotection in animal models of head
injury or brain ischemia (169). The latest study demonstrated a
novel glycosylated Ang-(1-7) peptide, Ang-1-6-O-Ser-Glc-NH2

(PNA5), which has greater brain penetration compared with the
native Ang-(1-7) peptide in HF mice model. Moreover, after
treatment with subcutaneous injection 1.0/mg/kg for 3 weeks,
PNA5 activation of the Mas receptor reversed object recognition
impairment in mice with HF and rescued spatial memory
impairment. PNA5 treatment also decreased circulating pro-
inflammatory cytokine, such as TNF- α, IL-7, and granulocyte
cell-stimulating factor serum levels, while increasing that of the
anti-inflammatory cytokine IL-10.

As an important inflammatory factor mediating the
occurrence of CI in HF, TNF- α is also a potential therapeutic
target. TNF-α inhibitor Etanercept improve cognitive function
by increasing the density of dendritic spines in frontal and
parietal cortex (76). In addition, Lidington et al. found that
a TNF-α negative regulator, cystic fibrosis transmembrane
conductance regulator (CFTR) may be a novel therapeutics
target for CI in HF. By emulating the key features of HF-related
CI, including reduced CBF and compromised neurologic
function in mouse models, CFTR corrector compounds (C18)
normalize pathological alterations in cerebral artery CFTR
expression, vascular reactivity, and cerebral perfusion without
affecting systemic hemodynamic parameters (170). Therefore,
CFTR therapeutics may be a novel target to manage CI in HF.

Non-pharmacologic Approaches for
CI in HF
Life-Style Modification Physical Activity and Exercise
Studies indicated that the modification of lifestyle, including
exercise and diet, can potentially improve cognition in patients
with HF. Higher daily steps per day predicted better cognitive
function and greater subcortical volume, with specific effects for
the thalamus and ventral diencephalon (171). Redwine et al.
also showed a greater MoCA score increases in patients with
HF with Tai Chi or resistance band exercise compared to
treatment as usual. Recently, Vellone et al. found that worse
CI was independently associated with lower 6MWT scores. Of
note, exercise capacity was associated with various cognitive
domain, including visuospatial/executive, naming, attention,
language, and orientation (19). Diet modification, such as low-
salt diet, Mediterranean diet, and high-fiber diet, is also a feasible
approach to preserving cognitive function and reducing risk
of dementia. Several observational studies reported a protective
association between certain nutrients (e.g., folate, flavonoids,

vitamin D, and certain lipids) or food groups (e.g., seafood,
vegetables, and fruit) and cognitive outcomes in older adults.
A large randomized controlled trial further demonstrated a
2-year multidomain intervention of diet, exercise, cognitive
training, and vascular riskmonitoring could improve ormaintain
cognitive function in at-risk elderly people from the general
population (172).

Device Therapy
Device therapy of HF has been reported contribute to cognitive
improvement by improving cardiac output. Patients with
moderate to severe HF enhanced cognitive outcomes within
3 months of cardiac resynchronization therapy (CRT) due
to the improved left ventricular ejection fraction (LVEF) in
response to CRT (173). Patients with improved LVEF showed
better outcomes on measures of executive functioning, global
cognition, and visuospatial functioning. Similarly, Zimpfer et al.
indicated that successful ventricular assist devices implantation
contributes to cognitive improvement by increasing cerebral
blood flow in patients with advanced HF (174). Besides,
as a common comorbidity of HF, AF exacerbates cognitive
dysfunction and cerebral perfusion in patients with HF (94).
Recently, a prospective case-control study assessed changes in
cognitive function in 308 patients treated with AF catheter
ablation and 50 medically managed controls, finding a significant
improvement in cognitive function at 3 months and 1 year
after ablation but not in the control group (175). This result
supported that ablation may facilitate cognitive recovery from
cerebral hypoperfusion by restoring sinus rhythm.

KNOWLEDGE GAPS AND AREAS FOR
FUTURE RESEARCH

The prevalent CI in patients with HF bring a greater burden to
the poor outcome and worsening quality of life. Even though
great efforts sought to characterize the detrimental issue the with
increasing awareness and advancement of the diagnostic tools,
knowledge gaps still exist in this field. First, more prospective
data on the role of HF in cognitive decline await future detailed
investigations. Specifically, well-designed longitudinal studies
with longer follow-up are warranted to illustrate the time cure
in regard of: (1) the precise progression of cognitive decline
from normal to dementia in patients with HF; and (2) the
deleterious effect of varying degree of CI on survivor time and
clinical course of HF. Additionally, comprehensive evaluations,
including treatment effectiveness, compliance, caregiver burden
and frailty, should be considered. Second, further research
deserves to expound the contributory mechanisms involved in
the pathophysiology of CI in HF to deepen understanding of
heart-brain interaction. Third, systematic assessment of CI in
HF with multiple imaging and neuropsychiatric approach, risk
stratifications with specific biomarker profiles, and prediction
models are expected to provide more prognostic information and
guide therapy decisions. Fourth, despite the growing knowledge
about the mutual malignant impact of HF and CI, little is
known on promising targets for novel therapeutic interventions.
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In the future, research priorities outlined above will attract far
more attentions in HF-CI interconnectivity. The availability of
novel techniques, emerging and existing (repurposed) therapies,
computational modeling and novel insights will help address
these knowledge gaps.

CONCLUSIONS

Heart failure (HF) and CI are increasing in prevalence and,
when present together, are associated with significant mortality
and morbidity. The underlying mechanisms of the link between
cardiac dysfunction and brain pathologies in HF condition
are still largely elusive. While patients with HF with dementia
have great difficulties in daily life and are heavily dependent
on caregivers, patients with CI are more independent. Routine
screening of CI is needed in HF, even from using a simple tool
like MoCA, thereby improving the efficiency of HFmanagement.
In patients with HF and CI, lifestyle change and risk factor
control, standard HF therapy, and appropriate medication for CI
should be standard of management. Further studies are needed
not only to unravel the bidirectional pathology of the heart and
cognition, but also to provide more efficient interventions in the
brain following HF-associated conditions. Close collaboration
between the HF and neurology specialists is essential in the

early recognition and appropriate management of these patients.
Future research to develop a consensus management guideline
for patients with HF and CI, which is not yet available,
is warranted.
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GLOSSARY

AD, Alzheimer’s disease; Aβ, amyloid-β; ATP, adenosine
triphosphate; ACEI, angiotensin converting enzyme inhibitor;
ACE2, angiotensin-converting enzyme 2; AF, atrial fibrillation;
Ang-II, angiotensin II; Ang-(1-7), angiotensin-(1-7); APP,
amyloid precursor protein; ARB, angiotensin II receptor
blocker; ARNI, angiotensin receptor neprilysin inhibitor;
BBB, blood-brain barrier; BMI, body mass index; BNP, brain
natriuretic peptide; BP, blood pressure; CAMCOG, Cambridge
cognitive examination; CBF, cerebral blood flow; CFTR, cystic
fibrosis transmembrane conductance regulator; CI, cognitive
impairment; CO, cardiac out; CRT, cardiac resynchronization
therapy; CSF, cerebrospinal fluid; DM, diabetes mellitus;
DPP4, dipeptidyl peptidase-4; DTI, diffusion tensor imaging;
FAQ, functional activities questionnaire; fMRI, functional
magnetic resonance imaging; GMD, gray matter density; HF,
heartfailure; HFpEF, heart failure with preserved ejection
fraction; HFrEF, heart failure with reduced ejection fraction;

HIF-1, hypoxia inducible factor-1; IL, interleukin; LVEF, left
ventricular ejection fraction; MCI, mild cognitive impairment;
MMSE, mini-mental state examination; MoCA, Montreal
cognitive assessment; MRI, magnetic resonance imaging;
MTA, medial temporal lobe atrophy; NIRS, near-infrared
spectroscopy; NPI-Q, neuropsychiatric inventory questionnaire;
NT-proBNP, N-terminal pro-brain natriuretic peptide; p-
GSK3β, phosphorylated glycogen synthase kinase 3β; PNA5,
ang-1-6-O-Ser-Glc-NH2; PVM, perivascular macrophage; QoL,
quality of life; RAS, renin angiotensin system; RCS, rapid
cognitive screen; SGLT2, sodium glucose co-transporter 2;
SLUMS, Saint Louis University mental status; ROS, subsequent
reactive oxygen species; SPECT, single photon emission
computed tomography; TLR-4, toll-like receptor-4; TNF-α,
tumor necrosis factor-α, TSPO, translocator protein; VEGF-1,
vascular endothelial growth factor-1; WMH, white matter
hyperintensities; WML, white matter lesions; BACE, β-site
amyloid precursor protein-cleaving enzyme-1; 6MWT, 6-minute
walk test.
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Background: Anorexia nervosa (AN) is accompanied by bradycardia, low blood

pressure (BP) and cardiac morphological remodeling. Systolic and diastolic functions are

relatively preserved when assessed by standard ultrasound methods. However, novel

advances based on speckle tracking echocardiography (STE), that could detect subtle

and early alterations of left ventricular (LV) function, remained poorly used in AN patients.

Objective: The aim of this study was to assess the cardiac function of AN patients by

evaluating LV myocardial strains, myocardial work (MW) and LV mechanical dispersion.

We hypothesized that LV strains and global myocardial work would be decreased and

LV twisting mechanisms enhanced to preserve the systolic function.

Methods: Fifty-nine adolescents including 26 women AN patients (14.6 ± 1.9 yrs. old)

with a mean duration of AN of 19 ± 9 months and 33 controls (14.1 ± 2.0 yrs. old)

underwent STE to assess LV morphology and myocardial regional strains.

Results: The global longitudinal strain (GLS) was higher in AN patients compared

to controls (−18.8 ± 2.0 vs. −16.9 ± 2.8%, p = 0.006). The area under the

pressure-strain loop, representing the global MW was not altered but was shifted

to the left and downwards in AN patients, due to their lower BP and higher GLS.

Intraventricular mechanical dispersion was similar in both groups. Circumferential strains,

twisting/untwisting mechanics were preserved.

Conclusion: Our results strongly support that the cardiac morphological remodeling

observed in our AN patients was associated with normal ventricular regional myocardial

functions. Only GLS was higher in AN patients, but its clinical significance remains to

be demonstrated.

Keywords: myocardial strain, myocardial work, left ventricular mechanical dispersion, anorexia nervosa, left

ventricular twist

INTRODUCTION

Anorexia nervosa (AN) is characterized by important weight loss, severe malnutrition and body
composition abnormalities (1). Most cases are observed in females aged between 12 and 25 years
(1). Cardiovascular complications in AN are frequent, occurring in up to 80% of patients, and
some can be life-threatening (2). The most common abnormalities reported are sinus bradycardia,
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hypotension and electrocardiographic abnormalities (3). A
left ventricular (LV) remodeling has also been observed,
characterized by a diminished wall thickness due to the loss
of cardiac muscle (2). Regarding global diastolic function, a
specific LV filling profile is usually observed, with decreased
A wave and increased E/A ratio, on account very likely to
sinus bradycardia (2, 4). Systolic function is often unchanged,
with normal LV stroke volume and ejection fraction (EF) (5).
However, most of studies in AN patients referred to standard
ultrasound methods, precluding any conclusion regarding their
myocardial regional function.

Myocardial strain analyses from speckle tracking
echocardiography (STE) have emerged as a reliable technique
for studying myocardial mechanics (6). Although they enable
detecting subtle alterations in systolic function when EF is
still preserved (6), their relative load dependency makes the
myocardial deformation indices unable to account for changes in
afterload observed in AN patients. To overcome this limitation,
global myocardial work (GMW), estimated from construction of
LV pressure-strain loops (LV-PSL), has recently emerged as an
interesting echocardiographic tool for assessing the myocardial
function (7–9). LV-PSL are strongly correlated with myocardial
glucose metabolism (7) and thus could be altered in AN patients
with caloric deprivations.

Non-uniform contractions of LV myocardial walls due to
a decline of synchronicity affect myocardial performance. In
AN patients, previous studies showed structural myocardial
abnormalities with possible presence of fibrosis (10–12). Since
strong interactions between myocardial fibrosis and conduction
disorders have been demonstrated (13–15), we questioned a
potential increase of LV mechanical dispersion in this specific
population. The LV mechanical dispersion can be assessed not
only from the segmental analysis of timing of LV strains (8,
13, 16), but also from the myocardial work, by differentiating
the myocardial constructive work (MCW) and the myocardial
wasted work (MWW) to estimate myocardial work efficiency
(MWE) (7, 17).

Another important factor influencing LV myocardial
performance is LV twist. During systole, contraction of the
cardiomyocytes induced not only LV longitudinal, but also
circumferential and radial strains (18, 19). Moreover, due to
the complex orientation of the myocardial fibers, LV twists
consequently to the opposing rotations of the base and the
apex. Twisting of the LV, which could be assessed non-invasively
by STE, is essential to maintain EF and efficiency of systolic
function (20). It plays also a crucial role during diastole, with
elastic energy stored during systole abruptly released during
untwisting, generating an intraventricular pressure gradients
very early in diastole and allowing filling to proceed at low filling
pressure (18–20). It has been well-demonstrated that LV twisting
mechanics was altered under various pathological states (20, 21),
but its evaluation has never been done in AN patients.

In this context, the objective of the study was to compare
the cardiac function of AN patients with healthy controls using
novel advances in STE. We hypothesized that (1) LV strains
and LV GMW would be decreased in AN patients, (2) LV
intraventricular mechanical dispersion would be increased, and

(3) LV twisting mechanisms would be enhanced to preserve their
systolic function.

METHODS

Study Population
The study, prospective, included female patients with AN who
had been diagnosed in a pediatric department of a university
hospital in France between March 2019 and January 2020. All
patients ranged from 10 to 18 years and fulfilled the DSM V
criteria for AN (American Psychiatric Association) (22). The
control group was composed of healthy adolescent girls with
normal body mass and free from eating disorders. The BMI z
score was calculated for all participants by specific formula (23).
Patients and control subjects with chronic disease, congenital
heart defect, positive family history of cardiac disease were
excluded. Written informed consent was obtained from the
study participants and their guardians. The Ile de France Ethics
Committee approved the protocol for this study (18.12.05.66738
CAT 2).

Anthropometrical and Body Composition
Assessments
Body height and body mass were measured. BMI was calculated
as body mass.body height−2 and body surface area (BSA) was
calculated according to Boyd (24). Blood pressure (BP) and
HR were measured using an automatic device (General electric,
Dynamap PRO 300 V2, Boston). Bradycardia was defined by HR
<50 bpm, as in guideline on the evaluation and management
of patients with bradycardia (Task force of 2018) (25). Systolic
arterial hypotension was defined by systolic BP (SBP) below
the 5th percentile and/or 90 mmHg (26). Body composition,
including body fat mass with abdominal fat thickness (AFT) and
lean mass, was evaluated by a bio-impedance system, validated
for the measurement of body composition in children (27)
(BioparHom, Z-Métrix, France).

Echocardiographic Recordings
Echocardiography was carried out with the subject in left
lateral decubitus position, with Vivid Q ultrasound systems (GE
Healthcare, Horten, Norway) using a 3.5-MHz transducer (M4S
probe). Cine loops were recorded in parasternal long axis and
apical (5, 4, 3 and 2 chambers) views and saved for blinded offline
analysis (EchoPac, BT203 version, GE Healthcare). Grayscale
images were saved at a frame rate of 80–90 frames.sec−1

and color tissue velocity images at a frame rate of 120–140
frames.sec−1. 2D echocardiographic measurements were
performed in accordance with the guidelines of the American
Society of Echocardiography (28). All echocardiographic
data were averaged from measurements obtained on 3–5
cardiac cycles.

LV Morphology and Global Function
LV diameters and myocardial thickness were measured from
the parasternal long axis view. LV mass was estimated using
Devereux formula and indexed to height2.7 as recommended
in the pediatric population (29, 30). LV diastolic function was
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assessed from peak early (E wave) and atrial (A wave) transmitral
flow velocities and from peak E’ and A’ TDI velocities, at the
mitral annular level in the different apical views. LV volumes
and EF were assessed using the Simpson’s biplane method. Stroke
volume and cardiac output (CO) were assessed from 5 chamber
and parasternal long axis views, and then indexed to the BSA.
Systemic vascular resistances were calculated by the formula
mean arterial pressures divided by cardiac output, according the
Poiseuille Law.

LV Global, Regional Strains and
Dyssynchrony
Global longitudinal strain (GLS), circumferential strains (CS),
diastolic longitudinal strain rate (LSrdiast) and twist mechanics
(apical and basal rotations, peak twist and untwisting rate) were
obtained as previously detailed (31). Data were normalized to
percentage of systolic duration to avoid differences in heart
rate and cine loop frame rates and to provide averaged strain
curves during the cardiac cycle for AN and control groups.
LV twist was calculated as the difference between apical and
basal rotations at each percentage of systolic duration and
untwist, occurring during diastole, was calculated. In order to
assess the dynamics of global LV twist and its relation to radial
displacement throughout the cardiac cycle, we constructed twist-
displacement loops. Averaged radial displacement data from six
segments in basal and in apical short-axis planes were summed
and divided by 2 to obtain the mean value of radial displacement.
We considered GLS, circumferential strains and LV twist as
indices of myocardial systolic function, LSrdiast as index of LV
relaxation (32) and peak untwisting rate as an index of LV
diastolic suction.

LV Mechanical Dispersion and Myocardial
Work Quantification
From a 17-segments model from apical 4, 3 and 2 chamber views
to assess LV regional strains and time to peak (TTP) strains (18),
LV mechanical dispersion was assessed by the standard deviation
(SD) of the TTP (in ms) over the 17 segments (SD 17S).

Myocardial work (MW) and related parameters were
estimated using the Automatic function imaging of the EchoPac
software (Figure 1). MW was estimated as a function of time
throughout the cardiac cycle by the combination of LV strain data
(recorded on the apical 4, 3 and 2 chambers) obtained by STE and
a non-invasively estimated LV pressure curve as described and
validated by Russell et al. (7, 8). Peak arterial pressure measured
with a cuff-manometer was assumed to be equal to peak systolic
and diastolic LV pressures and to be uniform throughout the
ventricle. MW was then quantified by calculating the rate of
segmental shortening by differentiating the strain curve and
multiplying the resulting value by the instantaneous LV pressure.

MW was calculated from mitral valve closure until mitral
valve opening. During LV systole, segmental shortening
contributes to the final LV ejection, whereas segmental stretch
or lengthening does not contribute to LV ejection. As a result,
the work performed by the myocardium during segmental
shortening represents MCW, whereas the work performed by the

myocardium during stretch or segmental lengthening represents
energy loss, which is defined as MWW (9). During isovolumic
relaxation, segmental lengthening contributes to LV relaxation,
whereas segmental shortening does not. As a result, the work
performed by the myocardium during segmental shortening,
which does not promote LV relaxation, was considered MWW
(9). On the opposite, the work performed by the myocardium
during segmental lengthening was considered segmental MCW
(9). The global MWE was finally obtained as follow:

MWE =
MCW

MCW +MWW
× 100

Statistical Analysis
All values were expressed as mean± SD. Statistical analyses were
performed usingMedcalc (version 19.1, Medcalc Software). One-
way analysis of variance (ANOVA) was used to compare groups,
after checking the normality of distribution of each variable
by Shapiro-Wilk test. In the absence of normal distribution,
the nonparametric Kruskal-Wallis test was used. Statistical
significance for all analyses was assumed at p < 0.05.

RESULTS

Clinical Characteristics
Twenty-six female AN patients, with an illness duration of 19 ±
9 months, and 33 controls were included. Table 1 shows the main
clinical characteristics and the body composition of AN patients
and controls. As expected, patients with AN had significantly
lower body mass, BMI and BSA than controls. Percentage of
body fat mass was lower and of lean mass was higher in AN
patients compared to controls. AN patients showed significantly
lower resting HR and lower systolic BP than the controls. Eight
AN patients (30.8 %) had sinus bradycardia and 7 (26.9 %) had
systolic hypotension.

Left Ventricular Morphology and Function
Data of LV morphology and function are presented in Table 2.
LV posterior wall thickness, LV mass, LV mass index to height2.7

were lower in AN patients compared to controls. There was no
difference in the LV septum thickness, relative wall thickness
(RWT), LV end-diastolic and end-systolic volume. AN patients
presented with lower CO index, lower A wave with higher E/A
ratio. Stroke volume index and EF were not different between
groups. Systemic vascular resistances were higher in AN patients
compared to controls.

Left Ventricular Strains and Myocardial
Work
LV strains and MW are presented in Figure 2 and Table 3.
GLS was higher in AN patients compared to controls, whereas
no difference were observed on circumferential strains. In AN
patients, the LV-PSL was shifted to the left and downwards,
consequently to the decrease of their LV pressures and the
increase of their GLS. However, the area under the loop, reflecting
the GMW, was similar between groups (1,657 ± 335 vs 1,737 ±

287 mmHg.% in AN patients and controls, respectively).
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FIGURE 1 | Example of non-invasive estimation of the LV myocardial work from the left ventricular longitudinal strains on apical views and the timing of mitral and

aortic valve events.
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TABLE 1 | Baseline characteristics of AN patients and controls.

AN patients (n = 26) Controls (n = 33)

Age (years) 14.6 ± 1.9 14.1 ± 2.0

Tanner’s pubertal stage 3.4 ± 1.1 4.0 ± 1.3

Anthropometry

Height (cm) 159.8 ± 9.1 162.6 ± 10.0

Body mass (kg) 40.7 ± 8.2*** 51.2 ± 9.8

BMI (kg.m−2 ) 15.8 ± 2.1*** 19.2 ± 2.3

BSA (m²) 1.33 ± 0.16*** 1.52 ± 0.19

Bioimpedance analysis

AFT (mm) 8.4 ± 3.9** 14.1 ± 7.0

Body fat mass (kg) 5.1 ± 3.4*** 10.5 ± 4.8

Body fat mass (%) 11.8 ± 6.2*** 20.0 ± 6.6

Lean body mass (%) 85.0 ± 6.3*** 76.6 ± 6.4

Hemodynamic constants

Heart rate (bpm) 56 ± 12*** 74 ± 11

Systolic BP (mmHg) 99 ± 14*** 110 ± 8

Diastolic BP (mmHg) 63 ± 11 67 ± 7

Mean BP (mmHg) 75 ± 12* 81 ± 7

AN, anorexia nervosa; BMI, body mass index; BSA, body surface area; AFT, abdominal fat

thickness; BP, blood pressure; Values are mean± SD. Significant differences with controls

*p < 0.05; **p < 0.01; ***p < 0.001.

Left Ventricular Mechanical Dispersion
The SD17S, an overall marker of intraventricular mechanical
dispersion, was similar between groups (Table 4). No difference
was observed between groups regarding MCW. The MWW was
also similar and consequently the MWE was unchanged.

LV Twisting Mechanics
LV twisting mechanics are presented in Figure 3 and Table 3. LV
rotations and twist were similar between groups. Peak untwisting
rate tended to be lower in AN patients despite difference did
not reached statistical significance. Twist-radial displacement
loops showed a similar pattern in both groups. After a small
initial clockwise twist at the onset of ejection, twist increased
linearly throughout systole. Early diastole was characterized by
rapid untwisting despite small radial displacement, and then
untwisting was smaller whereas displacement was larger from
mid to late diastole. These results strongly supported that the
untwisting efficiency and the suction effect was preserved in
AN patients.

DISCUSSION

It was well-described that AN was associated with cardiac
alterations (3, 5, 33). In our study, we confirmed that AN patients
had lower LV mass and lower CO secondary to bradycardia.
Using STE, the main objective of our study was to get insight
into their regional myocardial function, including MW and
LV twisting mechanics. We observed that, in AN patients,
(1) GLS was higher but GMW unchanged, (2) intraventricular
mechanical dispersion, assessed from time to peak strains and

TABLE 2 | Left ventricular morphology and function in AN patients and controls.

AN patients (n = 26) Controls (n = 33)

Morphology

LV septum thickness (cm) 0.72 ± 0.15 0.77 ± 0.12

LV posterior wall thickness (cm) 0.67 ± 0.12* 0.75 ± 0.12

RWT 0.33 ± 0.06 0.36 ± 0.05

LV end-diastolic volume (mL) 79 ± 19 86 ± 18

LV end-systolic volume (mL) 29 ± 8 31 ± 7

LV mass (g) 79 ± 26* 96 ± 24

LV mass index to height 2.7 (g.m−2.7) 22 ± 6* 26 ± 5

Function

LV systolic function

Stroke volume index (mL.m−2 ) 36.9 ± 5.9 35.6 ± 5.1

CO index (L.min−1.m−2) 2.0 ± 0.4*** 2.5 ± 0.4

EF (%) 64 ± 5 64 ± 6

LV diastolic function

E wave (cm.s−1) 84 ± 17 82 ± 14

A wave (cm.s−1 ) 30 ± 6*** 41 ± 7

E/A 2.9 ± 0.9*** 2.0 ± 0.5

E’ (cm.s−1 ) 12.8 ± 1.4 13.5 ± 1.3

A’ (cm.s−1 ) 4.2 ± 0.9*** 5.6 ± 1.1

E’/A’ 3.2 ± 0.7*** 2.5 ± 0.5

Systemic vascular resistances (AU) 30.1 ± 8.2*** 21.9 ± 5.4

Values are mean ± SD. Significant differences with controls *p < 0.05; **p < 0.01; ***p

< 0.001.

AN, anorexia nervosa; LV, left ventricular; RWT, relative wall thickness; CO, cardiac output;

EF, ejection fraction; AU, arbitrary unit.

MWE, remained similar compared to controls, (3) twisting
mechanics were preserved.

Higher Global Longitudinal Strain but
Unaltered Global Myocardial Work in AN
Patients
The first main result of our study was that the GLS, which allows
a more sensitive analysis of systolic function than EF (34), was
significant higher in AN patients compared to controls. This is
an unexpected result since in various pathological states the GLS
is usually decreased (35). To our knowledge, only one previous
study evaluated GLS in AN patients and found a similar GLS
between AN patients and controls (36). Discrepancies from our
results could be explained by a different BMI z score between our
group and their two groups of AN patients (i.e., −1.78 vs. −0.44
and −1.01). The severity of the disease could have an impact on
the LV myocardial function.

The increase in GLS could results from a complex interplay
between several factors including hypotension, low resting HR
and cardiac hypotrophy. In the present study, we assessed the
MW, a new echocardiographic tool based on both an assessment
of LV strain and an estimation of LV intraventricular pressures
(9, 37). Contrary to GLS, we did not observed difference on
GMW between our AN patients and controls. Indeed, despite
the different pressure-strain loops (i.e., shifted to the left and
downward in AN patients due to their higher strains and their
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FIGURE 2 | Longitudinal strain and global myocardial work in AN patients and controls. GLS, global longitudinal strain; LV, left ventricular; GMW, global myocardial

work. Difference between groups: **P < 0.01.

TABLE 3 | Left ventricular strains and twisting mechanics in AN patients

and controls.

AN patients (n = 26) Controls (n = 33)

Systolic strain

GLS (%) −18.8 ± 2.0** −16.9 ± 2.8

CS (%)

Basal level −21.9 ± 2.9 −23.1 ± 3.6

Apical level −29.6 ± 4.6 −30.9 ± 4.4

Rotation (◦)

Basal level −3.3 ± 1.7 −3.7 ± 2.0

Apical level 5.8 ± 2.6 5.7 ± 2.1

Twist (◦) 7.3 ± 3.2 7.5 ± 3.3

Diastolic strain

LSr diastolic 1.9 ± 0.3 1.9 ± 0.5

Untwisting rate (◦.s−1) −67.5 ± 31.9 −80.3 ± 31.5

Values are mean ± SD. Significant differences with controls *p < 0.05, **p < 0.01, ***p

< 0.001.

AN, anorexia nervosa; GLS, global longitudinal strain; CS, circumferential strain; LSr,

longitudinal strain rate.

lower SBP), area, representing the GMW, were similar between
the 2 groups. This second main result strongly supported that the
increase in GLS of AN patients were probably linked with their
lower SBP. The key role of cardiac afterload on GLS has been

TABLE 4 | LV dyssynchrony assessed by LV strains and myocardial work in AN

patients and controls.

AN patients Controls

(n = 26) (n = 33)

Myocardial work

MCW 1,842.3 ± 336.7 2,014.0 ± 299.4

MWW 131.0 ± 78.3 173.0 ± 152.5

MWE 92.8 ± 3.8 91.9 ± 4.6

LV Dyssynchrony

SD 17S (ms) 42.3 ± 24.3 45.8 ± 27.0

Values are mean ± SD. Significant differences with controls *p < 0.05; **p < 0.01; ***p

< 0.001.

AN, anorexia nervosa; MCW, myocardial constructive work; MWW, myocardial wasted

work; MWE, myocardial work efficiency; SD, standard deviation.

demonstrated in hypertensive patients or in animals in which
a decrease of GLS was observed consequently to an increase in
afterload (35, 38, 39). Low HR in our AN patients could also be
involved in their higher GLS, as observed in endurance athletes,
in whom resting bradycardia was associated with an increase in
GLS (35, 38). In pediatric populations, advancing age leads to
a decrease of HR concomitantly with an increase of GLS (40),
suggesting also a potential link between HR and GLS. The low
LV mass of our AN patients could be another factor explaining
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FIGURE 3 | Twist and untwist mechanisms in AN patients and controls. Basal rotation, apical rotation and twist, function of time (%of systolic duration). Twist –

untwist rate, function of time (% of systolic duration). Twist function of radial displacement.

their increased GLS. Indeed, in animals, the increase in the LV
dimensions was associated with an decrease in GLS (39). In our
study, LV mass of patients with AN was lower compared to
controls. A previous study observed that the lower LV mass in
patient with AN was linked to high growth hormon, low IGF-1
and low thyroid hormon levels (41). However, our results failed to
demonstrate significant correlations between GLS and posterior
wall thickness, LV mass or SBP.

The clinical significance of the increased GLS remains unclear.
Despite this is purely speculative, the increase in GLS at rest could
act to favor the stroke volume and thus the CO despite their
low LVM and resting bradycardia. We could also question their
reserve of GLS during exercise and thus their effort tolerance,

since it has been well-described that in response to physical
activity (42, 43) or under dobutamine stress (44) the increase in
LV strains acted to maintain or improved the stroke volume (42).
In this context, further studies would be helpful to understand
how the specific heart of AN patients respond to exercise.

Intraventricular Mechanical Dispersion in
AN Patients
Several case studies based on autopsy reported cardiac fibrosis
in AN patients (10, 11). Interestingly, using cardiac MRI (12)
and late gadolinium enhancement, Oflaz et al. (12) observed
that 23% of AN patients had a presence of myocardial fibrosis
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(12). Since fibrosis is known to favor conduction abnormalities
(13–15), we questioned if our AN patients had a higher LV
mechanical dispersion compared to controls. Based on segmental
STE analysis, we observed that the SD17S, an overall index of
LV mechanical dispersion remained unchanged in AN patients.
Additionally, we used an up-to-date method by quantifying both
MCW and MWW to calculate MWE (8, 13). In patients with
increased mechanical dispersion, MWW, work that is being done
by the ventricle but does not contribute to LV ejection (8, 9), is
significantly increased andMWE reduced (8, 9, 13). In our study,
we did not find an increase in MWW in AN patients compared
to controls, highlighting that their intraventricular mechanical
dispersion was not increased.

Left Ventricular Twisting Mechanics in AN
Patients
During systole, contraction of the cardiomyocytes generates
opposite rotations of the LV base and the apex, inducing
a LV twist (18–20). Despite its key role in both systolic
and diastolic performance, twist mechanics have been largely
neglected in previous studies. We hypothesized that LV rotations
and twist could be modified in AN patients, since it was
well-demonstrated that LV twist can be affected by changes
in loading conditions (21, 45). More specifically, LV twist
decreased when afterload increased and/or preload decreased
(21). Another major finding of our study was that LV rotations
and twist was unaltered in AN patients. This could be an
additional mechanism favoring themaintenance of EF and stroke
volume since LV twist, helps for bringing a uniform distribution
of LV fiber stress and fiber shortening across the wall, and
its disappearance has been clearly shown to increase oxygen
demand and reduce the efficiency of LV systolic function (20,
21).

The LV twist allows energy to be stored in elastic component
during systole, energy restored very early in diastole, creating
an intraventricular pressure gradient that favors LV filling (45,
46). The LV twist-untwist thus links systole to diastole (i.e.,
systolic-diastolic coupling). In our AN patients, LV untwisting
was preserved. The twist-displacement loops highlighted that,
in both groups, substantial untwisting occurred despite a
relatively small radial displacement in early diastole, whereas
untwisting was markedly smaller during the late phases of
diastole in spite of substantial radial displacement. This
result strongly supported that, in AN patients, the ventricle
untwists, rapidly recoiling, creating a diastolic suction that
was probably fully effective, contributing to their normal LV
diastolic function.

CONCLUSION

In our study, AN was accompanied by reduced HR and SBP,
associated with cardiac remodeling characterized by a decrease
in LV mass and wall thickness. However, the assessment of LV
strains andMW, and also of LV twisting mechanics, brought new
evidences that the cardiac function of adolescent AN patients was
preserved. Of note, our study population was characterized by
low BMI z score, but with a relatively short illness duration. So,
it would be interesting to evaluate in the future the myocardial
function of AN patients with a longer illness duration.
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Vascular repair upon vessel injury is essential for the maintenance of arterial homeostasis

and function. Stem/progenitor cells were demonstrated to play a crucial role in

regeneration and replenishment of damaged vascular cells during vascular repair.

Previous studies revealed that myeloid stem/progenitor cells were the main sources

of tissue regeneration after vascular injury. However, accumulating evidences from

developing lineage tracing studies indicate that various populations of vessel-resident

stem/progenitor cells play specific roles in different process of vessel injury and repair.

In response to shear stress, inflammation, or other risk factors-induced vascular injury,

these vascular stem/progenitor cells can be activated and consequently differentiate

into different types of vascular wall cells to participate in vascular repair. In this review,

mechanisms that contribute to stem/progenitor cell differentiation and vascular repair

are described. Targeting these mechanisms has potential to improve outcome of

diseases that are characterized by vascular injury, such as atherosclerosis, hypertension,

restenosis, and aortic aneurysm/dissection. Future studies on potential stem cell-based

therapy are also highlighted.

Keywords: vascular stem cells, atherosclerosis, restenosis, hypertension, aortic aneurysm, vascular injury,

vascular remodeling

INTRODUCTION

Vascular injury and repair process has been found to be associated with a variety of cardiovascular
diseases, including atherosclerosis, restenosis, hypertension, and arterial aneurysm. They are
mainly caused by vascular wall thickening and lumen narrowing. The main causes of the diseases
are endothelial injury, vascular smooth muscle cell (VSMC) proliferation, matrix deposition
induced abnormal vascular injury and repair (1). The artery wall has three layers as shown in
Figure 1: intima, media and adventitia. The intima, which has direct access to blood flow, is mainly
made up of endothelial cells (ECs) (2). Themedia is mainly composed of VSMCs, as well as collagen
and elastic fibers. The adventitia is rich in collagen, containing a variety of cells, as well as nerves
and blood vessels (3). Previous studies have shown that the occurrence and development of these
diseases is due to the phenotypic transformation of VSMCs induced by a variety of factors (4, 5).
But there are still unresolved disputations on the reversibility of phenotypic transformation. Recent
studies suggested that VSMCs participate in pathological processes, not only through phenotypic
transformation, but also from stem/progenitor cells differentiation (6). And it also found that
VSMCs derived from stem/progenitor cells participate in atherosclerosis, while maintaining a
contractile phenotype without phenotypic transformation (7, 8).

153

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2022.845070
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2022.845070&domain=pdf&date_stamp=2022-02-10
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:baoqiyu@ccmu.edu.cn
mailto:aijuanqu@ccmu.edu.cn
https://doi.org/10.3389/fcvm.2022.845070
https://www.frontiersin.org/articles/10.3389/fcvm.2022.845070/full


Tao et al. Stem Cells in Vascular Repair

FIGURE 1 | The distribution of cells in vascular wall. The vascular wall consists of three layers: intima, media, and adventitia. The intima consists of ECs and some

vascular stem cells such as c-kit+ cells. The media is composed of SMCs. The adventitia is composed of vascular stem cells (Sca-1+ cells, c-kit+ cells, CD34+ cells,

pericytes, etc.) and fibroblasts.

In recent years, studies have demonstrated that resident
or circulating stem/progenitor cells, such as endothelial
progenitor cells (EPCs), smooth muscle progenitor cells
(SMPCs), mesenchymal stem cells (MSCs), and pericytes,
can differentiate into several types of vascular cells and form

Abbreviations: AAA, abdominal aortic aneurysm; ADAM17, a disintigrin and

metalloproteinase 17; ATF6, activating transcription factor 6; BMMSC, bone

marrow mesenchymal stem cells; CCL, Chemokine (C-C motif) ligand; CXCL,

Chemokine (C-X-C motif) ligand; CXCR, Chemokine (C-X-C motif) receptor;

DKK3, dickkopf 3; EC, endothelial cell; ECFC, endothelial colony-forming cell;

ECM, extracellular matrix; EPC, endothelial progenitor cell; Flk-1, fetal liver

kinase-1; FoxM1, Forkhead box protein M1; HAECs, human aortic endothelial

cells; HUVECs, human umbilical vein endothelial cells; KLF4, krüppel-like factor

4; MACs, myeloid angiogenic cells; MFAP4, microfibrillar-associated protein 4;

MFS, marfan syndrome; MMP, matrix metalloproteinase; MSCs, mesenchymal

stem cells; NF-κB, nuclear factor-kappa B; PDGF beta, platelets derive growth

factors beta; PDGFR, platelet-derived growth factor receptor; SDF-1, stromal

cell-derived factor-1; Shh, sonic hedgehog; SMPC, smooth muscle progenitor

cell; STAT3, signal transducer and activator of transcription 3; TAA, thoracic

aortic aneurysm; TGFβ, transforming growth factor; TNFα, tumor necrosis factor;

Tsg6, TNFα-stimulated gene 6; VE-cadherin, vascular endothelial cadherin; VEGF,

vascular endothelial growth factor; VSC, vascular progenitor cell; VSMCs, vascular

smooth muscle cells; vWF, von willebrand factor.

neointima during vascular repair (9). Vascular stem cells
(VSCs) residing in blood vessels play a key role in vascular
remodeling and closely related to the occurrence of vascular
remodeling diseases. During embryonic development, vascular
networks depend on vasculogenesis and angiogenesis. Adult
VSCs are almost dormant in their niches, once blood vessels are
injured, these cells can be activated to initiate neointima, with
inflammatory cells infiltration and extracellular matrix (ECM)
deposition (10). Perivascular tissues, including the adipose layer
is also thought to be crucial in vascular development and disease
progression (11).

In this review, we describe several stem/progenitor cells
mainly in adventitia and their functions in development
of atherosclerosis, restenosis, hypertension, and aortic
aneurysm/dissection. At present, there are few studies on
VSCs, and the sources of various regenerative ECs and VSMCs
involved in the pathological process of vascular remodeling
diseases have not been fully studied. Therefore, the mechanism
of the participation of VSCs in various vascular remodeling
diseases needs to be further studied. In this paper, several types
of VSCs and their roles in vascular remodeling-related diseases
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are reviewed, including various vascular stem/progenitor cells
in the process of vascular injury and repair as well as the key
elements and important signaling pathways in the occurrence
and progression of diseases. New potential targets for clinical
treatment of vascular diseases are proposed.

VASCULAR STEM/PROGENITOR CELLS IN
VESSEL WALL

During vascular injury, the pathological process of vascular wall
changes includes ECs dysfunction, VSMCs proliferation, and
inflammatory response. Many studies ‘have demonstrated that
vascular stem/progenitor cells can be mobilized in response to
various pathological stimuli and play a key role in the vascular
repair (12–15). Here we will mainly review studies on EPCs,
SMPCs, MSCs, and pericytes (Table 1).

Resident Endothelial Progenitor Cells
Earlier studies suggested that EPCs are a group of cells mobilized
from bone marrow that participate in endothelium repair after
injury (35). In fact, EPCs have a variety of tissue sources,
including bone marrow, spleen, blood vessel wall, lipid, and
placenta (12). At present, EPCs are defined as the cell population
that has the typical clonal proliferation ability and characteristics
of stem cells and can differentiate into mature ECs (36).

EPCs actually consist of different cell populations, making up
“early EPCs” and “late EPCs” (10). The early stage EPCs appears
in early culture stage (4–7 days), its survival time is short and
will not differentiate into ECs. EPCs can activate adjacent cells
by releasing SDF-1 and VEGF to promote vascular growth (37).
It’s classical immunophenotypes are CD45+,CD14+, and CD31+

and CD146−,CD133−, and Tie2− (10). The late stage EPCs can
be known as endothelial colony-forming cells (ECFCs), derived
from blood vessel wall, human placenta, and white adipose
tissue (38). Compared with the early stage EPCs, ECFCs has a
higher degree of proliferation and longer survival time, and can
differentiate into mature functional ECs to participate in vascular
repair (39). It’s typical immunophenotypes are CD31+, vWF+,
VE-cadherin+, CD146+, VEGFR2+, and CD45−, CD14−.

By studying HUVECs and HAECs, it was found that the
renewal of vascular wall ECs could be attributed to ECFCs
(40). EPCs residing in blood vessels possess multiple abilities
such as self-renewal, multi-differentiation potential, and robust
proliferation (16). The research pointed out the vital role of
Sox18/SoxF transcription factor in the differentiation process.
The resident CD157+EPCs in vascular wall of large arteries
and veins showed regenerative potential of endothelial cells
and vasculature (41). Animal studies have proved that EPCs
can reduce the formation of neointima after artery injury
and restore endothelial function (2). EPCs homing play a
central role in vascular remodeling (42). Then neurotrophic
factor-3 (NT-3) was proved to be able to accelerate rapid re-
endothelialization of damaged carotid arteries by promoting
EPCs mobilization and homing (42). It is also regulated by
angiogenic chemokines (CXCL1, CXCL7, CXCL12, and CCL2),

through their corresponding receptors (CXCR2, CXCR4, and
CCR2) (43).

Smooth Muscle Progenitor Cells
One of the characteristics of SMPCs is the heterogeneity of their
origin (44). It is believed that the regenerative VSMCs after
vascular injury have several different sources (28). The main
functions are contracting blood vessels, regulating angiotasis, and
blood pressure (45). There are different sources of VSMCs in
different segments of the aorta, expressing different molecular
markers and having different functions (2).

Studies have found that if blood vessels are injured, VSMCs
will migrate to the intima, changing from a higher differentiated
contractile phenotype to a secretory one to initiate cell
proliferation (46). It is characterized by increased proliferation,
migration, ECM synthesis, along with decreased expression
of contraction markers (47). The traditional view holds that
imbalance of VSMC plasticity leads to maladaptive phenotypic
transformation which leads to the progression of VSMC-
driving vascular remodeling diseases (48). But now we found
that in vascular injury and repair, sometimes only contractile
VSMCs are involved in vascular remodeling process without
dedifferentiating to a secretory phenotype (4). Other studies
have demonstrated that VSMCs can participate in vascular
remodeling process without phenotypic transition (4, 49). From
the perspective of stem cell research, recent results have
confirmed that VSMCs derived from VSCs can drive vascular
remodeling and take part in vascular repair upon injury.

In 2004, Hu et al. (7) first confirmed the presence of
Sca-1+, c-Kit+, CD34+, and Flk1+ progenitors in the aortic
root of Apoe−/− mice (36). They found that Sca-1+ resident
adventitial progenitor cells can migrate and differentiate into
VSMCs, playing an important role in atherosclerosis. Later,
another group also reported that Sca-1+, CD34+, and PDGFRβ+

cells residented in the adventitia can differentiate into VSMCs
in vitro. They also reporterd that the process is mediated by
acoustic hedgehog (Shh) signaling pathway (50). Shh signaling
is limited to the adventitia of the artery and may play a part in
the maintenance of VPCs mainly in adventitia (50). Peripheral
vascular cells (VSMC and pericytes) may share a common FlK1+

progenitor cell with ECs. FlK1 is a key regulator of phenotypic
transformation in VSMC which inhibits VSMC differentiation
and maintains the Sca-1+ progenitor cell phenotype, facilitating
multidirectional differentiation and preventing pathological
vascular remodeling (47). Based on lineage tracing study, Gli1+

cells were also proved to be progenitor cells in the adventitia,
expressing CD34, Sca-1, and PDGFRβ and contributing to
vascular repair and related diseases (51).

Mesenchymal Stem Cells
MSCs are pluripotent stromal cells which have proliferative
and immunomodulatory effects (52). MSCs from different
tissues share the same triadic differentiation potential, that is,
the ability to differentiate into osteoblasts, chondrocytes, and
adipocytes. The cells both express typical markers CD13, CD73,
and CD90 in intima as well as CD29, CD44, and CD105 in
adventitia and intima. However, the differentiation tendency of
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TABLE 1 | Distribution and function of vascular wall stem cells in three layers of blood vessels.

Nomenclature Vessel wall layer Cell markers Function References

EPCs Intima CD31−, Flk1lo Differentiate into ECs and participate in

angiogenesis

(16)

CD45+, CD14+, CD31+,

CD146−, CD133−, Tie2−
Release VEGF to promote angiogenesis (17)

Media and adventitia CD146+, CD45−, CD133− Differentiate into ECs (18, 19)

PW1+ Promote angiogenesis (20)

c-kit+, VEGFR2+, CD45− Differentiate into ECs, VSMCs, and cardiomyocytes (21, 22)

CD34+, VEGFR2+ Differentiate into ECs, hematopoietic cells, and

macrophages

(23)

Prevent the uncontrolled growth of VSMCs (24–26)

SMPCs Adventitia Sca-1+, c-kit+, CD34+, Flk1+ Differentiate into VSMCs (27, 28)

Differentiate into VSMCs; neointima formation (29)

Media and adventitia Lin− Sca-1+ c-kit−/lo CD34−/lo Differentiate into ECs and VSMCs (30)

PW1+ Differentiate into VSMCs; promote pulmonary

vascular remodeling

(20)

MSCs Adventitia CD29+, CD44+, CD105− Differentiate into osteoblasts, adipocytes, and

VSMCs; promote angiogenesis

(31)

Pericytes Media and adventitia PDGFRβ+ Differentiate into adipocytes, osteoblasts, and

chondrocytes;

(32)

NG2+, Promote vasculogenesis and angiogenesis (33, 34)

Media CD34+, CD31+, CD45+, CD68+ Differentiate into myeloid cells, osteoblasts,

chondrocytes, and adipocytes

(31)

EPC, endothelial progenitor cell; SMPC, smooth muscle progenitor cell; MSC, mesenchymal stem cell.

MSCs from different sources also differ (53). Bone marrow-
derived MSCs express SH2, SH3, CD29, CD44, CD71, CD90,
CD106, CD120a, CD124, and easily differentiate into osteoblasts.
Adipose-derived MSCs express CD34, CD13, CD45, CD14,
CD144, CD31, and easily differentiate into adipocytes (14, 54).
Studies found that adipose tissue stem cells are easier to isolate
and more abundant compared with other types of MSCs, they
can sidestep ethical issues so are widely used in stem cell
studies (55).

Some research groups (56) have isolated a population
of CD34+CD31− cells expressing pericyte and mesenchymal
antigens showing high proliferation and multiple-directional
differentiation ability. It can have bidirectional interaction with
ECs and take part in angiogenesis. It has been proved that co-
culture with ECs on electrostatic spinning scaffolds can promote
the differentiation of MSCs into osteoblasts (57). In the mouse
model of hind limb ischemia, the researchers also found that
EC-like cells derived from MSCs perform strong angiogenesis
ability in vitro (58). Bone marrow mesenchymal stem cells
(BMMSCs) can differentiate into ECs and VSMCs in vitro by
means of growth factors modulation (59). MSCs are present
in the perivascular niche of many organs, including kidneys,
lungs, liver, and heart. The vascular-resident Gli1+ MSCs
are the main cellular source of injury-induced organ fibrosis
attributed to their colony-forming activity and differentiation
capacity into fibroblasts (60). The effects of these cells in
vascular repair depend on their metabolic reprogramming and
SMC differentiation ability via mir-378a-3p/TGF-β1 signaling
pathway (61).

Pericytes
Pericytes are high density parietal cells located in terminal
arterioles and capillaries (62, 63). Pericytes are characterized by
direct contact with the underlying ECs. It can regulate capillary
permeability, endothelial stability, and micro-vasoconstriction
(64). In fact, there are still no specific molecular markers for
pericytes. The pericyte markers currently known, such as NG2,
CD146, PDGFR-B in media and adventitia, are also expressed in
SMPCs and MSCs (64).

In 1992, pericyte was first reported for its osteogenic potential,
it has been shown that pericytes reside in capillary and
microvessels may be osteoblast progenitors (65, 66). Pericytes
and MSCs derived from various human tissues are similar in
their function of maintenance vascular homeostasis. Pericytes
can help maintain tissue homeostasis by promoting local
MSC proliferation and differentiation through the paracrine
capability (67). In a systematic investigation, the researchers
found the angiogenesis and multilineage differentiation potential
of pericytes and MSCs from different human tissues in vitro,
and enriched CD34−CD146+ pericytes in adipocytes and bone
marrow by magnetic activated cell sorting (15). Only bone
marrow-derived cells showed triadic differentiation potential,
while adipocyte-derived cells exhibited poor chondrogenic
differentiation under TGF-β1 stimulation. These results indicate
that the regenerative potential of pericytes as stem cells depends
on their tissue origins (15). Recent lineage tracing experiments
using the induced Tbx18-CreERT2 cell line showed that pericytes
maintained the identity under various pathological conditions
such as vascular senescence and will not differentiate into other
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cells. This discovery challenged the view of pericytes as stem
cells (68).

VASCULAR WALL STEM/PROGENITOR
CELLS IN VASCULAR DISEASES

As mentioned above, large amount of vascular stem/progenitor
cells participate in the regeneration of damaged ECs and VSMCs
during vascular repair upon injury. Numerous studies have
confirmed the importance of VPCs in vascular remodeling
diseases. Below, the roles of vascular stem/progenitor
cells in atherosclerosis, restenosis, hypertension, and
aneurysm/dissection, as well as their potential application
in regenerative medicine will be reviewed (Table 2).

VPCs in Atherosclerosis
Atherosclerosis is characterized by endothelial damage, VSMC
proliferation, and collagen deposition, as well as local thickening
of the arterial wall caused by lipid deposition (78). Blood flow in
vulnerable areas such as arterial branches has a high oscillation
index and a low shear stress (79). This fluid mechanical force
can directly act on ECs changing cell morphology, cytoskeleton
and intercellular conjunctions, and increasing oxidative stress
(80). Low density lipoprotein causes cholesterol storage when
attached to the intima of the artery (81). Monocytes enter the
intima from the blood, adhere to ECs and turn into macrophage.
After phagocytic and ingestion of cholesterol, they form “foam
cells” resulting in necrotic nuclei of atherosclerotic plaques with
VSMCs (82). Fibrous cap inflammation can determine plaque
stability (81). The death of VSMCs, degradation of collagen, and
ECM lead to thinning of the vascular cap, resulting in increased
plaque rupture with serious consequences. In fact, lumen stenosis
often results from repeated ruptures and repair of complex
plaques (83).

EPCs in Atherosclerosis

Decrease in EPCs predicts an increased risk of atherosclerosis.
Fluid mechanical forces in arterial branches can directly affect
ECs, change cell morphology and increase oxidative stress,
inducing renewal of ECs (80). Shear stress is the basic driving
factor of EPCs which can promote circulating EPCs homing
to the injury site, inducing the anti-atherosclerotic phenotype
of EPCs and promoting the differentiation process into mature
ECs (84). These effects are mediated by VEGFR2, Tie2, Notch
and β 1/3 integrin signaling. In 2020, a new population of
EPCs have been identified in vascular walls by single-cell
sequencing and lineage tracing techniques (69). The cells can
differentiate into luminal and microvascular ECs and participate
in endothelial homeostasis in graft sclerosis, with AKT/mTOR
dependent glycolysis playing a key role in this process. SDF-1
can mobilize EPCs from bone marrow to the periphery, promote
EPC regeneration and prevente cell death under pathological
conditions (85). This pathway as mentioned in Figure 2 can
provide a potential target for improving the efficacy of progenitor
cells in the treatment of vascular diseases (85).

SMPCs in Atherosclerosis

In recent years, the roles of SMPCs in cardiovascular diseases
have been confirmed in several studies (2, 5). The adventitia
progenitor cells expressing Sca-1 markers have been studied in a
widespread way. In addition to regulating vascular homeostasis
and pathological remodeling, these progenitor cells are also
closely related to acute vascular injury in atherosclerosis (86).
Initially, the Sca-1+ and c-kit+ adventitia progenitor cells were
found to be capable of differentiating into VSMCs and participate
in the formation of venous graft injury. Through the β-Gal-
labeled Sca-1+ progenitor cells to the adventitia side of vein grafts
in Apoe−/− mice, the researchers found β-galactose expression
in 20% of atherosclerotic lesions (7). Later in 2018, a study
implanted GFP-Sca-1+ progenitor cells into the adventitia of
mice after ligation surgery and found that it could significantly
reduce plaque bleeding (87). DKK3 can induce Sca-1+ progenitor
cells to differentiate into VSMCs by activating the Wnt signaling
pathway, and maintain plaque stability (87). It can also induce
the differentiation of Sca-1+ progenitor cells and fibroblasts into
VSMC by activating TGF-β/ATF6 and Wnt signaling pathways
(87) (Figure 2).

MSCs in Atherosclerosis

During atherosclerosis in Apoe intima; these are MSC-like cells
expressing Gli1 marker (51). Through acute femoral artery injury
repair model, a study confirmed that Gli1+MSC-like cells in the
adventitia can differentiate into VSMCs. The team also found that
Gli1+cells canmigrate to themedia and intima plaques and when
calcification occurs in atherosclerosis, Gli1+ cells differentiate
into osteoblasts (51). In addition, laminar shear stress can activate
the Wnt signaling pathway of MSCs, promote β-catenin nuclear
transport and activate paracrine factors under laminar shear
stress (88).

Many experimental models confirmed the protective effects
of MSC therapy on atherosclerosis. The production of Tsg-6,
IL-10, NF-κB, and MMP from MSC can inhibit atherosclerotic
plaque formation, modulate plaque cellular components and
repair endothelial injury, all of which can effectively promote
plaque stability (89, 90).

The functions of VPCs in vascular remodeling makes them
of great significance in clinical treatment. As EPCs can induce
re-endothelialization and angiogenesis of damaged arteries and
have a role in regeneration of biological joint structures, they
may be a promising clinical therapeutic target (79). Studies
have shown a correlation between EPCs dysfunction and
reduced angiogenesis in patients with coronary artery disease.
As mentioned above, the c-kit+ stem/progenitor cells can
differentiate into vascular cells to promote post-injury repair.
But a recent study shows that most of c-kit+ cells differentiate
into macrophages and granulocytes to reduce vascular immune
inflammatory response to endothelial injury (70). This feature
provides a theoretical basis for clinical improvement of vascular
disease treatment. In vitro, high lipid levels induce MSC
migration to intima, initiating the occurrence of atherosclerosis
(91). NowMSC transplantation can also be a treatment direction
for atherosclerosis (92).
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TABLE 2 | Markers and signaling pathways of vascular wall stem cells and related diseases.

Marker Differentiation Animal models Signaling pathway Related diseases Reference

c-Kit+ CD34+ ECs Aortic root of

C-Kit-CreERT2;

Rosa26-tdTomato mice

AKT/mTOR;

Smad2/3

Atherosclerosis;

aortic aneurysm

(7, 69, 70)

VEGFR2+ ECs Hind limb ischemia athymic

nude mice

GPR4-STAT3/VEGFA Atherosclerosis;

restenosis

(71)

Sca-1+ ECs, VSMCs DKK3+/+and DKK3−/−;

Apoe −/− model;

Lepr+/+ and Lepr−/− mice

TGF-β/ATF6 and Wnt;

OBR-STAT3-MAPK-

Rac1/Cdc42-ERK-FAK;

Hedgehog

Atherosclerosis;

restenosis;

hypertension;

aortic aneurysm

(7, 50, 72)

CD34+,

αSMA+

ECs, VSMCs Patients with coronary

stenting

Hedgehog;

Wnt; Notch

Restenosis (50, 73)

Pw1+ VSMCs Pw1nLacZ/+ mouse CXCR4;

FoxM1

Hypertension (20, 74)

KLF4 MSCs-like TGFβR2iSMC−Apoe Mice TGF-βR2-Smad2/3 Atherosclerosis;

aortic aneurysm

(42, 75)

Gli1+ MSCs-like Gli1-CreERT2; Ai9 mice Indian Hedgehog;

Smo-Gli12/3;

TGFβR2/Smad2/3

Atherosclerosis;

hypertension

(51, 60)

EGFP+,

CD34+CD31−
SVPs Human vein Wnt/β-catenin;

Tie-2/PDGF BB;

N-cadherin

Aortic aneurysm (56, 58, 76)

CD34−,

CD146+
PC,MSC-like Adipocytes and bone

marrow

TGF-β1 Atherosclerosis (56)

NG2+ PC,VSMC Ng2-Cre mice Ang/Tie2-

Calpain/Akt/FOXO3A

Atherosclerosis;

aortic aneurysm

(64, 77)

FIGURE 2 | The differentiation signaling pathway of vascular progenitor cells. Vascular development and remodeling depend on many genes and are usually initiated

by fluid shear stress which acts on the Notch signaling and closely associated with the vascular remodeling diseases. DKK3 induces ECs migration through Wnt-PCP

signaling pathway, accelerating re-endothelialization, and reducing neointima formation. DKK3 can induce the differentiation of Sca-1+ progenitor cells and fibroblasts

into VSMC by activating TGF-β/ATF6 signaling pathways.
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VPCs in Restenosis

Percutaneous coronary intervention is an effective treatment
for patients with ischemic heart disease. Restenosis is the main
complication of percutaneous coronary intervention (93).The
main mechanisms are vascular endothelial dissection and
subintimal hemorrhage caused by vascular injury after stent
implantation (94, 95). Endothelial injury and other irritation
can lead to a wound-healing response, while subintimal bleeding
can lead to thrombosis and inflammatory cell infiltration (96).
Inflammatory factors IL-1, TNF-α, and IL-6 can stimulate the
proliferation of VSMCs to form neointima, lead to excessive
healing of vascular wall and cause restenosis (97). Neointima is
part of the injury repair response, and its formation involves
inflammatory cell infiltration, matrix degradation, thrombosis,
the proliferation of VSMC, and collagen secretion (98). And the
proliferation of VSMCs is the main factor leading to neointima
formation and restenosis (99).

The increased secretion of CCL2 and CXCL1 by VSMCs
can promote Sca-1+ progenitor cell migrate from adventitia to
neointima in the injured area. Through the guide wire injury test
of mouse femoral artery, the GTPase Rac1/P38 signaling pathway
was found to play a key role in this process (100). A study
about leptin receptor (OBR) in Sca-1+ progenitor cells has found
that the OBR-STAT3-MAPK and Rho-GTPase pathways are
activated in response to leptin stimulation, inducing progenitor
cell migration (72).

The regulatory role of mir-22 in the differentiation of SMPCs
has been found, providing a new target for disease treatment
of neointimal formation and restenosis (99). A recent study
reported that EGFP+ MSC inmice expressed endothelial markers
and showed the ability of tube formation (58). Meanwhile,
these mice showed stronger ability for blood perfusion recovery,
vascular density, and improved function of ischemic limbs,
providing evidence for its role in angiogenesis. These results
suggest that the induction of BMMSCs may be a promising
option for the treatment of ischemic diseases (58). Vascular
remodeling is known to delay the progression of blood flow
restriction during stenosis. However, when restenosis occurs,
intimal hyperplasia can lead to lumen narrowing, with adverse
effects on the body (101). After bare-metal stent implantation
in mice, circulating CD34+ cells have a significant increase,
which also applies to patients with in-stent restenosis (73).
The CD34+ cells differentiated into CD31+ cells and αSMA+

cells after scaffold implantation, which may contribute to
the formation of stenosis. Recently, a study found that the
elimination of non-bone marrow CD34+ cells could reduce the
vascular lumen area and increase intima thickness (23). The
non-bone marrow CD34+ cells could differentiate into ECs
after femoral artery injury, maintaining vascular integrity, and
preventing the formation of neointima. A regulator CircSOD2,
may become a new clinical drug target for inhibiting the
development of hyperplastic vascular diseases such as restenosis,
because its knockdown can attenuate injury-induced neointima
formation and reduce VSMCs proliferation (102). The role
of VPCs in vascular remodeling is crucial for improving
tissue-engineered vascular grafts and designing drug-targeted

therapies for angiogenesis. Dkk3 increases Sca-1+ progenitor
cell migration and contributes to VSMCs regeneration through
CXCR7 activation (103). The DKK3-CXCR7 axis can mediate
Sca-1+ cell migration and in vivo regeneration of transplanted
cells, which is of great significance in the study of artificial
vascular therapy for restenosis. ETV2-mediated differentiation of
exogenous Sca-1+ cells into ECs to improve vascular remodeling
and reduce neointima after injury (104). Therefore, inducing the
differentiation of Sca-1+ cells into endothelial lineages might
be a therapeutic strategy for vascular diseases as summarized in
Figure 3.

VPCs in Hypertension
Essential hypertension is defined as an unexplained increase

in blood pressure that increases the risk of cardiac, brain, or
kidney events. Essential hypertension is often associated with
hypercholesterolemia, obesity, and diabetes. These risk factors
are also present in cardiovascular disease and hypertension can
worsen the symptoms (105).The pathogenesis of hypertension

includes endothelial dysfunction, sympathetic nervous system
activation, inflammation, oxidative stress, etc. Aldosterone
can promote the polarization of macrophages to the pro-
inflammatory M1 phenotype, leading to vascular dysfunction

and aggravating hypertension (106). In hypertension, collagen
deposition is the main factor resulting in vascular fibrosis
(107). VPCs participate in the occurrence and development of

hypertension and vascular fibrosis is related to a variety of
signaling pathways.

In the aorta of hypertensive mice induced by Ang II, the

number of Sca-1 + progenitor cells increased and the EGFP-
Sca-1+ progenitor cells co-located with the deposition areas of
collagen I, III, and V in the adventitia, suggesting that Sca-
1+ progenitor cells may be the source of hypertensive vascular
fibrosis (76). Lineage tracing technique displayed Adv-Sca-1

cells can differentiate into fibroblasts in the case of vascular
injury, leading to vascular remodeling and sclerosis, while
KLF4 may maintain the phenotype and prevent pathological
vascular remodeling (13). SMPCs express PW1 in the adventitia
and participate in pulmonary hypertension-related vascular
remodeling (20). The number of PW1+ progenitor cells
increased significantly in the mouse pulmonary hypertension
model under hypoxia and were able to differentiate into VSMCs
through the CXCR4 pathway (20). Dysfunctional ECs can induce
FoxM1 expression in VSMCs and activate FoxM1-dependent
VSMC proliferation, confirming ECs and VSMCs interaction
through FoxM1 signaling in vascular remodeling and promoting
hypertension and fibrosis (74). Recently, a study induced
perivascular fibrosis through Ang II, and found that vascular
remodeling during the process was not dependent on blood
pressure regulation but through ADAM17 activating PDGFR
then acting on ECs (108). ADAM17 may be a new clinical target
for preventing hypertension complications (109).

VPCs in Aortic Aneurysm and Dissection
Aortic aneurysm refers to local dilation of the aortic lumen
≥50% of its original diameter and structural degeneration of
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FIGURE 3 | The different roles in vascular remodeling diseases of vascular progenitor cells. c-Kit+ cells can differentiate into ECs and participate in endothelial

homeostasis. Sca-1+ progenitor cells in adventitia can enhance the formation of neointima. Non-bone marrow CD34+ cells could differentiate into ECs after femoral

artery injury, maintaining vascular integrity and preventing the formation of neointima. Resident NG2+ progenitor cells can differentiate into VSMCs after aortic injury

during aortic aneurysm and dissection.

different segments of the aorta. Endothelial injury, VSMCs loss
and ECM degradation lead to abnormal remodeling of the aortic
wall resulting in aortic aneurysm and separation of layers of the
aortic wall (aortic dissection) (110, 111). The composition and
integrity of ECM are key determinants of the physical properties
of the aortic wall (112). ECMundergoes continuous physiological
remodeling and the original proteins degraded and replaced
by the newly synthesized proteins. MMP plays an important
role in this process. Therefore, MMPs are closely related to the
pathogenesis of aortic aneurysm (113). Aortic aneurysms can
progress gradually, leading to tears in the intima of the aorta or
bleeding in the wall of the aorta, further leading to the formation
of aortic dissection, which can be life threatening.

Aortic aneurysm formed in two main sites, thoracic aorta and
abdominal aorta (114). Abdominal aortic aneurysm (AAA) is
most associated with atherosclerosis, they share many common
risk factors. Thoracic aortic aneurysms (TAA), located in the
aortic root and ascending aorta, are more related with genetic
syndromes such as Marfan syndrome (115). AAAs are marked by
media and elastic fiber degradation, leading to aortic dissection
(116). The pathogenesis of AAA includes VSMCs apoptosis,
MMPs degradation of elastin, collagen and glycosaminoglycan,
inflammatory reactions and the role of reactive oxygen species
(117). Among them, apoptosis of VSMCs and degeneration of

aortic media are the hallmark pathological changes of AAA.
Studies have found that Il-18 receptor defect, chemokine netrin-
1 deficiency, and activated transcription factor EB can reduce
apoptosis of VSMCs, decrease the activity of MMP-2/9 and
elastin degradation, inhibiting the occurrence and progression
of AAA (118). The pathogenesis of TAA includes changes
of ECM, apoptosis of VSMCs, MMPs and reactive oxygen
species. Mutations of TGFBR1, TGFBR2, SMAD3, TGFB2,
COL3A1, FBN1, and other genes can cause the occurrence
of TAAs (119). For example, firillin-1 is the major subunit
of microfibers that constitute the ECM of the thoracic aortic
wall. Changes in Firillin-1 result in reduced adhesion between
elastic fibers and VSMCs, thereby damaging the biomechanical
integrity of the aortic wall and ultimately leading to Marfan
syndrome (120). Fibrllin-1 is highly homologous to potential
TGFβ binding proteins, and TGFβ gene defects are found not
only in Marfan syndrome but also in Patients with Loeys-
Dietz aortic aneurysm syndrome (121). A recent discovery
found MFAP4 glycosylation was enhanced in MFS patients,
and its expression was further enhanced in the advanced
aneurysm stage (122). They also induced pluripotent stem cells
to differentiate into VSMC in MFS patients and found that there
was no elastin expression and the expression level of MFAP4
was unchanged.
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VSMC reprogramming to a MSC-like state may play a key
role in the progression of AAAs (123). During the pathogenesis
of AAA, the TGF-β signaling pathway of VSMCs was inhibited.
The decreased expression of TGF-βR2 could lead to reduced
binding of Smad2/3 to transcription factor KLF4, leading the
transformation of contractile VSMCs into MSCs-like cells. MSCs
possess high plasticity and potential to differentiate into several
different cell types, such as osteoblasts, chondrocytes, adipocytes,
and macrophages. This characteristic has implications for aortic
dilation, aortic dilation, calcification of the aortic wall, and
inflammation, thereby promoting the development of aneurysms
(123). Another research found Smad3 gene mutations in the
second cardiogenic SMPCs and neural crest SMPCs prevented
their differentiation into VSMCs and reduced the level of
proelastase. This suggests that CPC-SMPCs and NCSC-SMPCs
can differentiate into VSMCs through the SMAD3-dependent
TGF-β signaling pathway (124). ECs differentiation was reduced
in patients with AAAs compared with healthy human MSCs,
confirming that the aging MSCs impaired its original vascular
repair ability, initiating the occurrence and progress of AAAs
(125). Some studies have confirmed that MSCs from calcified
and inflammatory aorta have high osteogenic potential and
pathological angiogenesis ability under appropriate stimulation
(126). Runx2 can enhance the proliferation of MSCs and induce
them differentiate into osteoblast lineage cells by regulating
Shh, Fgfr2/3, Wnt, and Pthlh signaling pathways (55). Runx2-
mediated micro-calcification is a new pathological feature of
AAA. It may be a promising strategy for clinical improvement
of disease treatment regimens (127). Resident NG2+ progenitor
cells can differentiate into VSMCs after aortic injury during aortic
aneurysm and dissection, producing growth factors that promote
endothelial survival and vascular repair (77) (Figure 3).

CONCLUSION AND PERSPECTIVE

In this review, we provide the latest research progresses
on VSCs in vascular repair upon injury. VSCs exist in the
three-layers of vascular wall and play important roles in the
occurrence and progression of vascular remodeling diseases such
as atherosclerosis, restenosis, hypertension, aortic aneurysm,
and dissection. After vascular injury, VSCs can migrate and

differentiate into ECs or VSMCs, resulting in the occurrence
or aggravation of vascular remodeling-related diseases. Current
studies have shown that VSCs can express stem cell markers
such as Sca-1 and CD34, but these markers are not specific
and their roles in various diseases need to be distinguished
from BMSCs or adipose stem cells. The functions of stem cells
and their mechanisms in cardiovascular diseases mentioned in
the text have not yet been sufficient studied, which is also the
direction of further researches. Most groups are now focused
on single cell sequencing and cell lineage tracing and other
advanced technology to trace the source of all kinds of cells
in vascular remodeling associated diseases, in order to better
understand the specific role of distinct population of various
vascular stem/progenitor cells in vascular remodeling which
offers new potential therapeutic targets.
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Ekaterina Krauss 1, Zvonimir A. Rako 1, Stanislav Keranov 3, Friedrich Grimminger 2†,

Hossein Ardeschir Ghofrani 1†, Robert Naeije 4, Werner Seeger 1†, Manuel J. Richter 1†‡ and

Khodr Tello 1*‡

1Department of Internal Medicine, Member of the German Center for Lung Research, Universities of Giessen and Marburg

Lung Center, Justus-Liebig-University Giessen, Giessen, Germany, 2Department of Internal Medicine, Member of the

German Center for Lung Research, Institute for Lung Health, Cardio-Pulmonary Institute, Universities of Giessen and

Marburg Lung Center, Giessen, Germany, 3Department of Cardiology and Angiology, DZHK (German Center for
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Background: The relevance of cor pulmonale in COPD and pulmonary hypertension

due to COPD (PH-COPD) is incompletely understood. We aimed to investigate the

relationship of right ventricular-pulmonary arterial (RV-PA) uncoupling with disease

severity in COPD, and the relationship of RV-PA uncoupling and use of targeted PH

therapies with mortality in PH-COPD.

Methods: We retrospectively analyzed 231 patients with COPD without PH

and 274 patients with PH-COPD. COPD was classified according to GOLD

stages and the modified Medical Research Council dyspnoea scale. PH was

categorized as mild-to-moderate or severe. RV-PA uncoupling was assessed as the

echocardiographic tricuspid annular plane systolic excursion/pulmonary artery systolic

pressure (TAPSE/PASP) ratio.

Results: Of the cohort with COPD without PH, 21, 58, 54 and 92 were classified as

GOLD I, II, III and IV, respectively. Patients in advanced GOLD stages and those with

severe dyspnoea showed significantly decreased TAPSE/PASP.

Of the PH-COPD cohort, 144 had mild-to-moderate PH and 130 had severe PH. During

follow-up, 126 patients died. In univariate Cox regression, TAPSE/PASP and 6-min

walk distance (6MWD; 10m increments) predicted survival [hazard ratios (95% CI): 0.12

(0.03–0.57) and 0.95 (0.93–0.97), respectively]; notably, PH severity and simplified

European Society of Cardiology/European Respiratory Society risk stratification did not.

Among patients in the lowest or intermediate tertiles of TAPSE/PASP and 6MWD, those

with targeted PH therapy had higher survival than those without (53 vs. 17% at 3 years).

Conclusion: Cor pulmonale (decreased TAPSE/PASP and 6MWD) is associated with

disease severity in COPD and predicts outcome in PH-COPD.

Keywords: chronic obstructive pulmonary disease, cor pulmonale, pulmonary arterial hypertension, right ventricle,

risk stratification
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INTRODUCTION

Pulmonary hypertension (PH) as a complication of COPD is
generally mild to moderate but can be severe in some patients
(1). Mean pulmonary artery pressures (mPAP) higher than 35–
40mmHg have been reported in 1–5% of patients with advanced
COPD (2–4). PH has long been known to be associated with
a reduced life expectancy in COPD, in proportion to increased
PAP (5). Early studies also showed that PH due to COPD (PH-
COPD) is associated with structural changes in the right ventricle
or “cor pulmonale” (6). Altered right ventricular (RV) function
was demonstrated by radionuclide angiography and clinicians
learned that eventual systemic congestion symptomatology or
“pulmonary heart disease” also heralded an increase in mortality
in COPD (7–9). More recently, a validated echocardiographic
measure of RV-pulmonary arterial (PA) coupling—the tricuspid
annular plane systolic excursion (TAPSE)/pulmonary artery
systolic pressure (PASP) ratio (10, 11)—was shown to be a strong
predictor of outcome in PH on a background of either interstitial
lung disease or COPD (12), as well as in heart failure (10, 13) and
pulmonary arterial hypertension (PAH) (14). However, the extent
to which RV dysfunction explains the altered functional state,
decreased exercise capacity and decreased survival of patients
with COPD is not exactly known. A risk scoring system for
PAH proposed by the European Society of Cardiology and
the European Respiratory Society (ESC/ERS) (15) has been
successfully transposed to patients with PH due to interstitial
lung disease (16) but its utility in patients with PH-COPD
remains unknown. Whether targeted PH therapies (which have
shown efficacy in PAH) might improve outcome in PH-COPD
also remains undecided (1).

We therefore aimed to assess the relationship of disease
severity with RV function in patients with COPD without
PH, and the relationship of mortality with RV function, PAH-
based risk scores and use of targeted PH therapies in patients
with PH-COPD.

METHODS

Patients and Study Design
We performed a two-part retrospective cohort study. In the first
part, we included 231 patients with COPD without PH who
had TAPSE and PASP data available. Echocardiographic and
lung function parameters, 6-min walk distance (6MWD), Global
Initiative for Obstructive Lung Disease (GOLD) stage, COPD
Assessment Test (CAT), and modified Medical Research Council
(mMRC) dyspnoea score were evaluated during routine visits to
the Department of Pneumology in the Universities of Giessen
and Marburg Lung Center. Routine visits took place between 4
August 2010 and 16 July 2021.

In the second part of the study, we included 274 patients
with PH-COPD who were enrolled in the Giessen PH registry
(17) between August 1995 and December 2018 and who had
not previously received targeted PH therapy; some of these
patients had also been included in a previously published study
(12). Right heart catheterization was performed by experts,
with haemodynamic measurements assessed after a short resting

period (18). All enrolled patients were followed until June 2020.
Survival status was determined by contacting the patient or
their physician. Use of PH-specific drugs in severe PH-COPD
was decided by experts based on assessment of the individual
benefit-risk ratio, as recommended in the current guidelines (15).

For patients who were diagnosed with COPD in another
centre, the baseline parameters of lung function are missing due
to lack of access.

All patients gave written informed consent. The study was
approved by the University of Giessen institutional review
board (#266/11).

Haemodynamic Classification of PH-COPD
The date of the initial right heart catheterization was taken as
the date of PH diagnosis. The final diagnosis was made by a
multidisciplinary board including physicians, radiologists and
surgeons. PH-COPDwas classified asmild-to-moderate or severe
according to mPAP and cardiac index as recommended by an
expert working group at the 6th World Symposium on PH (1):
mPAP between 25 and 34mmHg alone or mPAP between 21 and
24mm Hg with pulmonary vascular resistance (PVR) ≥3 Wood
Units was classified as mild-to-moderate PH-COPD, and mPAP
≥35mmHg alone or mPAP≥25mmHg with cardiac index<2.0
L/min/m2 was classified as severe PH-COPD.

Risk Stratification in PH-COPD
Risk assessment in PH-COPD was performed using a validated
simplified version (19) of the ESC/ERS risk stratification system
(15). In brief, patients were categorized into low-, intermediate-
and high-risk groups based on 6MWD, brain natriuretic peptide
(BNP), right atrial pressure (RAP), cardiac index, mixed venous
oxygen saturation (SvO2), right atrial area (echocardiography),
World Health Organization functional class and the presence
of pericardial effusion (echocardiography), all according to the
cut-offs mentioned in the ESC/ERS guidelines (15).

RV-PA coupling was assessed using the TAPSE/PASP ratio
determined by echocardiography.

Statistical Analyses
Baseline characteristics are shown as mean ± standard deviation
if normally distributed and as median [interquartile range (IQR)]
if non-normally distributed. Comparisons between subgroups
were performed using either Student’s t-tests or non-parametric
tests. Descriptive statistics and correlation analyses were used
to evaluate the importance of the TAPSE/PASP ratio in COPD
without PH.

In patients with PH-COPD, univariate Cox regression analysis
was performed including age, PVR, BNP, 6MWD, SvO2, RAP,
cardiac index, mPAP, right atrial area, the TAPSE/PASP ratio,
forced vital capacity (FVC), total lung capacity (TLC), forced
expiratory volume in 1 second (FEV1), the FEV1/vital capacity
(VC) ratio, lung diffusing capacity for carbonmonoxide (DLCO),
PH-COPD severity (mild-to-moderate or severe), ESC/ERS
risk score and body mass index, obstruction, dyspnoea and
exercise capacity (BODE) index. TAPSE or PASP alone were
not added due to collinearity. All variables that showed
a significant association with mortality were included in a
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multivariate, stepwise, backward Cox regression model to
identify independent predictors of mortality in patients with PH-
COPD. Cut-off values with the highest sensitivity and specificity
for predicting mortality were identified by receiver operating
characteristic analysis and calculation of Youden’s index. No
imputation for missing data was implemented. Survival analyses
were conducted using Kaplan–Meier plots (truncated at 5 years)
and log-rank tests.

All analyses were performed using R 4.0 (the R Foundation,
Vienna, Austria) and SPSS 26.0 (IBM, Armonk, USA).
In the stepwise backward model, parameters with p >

0.1 were excluded. For all other analyses, p < 0.05 was
considered significant.

RESULTS

Study Population With COPD
Baseline characteristics of the 231 patients with COPD without
PH are shown in Table 1. The median (IQR) age was 66 (59, 72)
years and 48% of the patients were female. FEV1/VC ratio, FEV1,
TLC and FVC data were available in 226 (98%), 226 (98%), 223
(97%), and 223 (97%) patients, respectively. BNP concentration,
6MWD, CAT score and mMRC score were available in 209
(90%), 73 (32%), 179 (77%) and 119 (52%) patients, respectively.
The TAPSE/PASP ratio did not differ between male and female
patients (p= 0.84).

Relevance of TAPSE/PASP in COPD
The TAPSE/PASP ratio differed between GOLD stages I–IV
(ANOVA p < 0.001). Patients in higher GOLD stages showed
significantly lower TAPSE/PASP ratios (Table 1). Concordantly,
patients with severe dyspnoea (mMRC grade III or IV) exhibited
a significantly decreased TAPSE/PASP ratio compared with
patients with less severe symptoms [mMRC III/IV: 0.61 (0.50,
0.81) mm/mm Hg; mMRC I/II: 0.75 (0.60, 0.93) mm/mm Hg;
p = 0.03], and patients who required oxygen supplementation
showed a lower TAPSE/PASP ratio than those who did not
[0.59 (0.42, 0.74) mm/mm Hg vs. 0.76 (0.62, 0.95) mm/mm
Hg; p < 0.001]. Interestingly, patients with exacerbations
leading to inpatient treatment also showed a significantly lower
TAPSE/PASP ratio than those without such exacerbations [0.65
(0.48, 0.77) mm/mm Hg vs. 0.76 (0.60, 0.95) mm/mm Hg; p =

0.001]. Patients with a higher BODE index had a significantly
lower TAPSE/PASP ratio (p= 0.034; Supplementary Figure 1A).

Correlations of the TAPSE/PASP ratio with different
parameters including lung function are shown in Table 2. The
TAPSE/PASP ratio showed meaningful correlations with age,
6MWD, FEV1 and DLCO.

Study Population With PH-COPD
Baseline characteristics of the 274 included patients with PH-
COPD are shown in Table 3. The median (IQR) age was 70
(65, 78) years, and most of the patients (62%) were male.
The FEV1/VC ratio, FEV1 and FVC were reduced, PH was on
average mild to moderate and the 6MWD was low. In total,
144 patients (53%) had mild-to-moderate PH-COPD and 130

patients (47%) had severe PH-COPD. Patients with severe PH-
COPD had normal TLC, higher FEV1/VC ratios, FEV1 and FVC
and more severe haemodynamic impairment than patients with
mild-to-moderate PH-COPD (Table 3). The TAPSE/PASP ratio
did not differ between male and female patients (p = 0.56), and
was slightly but non-significantly lower in patients with a higher
BODE index (p = 0.50; Supplementary Figure 1B).Twenty-one
patients were lost to follow-up and were therefore excluded from
survival analysis.

Predictors of Mortality in PH-COPD
During follow-up (truncated at 5 years after diagnosis), 126
patients died. Median survival was 53 months. In univariate
analysis, mPAP, PVR, the TAPSE/PASP ratio, 6MWD, FVC
and the BODE index significantly predicted mortality whereas
age, PH-COPD severity, ESC/ERS risk score, BNP, right
atrial area, SvO2, RAP, cardiac index, DLCO and other lung
function tests did not (Table 4), although further analysis of
the prognostic capability of DLCO revealed an association
with short-term mortality (truncated at 2 years after diagnosis;
Supplementary Figure 3). The TAPSE/PASP ratio correlated
with mPAP, cardiac index and SvO2 (Supplementary Table 1).
Only the TAPSE/PASP ratio and 6MWD independently predicted
mortality (Table 4).

Prognostic cut-off values determined by Youden’s index were
0.35 mm/mm Hg for the TAPSE/PASP ratio and 299m for
6MWD. Patients were classified into three risk groups based on
the two predictors: low risk (6MWD and TAPSE/PASP above
the cut-off values), intermediate risk (6MWD or TAPSE/PASP
above the cut-off value), and high risk (neither 6MWD nor
TAPSE/PASP above the cut-off values). As illustrated in Figure 1,
survival at 1, 3 and 5 years was 100, 96, and 87%, respectively,
in the low-risk group, 92, 74, and 62%, respectively, in the
intermediate-risk group, and 75, 46, and 27%, respectively, in the
high-risk group. Cox regression revealed that the risk of mortality
was increased 4-fold in the intermediate-risk group [hazard ratio
(HR): 3.63; 95% CI: 1.05–12.6] and 11-fold in the high-risk group
(HR: 10.5; 95% CI: 3.17–34.9).

Targeted PH therapies were initiated in 57 patients with mild-
to-moderate PH-COPD and 93 patients with severe PH-COPD.
In both groups, survival of patients with targeted PH therapy did
not differ from survival of patients without targeted PH therapy
(Figure 2). We next evaluated survival with vs. without targeted
PH therapy in the three risk groups defined by TAPSE/PASP and
6MWD. Targeted PH therapies were taken by 10 of 26 patients
at low risk, 32 of 48 patients at intermediate risk, and 41 of
49 patients at high risk. Survival with vs. without targeted PH
therapy showed no significant difference in any of the three risk
groups (Supplementary Figure 4). We also classified the patients
according to TAPSE/PASP tertiles (<0.28 mm/mm Hg, 0.28–
0.41 mm/mm Hg and >0.41 mm/mm Hg) and 6MWD tertiles
(<200, 200–300, and >300m). In the 63 patients who were in
the lowest or intermediate tertiles of TAPSE/PASP and 6MWD,
those who received targeted PH therapy (n = 50) had a higher
survival rate than those without PH therapy (Figure 3; log-rank
p= 0.02; 3-year survival: 53 and 17%, respectively; HR: 0.36; 95%
CI: 0.14–0.89). Of the patients receiving targeted PH therapy,
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TABLE 1 | Baseline characteristics of patients with COPD without pulmonary hypertension.

GOLD stage

I (n = 21) II (n = 58) III (n = 54) IV (n = 92) Unknown (n = 6)

Age, years 61.0 [56.0, 74.0] 67.0 [60.0, 72.8] 65.0 [60.0, 71.5] 66.0 [59.0, 71.0] 60.5 [51.3, 72.0]

n with data 21 58 54 92 6

Male sex, n (%) 9 (43) 27 (47) 32 (59) 47 (51) 4 (67)

n with data 21 58 54 92 6

Pack years 40.0 [30.0, 55.0] 44.5 [30.0, 50.0] 45.0 [30.0, 60.0] 40.0 [30.0, 50.0] 50.0 [35.5, 52.5]

n with data 19 52 49 73 3

BMI, kg/m2 26.4 [24.2, 29.7] 26.8 [23.5, 30.7] 26.1 [23.5, 28.9] 23.2 [20.4, 28.9] 25.0 [23.1, 26.7]

n with data 20 58 54 92 5

FEV1, % pred 81.8 [75.6, 87.2] 60.8 [54.0, 69.1] 40.4 [34.7, 44.8] 26.7 [22.6, 32.8] 61.4 [29.7, 98.5]

n with data 21 58 52 91 4

FEV1/VC max 66.2 [64.1, 71.0] 55.7 [47.3, 62.3] 45.3 [38.2, 49.9] 36.2 [30.9, 44.9] 50.0 [33.8, 70.5]

n with data 21 58 52 91 4

TLC, % pred 115 [108, 121] 114 [100, 123] 118 [102, 127] 125 [112, 140] 114 [103, 124]

n with data 21 57 51 90 4

VC, % pred 98.4 [93.2, 106] 89.7 [76.2, 99.3] 72.8 [63.1, 82.0] 60.0 [49.1, 70.9] 78.3 [67.2, 99.9]

n with data 21 57 51 90 4

FVC, % pred 90.3 [81.1, 104] 78.4 [69.9, 91.5] 61.2 [54.8, 73.7] 52.0 [43.8, 60.7] 72.8 [60.0, 97.2]

n with data 20 57 52 90 4

DLCO, % pred 62.7 [50.7, 70.8] 45.5 [36.7, 69.3] 36.8 [29.5, 42.6] 22.4 [17.4, 29.4] 47.1 [45.2, 59.0]

n with data 20 52 43 46 3

TAPSE, mm 23.0 [21.0, 27.0] 22.5 [20.0, 25.0] 22.0 [20.3, 24.8] 22.0 [19.8, 25.0] 23.5 [22.0, 25.0]

n with data 21 58 54 92 6

PASP, mm Hg 24.0 [21.0, 30.0] 30.0 [25.0, 36.8] 34.5 [27.0, 39.0] 35.5 [30.0, 45.0] 33.5 [28.5, 34.0]

n with data 21 58 54 92 6

TAPSE/PASP ratio, mm/mm Hg 0.90 [0.75, 1.04] 0.76 [0.59, 0.94] 0.68 [0.57, 0.82] 0.60 [0.47, 0.76] 0.76 [0.68, 0.80]

n with data 21 58 54 92 6

BNP, pg/mL 24.5 [13.8, 58.5] 30.0 [15.3, 63.8] 22.0 [12.0, 52.3] 37.0 [18.0, 73.3] 24.0 [10.0, 89.0]

n with data 16 54 52 82 5

Creatinine, mg/dL 0.75 [0.70, 1.03] 0.80 [0.70, 1.00] 0.80 [0.70, 0.90] 0.80 [0.63, 1.00] 0.95 [0.83, 1.08]

n with data 16 55 54 90 6

6MWD, m 411 ± 145 365 ± 80.4 353 ± 91.6 257 ± 121 269 ± 148

n with data 5 13 14 39 2

mMRC dyspnoea score, n (%)

0 1 (4.8) 5 (8.6) 3 (5.6) 0 (0) 1 (17)

1 3 (14) 7 (12) 5 (9.3) 2 (2.2) 0 (0)

2 2 (10) 11 (19) 6 (11) 3 (3.3) 0 (0)

3 2 (10) 11 (19) 18 (33) 18 (20) 0 (0)

4 0 (0) 0 (0) 5 (9.3) 16 (17.4) 0 (0)

CAT score 23.0 [15.5, 25.8] 22.0 [14.0, 25.0] 26.5 [19.5, 30.0] 26.0 [21.8, 30.0] 13.0 [9.50, 16.5]

n with data 18 53 46 60 2

O2 at rest (L/min) 3.00 [3.00, 3.00] 2.00 [2.00, 3.00] 2.00 [2.00, 2.00] 2.00 [2.00, 3.00] 3.00 [3.00, 3.00]

n with dataa 2 12 18 70 1

Long-acting beta-agonist, n (%)

Unknown 0 (0) 1 (1.7) 4 (7.4) 4 (4.3) 3 (50)

No 9 (43) 10 (17) 4 (7.4) 2 (2.2) 1 (17)

Yes 12 (57) 47 (81) 46 (85) 86 (93) 2 (33)

Long-acting muscarinic antagonist, n (%)

Unknown 0 (0) 2 (3.4) 4 (7.4) 4 (4.3) 3 (50)

No 6 (29) 10 (17) 4 (7.4) 5 (5.4) 1 (17)

Yes 15 (71) 46 (79) 46 (85) 83 (90) 2 (33)

(Continued)
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TABLE 1 | Continued

GOLD stage

I (n = 21) II (n = 58) III (n = 54) IV (n = 92) Unknown (n = 6)

Inhaled corticosteroids, n (%)

Unknown 0 (0) 2 (3.4) 6 (11) 4 (4.3) 4 (67)

No 12 (57) 27 (47) 10 (19) 9 (9.8) 0 (0)

Yes 9 (43) 29 (50) 38 (70) 79 (86) 2 (33)

Theophylline, n (%)

Unknown 4 (19) 7 (12) 8 (15) 11 (12) 3 (50)

No 17 (81) 49 (84) 42 (78) 70 (76) 3 (50)

Yes 0 (0) 2 (3.4) 4 (7.4) 11 (12) 0 (0)

Roflumilast, n (%)

Unknown 5 (24) 7 (12) 9 (17) 13 (14) 3 (50)

No 16 (76) 48 (83) 34 (63) 62 (67) 3 (50)

Yes 0 (0) 1 (1.7) 10 (19) 12 (13) 0 (0)

Discontinued 0 (0) 2 (3.4) 1 (1.9) 5 (5.4) 0 (0)

Data are presented as median [interquartile range], mean± standard deviation or n (%). Numbers of patients with available data are shown in italics. 6MWD, 6-min walk distance; % pred,

% predicted; BMI, body mass index; BNP, brain natriuretic peptide; CAT, COPD Assessment Test; DLCO, lung diffusing capacity for carbon monoxide; FEV1, forced expiratory volume in

1 s; FVC, forced vital capacity; GOLD, Global Initiative for Obstructive Lung Disease; max, maximum; mMRC, modified Medical Research Council; O2, oxygen; PASP, pulmonary artery

systolic pressure; TAPSE, tricuspid annular plane systolic excursion; TLC, total lung capacity; VC, vital capacity. aA total of 103 patients received O2 supplementation; all other patients

did not receive O2 supplementation.

TABLE 2 | Correlations with the TAPSE/PASP ratio in patients with COPD without pulmonary hypertension.

Parameter Pearson R P-value Spearman rho P-value

Age, years −0.316 <0.001 −0.297 <0.001

CAT score −0.141 0.06 −0.133 0.08

Pack years −0.153 0.03 −0.089 0.2

6MWD, m 0.314 0.007 0.326 0.005

FEV1, % pred 0.310 <0.001 0.340 <0.001

FEV1/VC max 0.235 <0.001 0.277 <0.001

TLC, % pred −0.123 0.07 −0.092 0.2

VC, % pred 0.281 <0.001 0.274 <0.001

FVC, % pred 0.246 <0.001 0.254 <0.001

DLCO, % pred 0.423 <0.001 0.414 <0.001

6MWD, 6-min walk distance; % pred, % predicted; CAT, COPD Assessment Test; DLCO, lung diffusing capacity for carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC,

forced vital capacity; max, maximum; PASP, pulmonary artery systolic pressure; TAPSE, tricuspid annular plane systolic excursion; TLC, total lung capacity; VC, vital capacity.

most received monotherapy (94%) with a phosphodiesterase 5
inhibitor (84%) or an endothelin receptor antagonist (16%).

DISCUSSION

The present results show that disease severity in COPD and
survival in PH-COPD are predicted by cor pulmonale (assessed
as RV-PA uncoupling and decreased exercise capacity) rather
than severity of PH or risk scores derived from PAH research.
Among patients with low TAPSE/PASP and 6MWD, those who
received targeted PH therapies had better survival than those
without PH therapies, although statistical significance depended
on the TAPSE/PASP and 6MWD thresholds used.

The notion of a right-sided phenotype of heart failure in
patients with chronic lung diseases is not new. In 1963, a World
Health Organization-sponsored expert consensus conference
reviewed chronic lung diseases-associated PH as a cause of
heart failure, and defined “cor pulmonale” as RV hypertrophy
and dilatation resulting from diseases affecting the structure or
function of the lungs (6). This morphological definition proved
impractical, and cor pulmonale became better understood as
altered RV structure and function with eventual right heart
failure symptomatology caused by PH on a background of
pulmonary disease, most commonly COPD (7–9). It is interesting
that echocardiographic signs of cor pulmonale may be found in
patients with COPD and minimally increased PAP, suggesting
that factors other than only PH alter RV-PA coupling in
COPD (20).

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 February 2022 | Volume 9 | Article 826369170

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Yogeswaran et al. Relevance of Cor Pulmonale in COPD

TABLE 3 | Baseline characteristics of patients with PH due to COPD.

Mild-to-moderate PH

due to COPD

(N = 144)

Severe PH due to

COPD

(N = 130)

Age, years 72.0 [65.0, 76.3] 69.0 [64.0, 78.0]

n with data 144 130

Male sex, n (%) 86 (60) 84 (65)

n with data 144 130

Body mass index, kg/m2 24.9 [21.5, 29.6] 24.3 [22.3, 27.6]

n with data 144 130

FEV1, % pred 39.0 [28.8, 55.7] 50.5 [32.2, 68.2]

n with data 137 128

FEV1/VC max 48.2 [40.2, 60.0] 55.2 [47.0, 65.5]

n with data 125 115

FVC, % pred 66.3 ± 21.6 72.2 ± 23.7

n with data 116 114

TLC, % pred 114 [99.0, 125] 105 [91.5, 117]

n with data 130 123

DLCO, % pred 40.2 [27.4, 50.7] 32.3 [24.6, 43.6]

n with data 71 80

mPAP, mm Hg 28.0 [26.0, 31.0] 40.0 [36.0, 46.0]

n with data 144 130

PVR, dyn·s/cm5 299 [248, 368] 542 [427, 699]

n with data 130 107

Cardiac index, L/min/m2 2.84 [2.45, 3.28] 2.40 [1.90, 2.86]

n with data 144 129

SvO2, % 68.8 [64.2, 71.9] 64.5 [58.7, 69.4]

n with data 143 128

RAP, mm Hg 4.00 [2.00, 6.00] 5.50 [3.00, 9.00]

n with data 143 128

BNP, pg/mL 55.0 [23.0, 128] 165 [57.0, 355]

n with data 122 110

6MWD, m 271 ± 102 241 ± 105

n with data 110 101

TAPSE/PASP ratio, mm/mm Hg 0.407 [0.309, 0.555] 0.286 [0.207, 0.356]

n with data 88 91

Targeted PH therapy, n (%)

No 82 (57) 30 (23)

Yes 57 (40) 93 (72)

Combination therapy 3 (2.1) 4 (3.1)

Monotherapy 54 (38) 89 (68)

Phosphodiesterase 5 inhibitor

No 2 (1.4) 17 (13)

Yes 55 (38) 76 (58)

Endothelin receptor antagonist

No 54 (38) 75 (58)

Yes 3 (2.1) 18 (14)

Data are presented as median [interquartile range], mean ± standard deviation or n (%).

Numbers of patients with available data are shown in italics. 6MWD, 6-min walk distance;

% pred, % predicted; BNP, brain natriuretic peptide; DLCO, lung diffusing capacity for

carbon monoxide; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity;

max, maximum; mPAP, mean pulmonary artery pressure; PASP, pulmonary artery systolic

pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RAP, right

atrial pressure; SvO2, mixed venous oxygen saturation; TAPSE, tricuspid annular plane

systolic excursion; TLC, total lung capacity; VC, vital capacity.

TABLE 4 | Univariate and multivariate Cox regression survival analyses.

Parameter Univariate HR (95% CI) Multivariate HR (95% CI)

Age 0.98 (0.96–1.00) –

PVR (per 100 dyn·s/cm5

increase)

1.10 (1.00–1.20) 1.06 (0.92–1.22)

TAPSE/PASP ratio 0.12 (0.03–0.57) 0.27 (0.04–1.94)a

BNP (per 100 pg/mL) 1.00 (0.97–1.10) –

DLCO 0.99 (0.97–1.00) –

FEV1/VC max (per 10

units increase)

1.00 (0.91–1.20) –

FEV1 (per 10% pred

increase)

0.96 (0.87–1.10) –

FVC 0.99 (0.98–1.00) 0.99 (0.98–1.00)

TLC 0.99 (0.98–1.00) –

6MWD (per 10m increase) 0.95 (0.93–0.97) 0.95 (0.92–0.99)a

SvO2 0.98 (0.95–1.00) –

RAP 1.00 (0.97–1.00) –

Cardiac index 0.90 (0.69–1.20) –

mPAP (per 5mm Hg

increase)

1.10 (1.00–1.20) 1.00 (0.80–1.30)

Right atrial area 1.00 (0.99–1.10) –

PH-COPD severity

Severe vs.

mild-to-moderate

1.32 (0.88–1.99) –

ESC/ERS risk score

Intermediate vs. low

1.32 (0.91–1.93) –

High vs. low 2.34 (0.83–6.59) –

BODE indexb

High (>6) vs. intermediate

(3–6)

0.526 (0.287–0.962) –

6MWD, 6-min walk distance; % pred, % predicted; BNP, brain natriuretic peptide; BODE,

body mass index, obstruction, dyspnoea and exercise capacity; DLCO, lung diffusing

capacity for carbon monoxide; ESC/ERS, European Society of Cardiology and European

Respiratory Society; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity;

HR, hazard ratio; mPAP, mean pulmonary artery pressure; PASP, pulmonary artery

systolic pressure; PH-COPD, pulmonary hypertension due to COPD; PVR, pulmonary

vascular resistance; RAP, right atrial pressure; SvO2, mixed venous oxygen saturation;

TAPSE, tricuspid annular plane systolic excursion; TLC, total lung capacity; VC, vital

capacity. a Independently predicted mortality in a stepwise backward model [Step 4, HR

(95% CI): TAPSE/PASP ratio, 0.22 (0.04–1.36); 6MWD per 10m increase, 0.95 (0.92–

0.98)]. bKaplan–Meier analysis revealed significant differences in survival between the

three BODE index groups (Supplementary Figure 2), but no HR was computable for

patients with a low BODE index (≤2) due to the small sample size. The BODE index

was not included in the multivariate Cox regression analysis owing to a high number of

missing values.

The clinical assessment of cor pulmonale traditionally relied
on radionuclide angiography for measurements of RV volumes
and derived ejection fraction (EF). This approach established that
RVEF is depressed and/or fails to increase during exercise in
up to 50% of patients with advanced COPD, and may improve
with supplemental oxygen or a variety of pulmonary vasodilating
interventions including aminophylline, β2 stimulant drugs or
nitrates (8, 9). Radionuclide RVEF was found in one study of 115
patients with COPD to be weakly but significantly correlated to
survival (21). Radionuclide angiography has since been replaced
by cardiacmagnetic resonance imaging (22) or echocardiography
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FIGURE 1 | Kaplan–Meier curves of survival probability in patients with

pulmonary hypertension due to COPD stratified according to the

presence/absence of two risk factors: 6MWD ≤299m and/or TAPSE/PASP

ratio ≤0.35 mm/mm Hg (thresholds determined by receiver operating

characteristic analysis and Youden’s index). 6MWD, 6-min walk distance;

TAPSE/PASP, tricuspid annular plane systolic excursion/pulmonary artery

systolic pressure.

(20) for the evaluation of cor pulmonale in COPD, but there
has been no report of RVEF or any other measure of RV
function as an independent predictor of outcome in patients
with COPD.

In the present study, coupling of the right ventricle to
afterload in COPD was assessed by simple 2D echocardiography.
As recently reviewed, the right ventricle adapts to increased
afterload by increasing contractility (23, 24). Therefore,
correcting contractility (estimated by TAPSE) by an indirect
measure of afterload (PASP) provides a more relevant
assessment of RV function in patients with various forms
of PH (10–14).

The present results confirm the importance of the
TAPSE/PASP ratio in COPD both with and without PH. In
COPD without PH, the TAPSE/PASP ratio correlated well
with specific lung function parameters and 6MWD. Consistent
with this finding, patients with a more advanced stage of
COPD (mirrored by GOLD stages, mMRC score, need for
oxygen supplementation, and presence of exacerbations
leading to inpatient treatment) showed significantly reduced
RV-PA coupling. In PH-COPD, the TAPSE/PASP ratio was
an independent predictor of mortality, whereas the severity
of PH alone was not prognostic. This may be a reason
why all treatments that aim to decrease PVR or PAP have
thus far failed to improve the prognosis of patients with
PH-COPD (1).

The most recent proposed classification of severity of PH-
COPD from the 6th World Symposium on PH attempts
to identify those patients with advanced pulmonary vascular
disease who might benefit from the cautious use of targeted
therapies, preferably in controlled studies (1). Our patients
with moderate or severe PH had a typical profile of high
PAP but relatively limited alteration in lung function tests (2–
4). It is therefore understandable that targeted PH therapies
were prescribed for the treatment of significant pulmonary
vascular disease or PAH co-morbidity (1). This strategy was
not associated with a detectable effect on outcome when the
patient population was analyzed as a whole. However, PH
therapy was associated with increased survival in a subgroup
analysis of patients in the lowest or intermediate tertiles
of both TAPSE/PASP and 6MWD. These results suggest
that future trials of targeted PH therapies in PH-COPD
should recruit patients with more advanced RV-PA uncoupling,
focusing on cor pulmonale rather than the severity of PH
per se.

Exercise capacity is markedly reduced in COPD, in proportion
to severity of the disease as assessed by the GOLD staging system
(25). In a study of 365 patients with COPD, mortality was high
(47% during a mean follow-up period of 5.5 years) and was
predicted equally well by 6MWD and peak oxygen uptake (26).
In another study of 362 patients with COPD who underwent
cardiac catheterization and a 6MWD test as part of evaluation
for lung transplantation, the prevalence of PH (mPAP >25mm
Hg and pulmonary arterial occlusion pressure <16mm Hg) was
23% and 6MWD declined by 11m for every 5mm Hg rise
in mPAP, but with borderline significance (p = 0.04) (27). A
smaller study of 29 patients with advanced stable COPD showed
no significant association between mPAP and exercise capacity
(28). Decreased exercise capacity in COPD is mainly related to
a ventilatory limitation (26, 28), but analysis of convective and
diffusive oxygen transport mechanisms also disclosed a possible
influence of cardiac output on skeletal muscle oxygen extraction
(29). The present results show the relevance of RV-PA uncoupling
in patients with PH-COPD; this could be a possible cause of the
cardiac output limitation seen during exercise.

Recent studies have suggested that DLCO is an
important predictor of mortality in patients with PH due
to chronic lung disease (30, 31). However, univariate Cox
regression analysis indicated that DLCO is not associated
with 5-year survival in our study cohort. Although the
underlying reason for the observed difference cannot
be directly assessed in a retrospective cohort analysis,
our study supports a role for DLCO as a predictor of
short-term mortality.

There are several limitations to the present findings. The
study was conducted at a single centre in Germany; the
study population may therefore not be representative of the
wider population with COPD. The generalizability of the
results is also affected by referral bias, as the patients were
evaluated at the request of their physicians for a suspicion
of PH. Furthermore, only few patients in the high-risk
group did not receive targeted PH therapies, and conclusions
regarding the efficacy of PH therapies cannot be drawn from
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FIGURE 2 | Kaplan–Meier curves of survival probability in patients with either (A), mild-to-moderate or (B), severe PH due to COPD, stratified by use of targeted PH

therapy. PH, pulmonary hypertension.

FIGURE 3 | Kaplan–Meier curves of survival probability in patients with PH

due to COPD with both TAPSE/PASP and 6MWD values in the lowest or

intermediate tertile, stratified by use of targeted PH therapy. 6MWD, 6-min

walk distance; PH, pulmonary hypertension; TAPSE/PASP, tricuspid annular

plane systolic excursion/pulmonary artery systolic pressure.

this retrospective cohort study. Nevertheless, the data draw
attention to the relevance of cor pulmonale in patients with
COPD, and support the enrichment of future clinical trial
populations for patients with very low TAPSE/PASP and
6MWD.

Overall, we have provided evidence that cor pulmonale
[assessed as RV-PA uncoupling (TAPSE/PASP ratio) and
decreased exercise capacity (6MWD)] is associated with disease
severity in COPD and prognosis in PH-COPD. Further studies
are needed to assess the effect of targeted PH therapy in patients
with PH-COPD and low TAPSE/PASP and 6MWD.
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Diabetes mellitus is a worldwide health problem that usually comes with severe

complications. There is no cure for diabetes yet and the threat of these complications is

what keeps researchers investigating mechanisms and treatments for diabetes mellitus.

Due to advancements in genomics, epigenomics, proteomics, and single-cell multiomics

research, considerable progress has been made toward understanding the mechanisms

of diabetes mellitus. In addition, investigation of the association between diabetes and

other physiological systems revealed potentially novel pathways and targets involved in

the initiation and progress of diabetes. This review focuses on current advancements in

studying the mechanisms of diabetes by using genomic, epigenomic, proteomic, and

single-cell multiomic analysis methods. It will also focus on recent findings pertaining to

the relationship between diabetes and other biological processes, and new findings on

the contribution of diabetes to several pathological conditions.

Keywords: diabetes, comprehensive network, system analysis, cardiovascular disease complications, peripheral

artery disease

INTRODUCTION

Diabetes mellitus is a critical public health issue that causes incapacitation and mortality in both
acute and chronic complications of the disease. It affects various races and populations. The
prevalence of diabetes in adults globally was ∼6.4% in 2010 and was predicted to rise to 7.7% in
2030 (1). Diabetes in general is a chronic metabolic disease, characterized by β-cell dysfunction
and/or insulin resistance and hyperglycemia.

Diabetes mellitus is classified as a spectrum of metabolic disorders in which the American
Diabetes Association (ADA) divides into four categories: type 1 diabetes (T1D), type 2 diabetes
(T2D), monogenic diabetes (MD) and gestational diabetes (GD). T1D is an autoimmune illness
that is caused by the beta cells of the pancreas’ Langerhans islets being destroyed. These beta cells
secrete insulin, and thus insulin has to be used throughout T1D patient lives. T1D accounts for
around 5–10% of all diabetic cases. Insulin resistance and impaired secretion, as well as increased
hepatic glucose synthesis, are all pathological symptoms of T2D. Approximately 90% of diabetics
have T2D (2). In fact, over 29 million people in the US have T2D. Many risk factors, both genetic
and non-genetic, have been identified that play a role in the process of T2D. For example: obesity,
physical inactivity, advanced age, hypertension, hyperlipidemia, and family history are all risk
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factors. Furthermore, cardiovascular disease, stroke, periodontal
disease, neuropathy, retinopathy, foot ulcers, and amputations
are well studied complications associated with T2D (3).

Monogenic diabetes is caused by a defect in a single gene
and often has a similar clinical presentation to T1D and T2D.
Gestational diabetes was once considered to be an early stage of
T2D (3). Now it is thought that there is increased susceptibility
to T2D enabled by pregnancy-induced insulin resistance which is
characteristic of gestational diabetes. After the patient has given
birth, typically their glucose levels will return to normal.

The significant health consequences of diabetes have led to
an emphasis on early identification, management and treatment
strategies for diabetic patients. In this review, we will summarize
recent findings on the mechanisms of diabetes that have
used genomic, epigenomic, proteomic, and multiomics single-
cell analysis methods (4, 5). Given the huge contribution of
cardiovascular complications to the severity in outcome of
diabetes, we will also discuss recent findings on the relationship
between diabetes and the physiological systems it affects, such as
lymphangiogenesis, angiogenesis, gut microbiota diversity, and
more. With further research being done in these areas, we will be
better equipped to therapeutically intervene in the development
of diabetes and its associated cardiovascular complications.

ADVANCEMENT IN ELUCIDATING THE
MECHANISMS OF DIABETES

Genomics Research
Genomic analysis to detect risks for chronic diseases such as
diabetes is quickly progressing in the clinical setting, thanks
to the use of next-generation sequencing technology including
whole-genome sequencing.

T1D is a multifaceted disorder with genetic and
environmental risk factors. In the last several decades,
numerous studies have been conducted to identify T1D-
susceptibility genes in which more than 40 different genetic loci
associated with T1D have been identified (6, 7). The human
leukocyte antigen (HLA) area on chromosome 6p21, protein
tyrosine phosphatase non-receptor type 22 (PTPN22) on 1p13,
interleukin 2 receptor subunit alpha (IL2RA) on 10p15, the
insulin gene (INS-VNTR) locus on 11p15, as well as the cytotoxic
T-lymphocyte associated protein 4 (CTLA4) locus on 2q33 are
all among the different genetic loci associated with T1D (8).
CTLA4 is an immunoglobulin that plays an important role in
the pathogenesis of autoimmune disorders like T1D (9). The
interleukin-2 receptor complex’s -chain is encoded by the IL2RA
gene, which has eight exons. In regulatory T-cells, the expression
of IL2RA is essential in controlling the immune response and
preventing autoimmune disease (10). Recently, several studies
have been conducted and found the frequency of them in
different populations to be very different (11, 12).

T2D is a complex disease that leads to serious consequences.
Thus, there has been an emphasis on early identification of
individuals at high risk for T2D. Several clinical factors correlated
with T2D risk that can be identified early on include body mass
index (BMI), age, and family history. With the advancement

in genomics, including genomic factors in risk assessment and
management could make risk prediction and treatment of T2D
more precise.

Around 40% of the risk, onset, and progression of diabetes
is due to genetic factors, which varies from person to person
(13). There have been more than 50 loci associated with
T2D risk identified by the Genome Wide Association Studies
(GWAS) since 2007 (14–17). Several genes associated in insulin
production, glucose metabolism, and beta-cell activity have
been identified. One study (18) found the association of 21
genetic variants with T2D and confirmed that individuals with
a high genetic score had an increased risk of T2D. The study
(18) looked at 65 single nucleotide polymorphisms (SNPs),
seven of which were found in four genes which are Gli-
similar 3 (GLIS3), transcription factor-7–like 2 (TCF7L2), leucine
rich repeat containing G protein-coupled receptor 5 (LGR5),
and protein tyrosine phosphatase receptor type D (PTPRD).
These 7 SNPs were strongly associated with T2D. GLIS3 is a
diabetes susceptibility gene that participates in the propagation
of pancreatic beta cells. TCF7L2 was observed to have a
relationship with BMI and has been demonstrated to affect β-cell
responsiveness to insulin.

Furthermore, because oral anti-hyperglycemic drugs are
affected by pharmacogenomic variation in a high number of
T2D patients, research suggests genomics could play a role in
choosing the most successful therapy (19). Several studies have
revealed that genetic variations are involved in drug absorption,
transport, metabolism, and action, and that these variations
may alter drug pharmacokinetics or pharmacodynamics (20,
21). Since the susceptibility loci, identified by GWAS, for T2D
mellitus alter insulin secretion and/or sensitivity, they may
also influence the efficacy of the insulin secretagogue and/or
sensitizer. The potassium voltage-gated channel subfamily Q
member 1 (KCNQ1) gene, for example, has been linked to
repaglinide and rosiglitazone efficacy in East Asians and at the
same time confers the highest risk of T2DMellitus in East Asians
(22, 23).

In overall, existing knowledge of the role of genetic variables
in diabetes supports the notion that diabetes is a complicated
disease that differs from person to person. In addition, important
information on the genetic underpinnings for various therapeutic
responses to pharmacologic therapy is now being discovered.
With increasing knowledge about the importance of genetic
information in the onset, progression and treatment of diabetes,
genome-based strategies can be considered to improve the risk
prediction and customized management of individual patients.
Both of which will contribute to better health outcomes for
diabetic patients.

Epigenetics Research
In the past few years it has been determined that mainly
environmental factors have been considered as predisposing
factors for weight gain or the development of T2D (24). Despite
significant efforts to find genetic susceptibility variations, little
progress has been made, and the common genetic variables
that cause diabetes susceptibility can only account for a small
portion of individual risk variants. In addition, there is evidence
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that the current diabetes epidemic is driven by environmental
factors. Recent studies have shown that in addition to a
good balance between energy intake and energy expenditure,
normal metabolic regulation in adulthood is also affected
by the pre- and post-natal environment. In fact, maternal
calorie restriction during pregnancy can alter the metabolic
phenotype of their children by epigenetic control of certain
genes, which can be passed down to future generations. Thus,
it is important to identify the epigenetic markers of diabetes
and the methylation and/or histone acetylation levels of genes
involved in metabolic processes. Recent studies have pointed
out that endocrine disruptors, which are chemicals that interfere
with many homeostatic mechanisms, play a role in the high
incidence of diabetes. Given the existing data on the effects of
endocrine disruptors such as obesogens, it seems that exposure
to these disruptors may play an important role in the diabetes
pandemic (24).

Epigenetics has been defined as a heritable change in gene
function without changes in the nucleotide sequence, however
this is not a universal definition (25). Epigenetic changes can
be handed down from one cell generation to the next (mitotic
inheritance) as well as between generations of species (meiotic
inheritance). Epigenetics can be affected by the environment,
which makes it a potentially important pathogenic mechanism
for complex multifactorial diseases such as T2D (Figure 1).
DNA methylation, histone modification, and microRNA are
all epigenetic factors that can help explain how cells with the
same DNA differentiate into different cell types with different
phenotypes (26), all of which aid in explaining how cells with
identical DNA differentiate into different cell types with different
phenotypes. DNA methylation and histone modification, in
particular, are important in the pathogenesis of T2D.

DNA methylation necessitates the activity of
methyltransferases, of which there are two types: DNA
methyltransferase 1 (DNMT1), which replicates the DNA
methylation pattern (maintains methylation) between cell
generations during replication, and DNA methyltransferase 3A
(DNMT3a) and DNA methyltransferase 3 beta (DNMT3b),
which are both responsible for DNA de novo methylation
(27). The way in which this DNA methylation occurs is still
poorly understood and needs further research if we are to
understand the mechanisms behind the pathogenesis of T2D.
For recent research on DNA methylation, see Patra et al. (28).
Examples of ways to determine these genetic signals include
using the Chromatin analysis methods, such as ATAC-seq and
DNase-seq, which have been applied to a large number of islets
to generate aggregated spectra that mask important cells and
regulate heterogeneity (29, 30). In addition, GWAS have been
able to identify >400 independent signals that encode genetic
predispositions for T2D (31). Finally, more than 90% of linked
SNPs are found in non-coding regions and contain chromatin-
defined islet enhancer elements, indicating the presence of
significant transcriptional regulatory components for diabetes
disease risk (32).

Histone modification starts with the formation of chromatin.
The nucleosome, which consists of around 147 DNA base
pairs surrounding histone octamers, is the most fundamental

component of chromatin. Histone octamers are composed
of H3-H4 tetramers, with one H2A-H2B dimer on each
side. Although the core histones are densely packed, histone
modifying enzymes can alter their NH2 terminal tails, causing
acetylation, methylation, phosphorylation, SUMO acylation, or
ubiquitination (33). An example of this modification involves
histone modifying enzyme HDAC which has been shown to
remove histone acetyltransferase (HAT) and add acetyl groups
(33–35) to lysine residues in the tail of histones. Although
enhanced HAT activity and histone acetylation have been linked
to increased gene transcription, the exact mechanism that
promotes transcription is unknown (36). On top of this, histone
methyltransferases and histone demethylases have been shown to
mediate HAT activity (37). Taken together, understanding how
histone modification and acetylation are regulated is important
for determining the transcription mechanism’s access to DNA,
as well as DNA replication, recombination, and chromosomal
organization, all of which are crucial in understanding its
relationship to T2D.

Proteomics Research
Integrative profiling of proteins expressed in cells, tissues, and
organs has been done using proteomics. Proteomics research
has provided potential tools for the systematic investigation
of proteins that are differently expressed between healthy
individuals and cancer patients (38), as well as Alzheimer’s
disease (39) and diabetes patients (40). Proteomics has been
widely used in diabetes studies focusing on different stages of
diabetes with diverse sample sources.

A longitudinal study of the human plasma proteome
discovered possible protein indicators in T1D progression,
resulting in a promising list of protein markers that dysregulate
temporally before islet autoimmunity develops. (41). Key
enzymes against oxidative stress, CAT and SOD1, were identified
(41). Eri Takahashi et al. (42) carried out serum proteomics
using a T2D mouse model and identified differentially expressed
proteins in the prediabetic state, among which the level of
serine protease inhibitor (SERPIN)A3 was found to be elevated
significantly. This change was also confirmed to be increased in
T2D patients, indicating SERPINA3 could be used for the early
detection of type 2 diabetes mellitus (42).

Proteomic analysis of human islets from patients with T1D
was also carried out (43). Upon human pancreatic islets being
exposed to palmitate, lipidomics and proteomics were done
which revealed proteins implicated in the action of saturated fatty
acids as well as potential pathways for how chronic saturated free
fatty acids disrupt beta-cells and lead to the development of T2D
mellitus (44).

Adipose tissue is an endocrine organ secreting multiple
bioactive factors such as leptin, tumor necrosis factor-α and
interleukin-6, all of which influence insulin resistance and
β-cell dysfunction (45). White adipose tissue (WAT) and
brown adipose tissue (BAT) are two types of adipose tissue
that are linked to the development of metabolic diseases.
As a result of these studies, differentially expressed proteins
involved in cytoskeleton function and structure, oxidative stress,
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FIGURE 1 | Diabetes research has entered a new era of single-cell biology. (A) Single-cell analysis has entered the multiomics age. By using multiomics single-cell

analysis, such as ATAC-seq, ChIP-seq, scRNA-seq, RNA-seq and proteomics analysis, the transcriptome factors or regulators of blood vessels and lymphatic vessels

can be accurately identified. (B) Lifestyles, such as smoking, sedentary lifestyle, alcohol, and obesity can significantly affect the vascular diseases, such as

atherosclerosis, diabetes, even including different cancers.

inflammation, and retinoid metabolism have been identified in
TD-related adipose tissues (46–48).

Proteomic analysis of protein expression in diabetic
patient samples provides detailed qualitative and quantitative
information on the proteins implicated in the course of diabetes.
This could potentially yield pathomechanistic insights and lead
to the development of new therapeutic targets for diabetes
intervention. The importance of such promising potential
markers warrants greater investigation and research.

Single-Cell Multiomic Analysis
Characterizing the transcriptome profile of a single cell through
single-cell RNA sequencing (scRNA-Seq) has become a universal
tool for identifying known and new cell types, as well as
understanding tissue structure and function, ushering in a new
era of single-cell biology (4, 5, 49) (Figure 1). This has been
shown to be especially true in complex organs and tissues with a
high degree of cellular heterogeneity, such as mammalian brains
and tumors (50, 51).

In the past few years, using scRNA-Seq to analyze pancreas
cells at the individual level has made great strides. Among them,
exciting discoveries have been made in the immunology of T1D
and T2D. For example, scRNA-Seq analysis has shown that
increased expression of the anion transporter SLC26A9 delayed
the onset of cystic fibrosis diabetes, a unique type of diabetes that
has similar characteristics to T1D and T2D (52).

ScRNA-seq has also been shown to be useful in the cellular
characteristics of human in vitro β cell differentiation, providing
a perspective for the use of human stem cell differentiation
as a useful therapeutic that could guide future efforts to focus
on islet cell differentiation and regeneration in diabetic models
(53). The single-cell transcriptome analysis of the human ductal
tree indicates that progenitors might be activated in situ for
therapeutic purposes (54). Other successful examples include a
study done by Baron and Muraro et al. who used scRNA-Seq
to deconvolute a large number of human and mouse pancreas
gene expression samples to detect disease-related differential
expression. The data set provided resources for discovering
new cell type-specific transcription factors, signal receptors, and
medical-related genes in human and mouse pancreases (55, 56).
Another research team conducted single-cell transcriptomics
analysis of the human endocrine pancreas and also demonstrated
the powerful functions of single-cell RNA-seq (57).

T2D is a complex disease characterized by pancreatic
islet dysfunction, insulin resistance, and blood sugar level
disturbances (Figure 2). Pancreatic islets are a mixture of cell
types expressing different hormonal programs, so each cell type
may contribute differently to the underlying regulatory processes
that regulate T2D-related transcription circuits. There are many
ways to use genetic signals of T2D to identify the type of
activity undergone by islet cells and to provide higher-resolution
mechanical insights into genetically encoded risk pathways for
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T2D. Single-cell genomics has exploded in popularity during the
last decade. The most prevalent technique is single-cell RNA
sequencing (RNA-seq), which assesses gene expression. Other
approaches examine methylation, genetic variation, protein
abundance, and chromatin accessibility, among other things.
To date, single-cell analysis has entered the multiomics age
(4, 5). Some research has combined these methodologies—and
the associated layers of data—with “multiomics” investigations.
In a technique called scNMT-seq, Argelaguet integrated gene
expression profiling, methylation, and chromatin accessibility.
Another technique called CITE-seq profiles both transcription
and protein abundance. An additional technique known as
G&T-seq captures both genomic DNA and RNA (5, 58, 59).
A recent multiomics single-cell analysis identifies new cell
types and processes that may contribute to the pathogenesis
of T1D immunity as well as provide new cellular and
molecular insights into human pancreatic function (bioRxiv,
2021, doi: 10.1101/2021.01.28.42859). In addition, due to the
rapidly growing suite of software tools, there will be more and
more applications of multiomics single-cell analysis in diabetes
research (Figure 1).

While genomic analysis on diabetic risk prediction and
pharmacological responses in the clinic suggests the importance
for the development of individual/personal-based diabetic
medicine, epigenetics research has generated new knowledge
about one of the most important environmental risk factors
for diabetes. Advances in proteomics research and single-cell
multiomic analysis have been providing unpreceded insights
into specific cell-type and molecular networks involved in the
pathogenesis of diabetes. In overall, mechanistic findings in these
areas will help to better understand the mechanisms of diabetes,
which would lead to identifying new therapeutic targets in the
pathophysiological systems that cause diabetic complications.

DIABETES AND CARDIOVASCULAR
SYSTEMS AND BEYOND

Angiogenesis and Diabetes
Angiogenesis is a well-studied process that entails the formation
of new blood vessels from existing blood vessels and is involved
in a large number of physiological and pathological conditions.
During embryonic development, wound healing, menstruation,
and angiogenesis must occur to provide adequate blood flow and
oxygenation to growing tissues (60). Vascular disease associated
with aberrant angiogenesis is a feature of some long-term
diabetic consequences. Diabetic retinopathy and nephropathy are
both linked to excessive angiogenesis. Inhibition of angiogenesis
can lead to impaired wound healing, impaired development
of coronary collateral vessels, embryonic vascular disease in
pregnancy with maternal diabetes, and transplant rejection in
diabetic recipients (60).

The majority of the vasculature in a healthy adult is
dormant, with only 0.01 percent of endothelial cells undergoing
division. Excessive or insufficient vascular growth as in the
case of pathological angiogenesis contributes to numerous non-
neoplastic disorders. In some diseases, vessels do not grow,

but rather abnormally remodel (61). Angiogenesis has been
recognized as a hallmark of cancer and various metabolic and
inflammatory diseases, such as obesity, T2D, atherosclerosis and
NAFLD (61). Both physiological and pathological angiogenic
variants are controlled by carefully orchestrated, temporally
and spatially controlled signals from surrounding tissues, and
it is the sum of these signals that causes the sequential
release of angiogenic stimulators (e.g., VEGF, bFGF, PDGF) and
inhibitors (e.g., endostatin, angiostatin, thrombospondin). In
the past decade, research in molecular mechanisms underlining
pathological angiogenesis (blood vessel growth) has grown at an
explosive rate, and has led to the approval of anti-angiogenic
drugs for the treatment of cancer and eye diseases (62).

Endothelial progenitor cells (EPCs) are a subtype of
progenitor cells, which are first isolated in the circulation
(63), and have the capacity to differentiate into mature ECs
in vitro and in vivo (64). Dysfunctional EPCs with impaired
vascular repairing capacity have been reported in diabetes (65).
In a small clinical study of cardiovascular disease patients
with or without diabetes, an increase in EPC numbers was
promoted by statin administration, which was associated with
HDL changes (66). Although large clinical trials are needed
to validate EPCs as independent indicators of cardiovascular
risk (67), several recent pre-clinical studies support its role
in restoring angiogenesis in diabetes. For example, EC-specific
overexpression of metallothionein (MT), an antioxidant protein,
prevented impairment of angiogenesis in a hind limb Ischemia
model of mice fed a high-fat diet (HFD) or treated with
streptozotocin (STZ) (68). The protection was likely due to
the preserved function of EPC, attributable to a reduction in
oxidative stress and an enhanced expression of hypoxia-inducible
factor 1a (HIF-1a), stromal cell–derived factor (SDF-1), and
VEGF in ischemic tissues (68). Endothelial-colony-forming cells
(ECFCs) are isolated as a novel type of progenitor cells (69). Like
EPCs, ECFCs have the potential capacity to promote angiogenesis
in vitro and in vivo which could be impaired by diabetes
with similar mechanisms (70). ECFCs, which are of endothelial
origin, are believed to be a better cell therapy tool for vascular
regeneration in ischaemic models (70) because ECFCs express
CD31+, CD34+, CD146+, VEGFR2+, and von Willebrands
factor (69). On the other hand, EPCs are of myeloid origin and
express CD31+, CD34+, CD45+, VEGFR2+, and Tie-2+, with a
low proliferative capacity. Further investigation, however, needs
to be done to prove the applicability of ECFCs in pre-clinical and
clinical settings (70).

Although diabetes can cause a variety of pathologies,
vascular complications account for most of the morbidity
and mortality of diabetes (71). Furthermore cardiovascular
disease causes 75% of the deaths of diabetic patients (71).
Diabetes can cause macrovascular and microvascular problems
characterized by endothelial dysfunction, which can have
serious consequences for wound healing (72, 73). Inhibition
of the vascular endothelial growth factor (VEGF-VEGFR2)
signal axis is related to endothelial dysfunction typical of
diabetes (74, 75). Under high glucose exposure, VEGFR2 ligand
and intrinsic kinase-independent phosphorylation occurs in
the Golgi apparatus of endothelial cells, thereby impairing
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FIGURE 2 | Diabetic compilations are caused by insulin resistance leading to persistently elevated glucose levels or hyperglycemia. Different factors that may cause or

exacerbate blood glucose levels are highlighted under “Lifestyle.” High levels of blood glucose in diabetic vessels can cause different diabetic complications such as

Diabetic Foot Ulcer, Diabetic Nephropathy, Cardiovascular Disorders, Diabetic Retinopathy, Peripheral artery disease and Stroke.

transport of receptors to the cell surface. The result is
that VEGFR2 on the plasma membrane of endothelial cells
gradually decreases, thereby weakening the angiogenic response
of diabetes.

There is evidence that beta cells are an important ally of islet
endothelial cells (EC). In addition, ECs seem to directly affect
the expression and secretion of insulin genes and the survival
of β cells. Pancreatic islet EC is an important partner for β

cell function (76). This dynamic relationship is very important
in the context of type 1 and type 2 diabetes and has been
shown to establish the potential of EC or its progenitor cells to
enhance the reconstitution of blood glucose control after islet
transplantation in animal models (76, 77). Dysfunctional islet
endothelium may lead to the progression of type 1 diabetes,
the deterioration of type 2 diabetes, and the failure of islet
transplantation (76). Treatments that prevent the breakdown
of the complex β-cell/EC axis in pancreatic islets or restore
this crosstalk may improve the prognosis of diabetic patients in
the future.

In order to assess pathological or diabetic angiogenesis,
there are many in vivo, ex vivo, and in vitro bioassays that
are available for proper evaluation of angiogenesis (78). In
vitro bioassays are used to detect EC cells proliferation, tube
formation and migration, and in vivo bioassays, such as the
corneal micropocket assay, matrigel plug assay, tail edema,
and dermal punch biopsy wound healing assays are all used to
evaluate angiogenesis and lymphangiogensis (78). Abnormal
angiogenesis contributes to vascular disorders in diabetes.
Provided the distinct role of angiogenesis in macrovascular
and microvascular complications of diabetes, future studies
should identify tissue-specific regulators of angiogenesis
and their underlying mechanisms by using conventional
approaches coupled with single-cell multiomic analysis and
other integrative methodologies.

Lymphangiogenesis and Diabetes
Lymphatic vessels and blood vessels create an intricate
system that aids in the management of tissue pressure
and the production of edema. Lymphatic endothelial cells
and lymphangiogenesis play critical roles of homeostasis,
metabolism and immunity in both physiological and pathological
angiogenesis. Except for the reproductive organs during ovarian
cycles and pregnancy, the majority of lymphatic vessels in
adult tissues are dormant (79). A variety of pathological
conditions such as inflammation and tumor formation promote
lymphangiogenesis and lymphatic vessel remodeling in the adult
(80). In addition, lymphangiogenesis is enhanced post organ
transplantation for inducing immune system reactivation in
the draining lymph node, resulting in organ rejection (81). In
general, a consequence of chronic complicated disorders, such as
diabetes, is poor lymphangiogenesis (82) (Figure 1).

Recently, studies have suggested the therapeutic roles of
lymphangiogenesis in various pathological conditions. For
example, excess lymphangiogenesis favors metastasis and
inflammation, however insufficient lymphangiogenesis can
cause lymphedema (82, 83). The reasons and effects of adult
lymphangiogenesis is still up for debate for whether it is beneficial
or detrimental. Enhancing lymphangiogenesis protects against
diabetes and other metabolic diseases (82). Obesity and diabetes
have been linked to a lack of lymphatic architecture and impaired
lymphatic function (84–89). Diet-induced obesity impairs
lymphangiogenesis as indicated by decreased LYVE1 positive
lymphatic vessel density (87), and corroborating impaired
lymphangiogenesis in diabetic mice (82, 90). Transcription
factor prospero homebox 1 (Prox1) is one of the key regulators
of lymphangiogensis (46). Disturbed lymphangiogenesis in
Prox1+/− mice induced obesity, coupled with decreased lymph
flow in adult mouse models (91, 92). Obesity is considered
to make up 80–85% of the risk of developing T2D. Recent
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studies have shown that obese people are 80 times more likely
to develop T2D than people with a BMI below 22 (https://www.
diabetes.co.uk/diabetes-and-obesity.html). Enhancing VEGFR3
expression and VEGFR3 signaling by depleting epsins modulates
VEGFR2/3 in endothelial cells promotes lymphangiogenesis
and augments lymph flow in type 2 diabetic mice (82, 93)
(Figure 1). LEC specific epsin depletion increased VEGFR3
expression and reduced VEGFR3 endocytosis and degradation
resulting in enhanced wound-healing and surgery-induced
lymphedema resolutions in diabetic mice (82). Since the animal
model was in stage III of diabetic progression via STZ injection
combined with HFD, the promoting lymphangiogenesis in
the diabetic mouse did not increase insulin sensitivity. This
might be due to damaged pancreatic β-cells having no response
to any excess glucose which would usually decrease insulin
responsiveness. In HFD-induced obese mice, overexpressing
VEGF-D increases lymphatic density in adipose tissue, which
lowers local immune cell buildup and improves systemic
metabolic response by reducing insulin resistance and enhancing
insulin sensitivity (94). There are little lymphatic vessels in mice
white adipose tissue and promoting de novo lymphangiogenesis
in adipose tissue enhanced insulin sensitivity in HFD mice
treated for 16 weeks. Even if the body weight was similar
between adipose tissue-VEGF-D-overexpressed mice and
littermate controls, enhanced lymphangiogenesis in adipose
tissue increased insulin sensitivity and reduced insulin resistance
compared to the controls. Lymphatic vessels play a role in
glycerol clearance and removal of infiltrated immune cells
which improves metabolism in obese mice (94). Different fat
pads develop and mature at different rates (95). For example,
epididymal adipose tissue exhibits very little lipid component
until P4 while other fat pads (e.g., subcutaneous, retroperitoneal
adipose tissue) display high lipid component on postnatal day
1 (95). VEGFR3 and Prox1 show a significant percentage of
distribution in the epididymal adipose tissue until postnatal
day 5, indicating lymphangiogenesis may play an inhibitory
role in lipid deposition in adipose tissues. Notably, angiogenesis
contributes to adipose tissue development (95) while lymphatics
might play an inhibitory role in lipid deposition in the adipose
tissue. While VEGF-D also promotes angiogenesis via VEGFR2
(96), there is no significant increase in angiogenesis by VEGF-D
overexpression in adipose tissues (94, 97). Hence, there is a
protective effect via adipose tissue-VEGF-D-overexpression due
to enhanced lymphangiogenesis.

Although human adipose tissue shows noticeable
expression of lymphatic vessels (98), very little lymphatics
are expressed in murine adipose tissues controversially
(95, 97). What are the specific roles of lymphatics in
adipose tissues? Which regions of adipose tissues express
lymphatics? To further substantiate these findings and
questions, future studies utilizing genetically modified mouse
models should be used to identify the spatiotemporal and
distinct roles of lymphatics in various adipose tissues. In
addition, the role of lymphangiogenesis in other metabolic
tissues, including liver and skeletal muscle, warrant
further investigation.

Tumorigenesis and Diabetes
Tumor angiogenesis is distinct from other kinds of angiogenesis
in terms of timing (99). Angiogenesis is unusually prolonged in
some non-malignant processes, however it is still self-limited,
such as in pyogenic granuloma or keloid development. Diabetes
has been linked to an increased risk of cancer, according to
extensive studies (100–102) and increased mortality of cancer
patients (103). Previous research on the link between diabetes
and cancer has found that diabetics are more prone to develop
malignancies of the liver, pancreas, endometrial, colon, rectum,
breast, and bladder (104) (Figure 1).

The mechanism of such an increased risk in these patients
remains unclear whether: (i) the association is mainly due to
shared risk factors such as obesity (105); (ii) diabetes itself
alters cancer risk which may be related to insulin resistance
(106), hyperinsulinemia (107–109), proinflammatory status and
increased oxidative stress (1–35) (110); (iii) the risk of cancer is
modified with medications administered to combat diabetes; or
(iv) a combination of all these assumptions.

More observational studies have been accumulating with
regard to the effects of diabetes treatment in cancer incidence.
Insulin growth factor (IGF) is an important hormone for normal
and transformed cell growth, development, differentiation and
survival, which may play an important role in mammary
tumorigenesis and diabetes (111). Several studies have found
that anti-hyperglycemic drugs for diabetes treatment may be
associated with either an increased or reduced risk of cancer
(112, 113). Meta-analysis of observational studies found that
while treatments with metformin decrease insulin resistance, it
may also reduce the risk of colorectal and hepatocellular cancer in
diabetic patients (114, 115), but sulfonylureas and insulin, which
may cause hyperinsulinemia, did not show a significant influence.
In pancreatic cancer, metformin, thiazolidinediones and insulin
use had no significant effect while sulfonylurea use was associated
with a 70% increase in the odds of having pancreatic cancer (116).
Remaining concerns were expressed for a potential link between
pioglitazone (117) and a novel class of oral glucose-lowing drug
Sodium-glucose cotransporter 2 (SGLT2) inhibitors (118) with
bladder cancer. Besides glucose-lowing drugs, a retrospective
study of 92,366 women with newly diagnosed T2D observed
a decrease in risk of endometrioid cancer in diabetic patients
treated with statins (119). Long-term prospective trials and
post-marketing surveillance studies are, however, required in
the future.

In addition to increased incidence of cancer, diabetes also
has deleterious effects on cancer prognosis. Diabetes was found
to be strongly related with an increased risk of death from
overall cancer in a study (120) in more than 771,297 Asians with
pathologies of the endometrium, liver, thyroid, kidney, breast,
ovary, pancreas, and prostate [hazard ratio 1.26 (CI 1.21–1.31)].
Extensive studies have provided themechanism in which diabetes
influences a poor cancer prognosis, including strengthening
metastatic potential of cancer, favoring cancer growth (121).
Also, impaired immune function in diabetes possibly results in
a more aggressive cancer course. At the same time, researchers
are trying to use probiotics, especially microbial short-chain fatty
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acids (SCFAs) to fight against inflammation and protect from
tumorigenesis in people with diabetes (122).

Preexisting diabetes is linked to an increased risk of morbidity
and mortality in cancer patients, according to all of these studies.
There are also studies that investigated the impact of cancer on
long term outcomes of diabetes (123). Researchers followed three
cohorts of diabetes patients subsequently diagnosed with breast,
colorectal or prostate cancer for 10 years, and they found that in
the UK, incidence of cancer appears to have little adverse impact
on diabetes-related mortality (123).

These findings are clinically meaningful which point to the
importance of appropriate cancer screening among diabetic
patients and management of diabetic patients with cancer.

Gut Microbiota Homeostasis and Diabetes
All organisms that live in the gastrointestinal (GI) tract are
referred to as gut microbiota. The human body is home to
trillions of microorganisms (124), all of which serve a crucial part
in normal intestinal function and the host’s overall health. Some
studies linked gut microbiota with diabetes (Figure 1).

The gut microbiota is mostly formed of four phyla:
Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria.
Each individual has a unique microbiota composition (125).
Diet, disease status, drugs, and host genetics will all have an
impact on the composition. Among them, diet is the main
contributor to the diversity of microbiota. It has been suggested
that diet accounts for 57% of the variations while host genetics
only account for 13% (126). Diet has been shown to affect the
content and function of the gut microbiome in both animal and
human studies. One study (127) switched mice from low-fat,
plant polysaccharide–rich diet to a high fat and sugar diet, which
altered the composition of the microbiota within a single day.
Mice fed a high-fat, high-sugar diet showed a higher number
of Erysipelotrichi class bacteria in the Firmicutes phylum and a
lower number of Bacteroides spp. (127). Bacteroides spp., E. coli,
and other bacteria were found in reduced numbers in mice on a
vegetarian diet (127).

It’s becoming clear that gut microbiota has a role in a variety
of disorders, including type 1 and type 2 diabetes. T1D is an
autoimmune illness caused by the immune system’s destruction
of pancreatic β-cells. It is mainly caused by a genetic defect as well
as epigenetic and environmental factors. Increased rates of T1D
incidence in recent years have been attributed to genetic factors
as well as changes in lifestyle, such as nutrition, hygiene, and
antibiotic use, all of which can have a direct impact onmicrobiota
(128). Several studies have found changes in gut microbiota
composition between people with T1D and healthy people.
Compared with age matched healthy controls, gut microbiota
in children with high genetic risk for T1D showed less diverse
and less dynamic microbiota (129). These findings underscore
the importance of learning more about the function bacteria may
have in the development of T1D (128–131).

Obesity and T2D are also linked to dysbiosis of the gut
microbiota, according to extensive research conducted in animal
models and humans. Studies in germ-free mice revealed changes
in the gut microbiome makeup that could have a role in
disease development, including obesity and diabetes (132–134).

AKKermansia muciniphila, a mucin-degrading bacteria found
in the mucus layer, was isolated in one study. In rodents and
humans, it has an inverse relationship with body weight. This
study found that the abundance ofAKKermansiamuciniphilawas
reduced in obese and type 2 diabetic mice, and that prebiotic
feeding restored AKKermansia muciniphila abundance, which
was linked to improvements in metabolic diseases such as
fat mass gain, adipose tissue and insulin resistance. Butyrate-
producing Roseburia intestinalis and Faecalibacterium prausnitzii
concentrations were found to be lower in T2D patients, but
Lactobacillus gasseri and Streptococcus mutans, Proteobacteria,
and some Clostridiales were found to be greater among 345
Chinese individuals (135). T2D is also linked to increased
bacterial expression of oxidative stress-related genes, resulting in
a proinflammatory signature in the gut microbiome (135). All
of these studies point to a link between the gut microbiome’s
makeup and T2D.

For the mechanisms of how gut bacteria affect T2D, most
studies focused on the involvement of microbiota in obesity
and their role in insulin signaling and low grade inflammation.
High-calorie diets contribute to obesity and T2D has been
demonstrated by numerous studies (136, 137) and increasing
evidence suggests that the link between diet and obesity lies
in the gut microbiota (125, 138, 139). One study in mice
found that the abundance of A. muciniphila decreased in obese
and T2D mice. Prebiotic feeding of A. muciniphila improved
metabolic profiles, and reduced fat mass and insulin resistance
induced by high fat diet (140). Qin et al. (135) showed T2D
patients had a moderate degree of gut microbial dysbiosis, a
decrease in universal butyrate-producing bacteria, which play
a role in regulating important T2D pathways including insulin
signaling, inflammation and glucosehomeostasis (135, 141, 142).
On the other hand, gut microbiota has been shown to affect the
production of key insulin signaling molecules such as GLP-1 and
PYY through SCFA and its binding to FFAR2 (143). Interestingly,
recent studies reported that administration of metformin, the
routinely used drug to control hyperglycemia in T2D, alters the
composition of the microbiota (144–146).

Numerous studies have suggested that gut microbiota may
have a role in the development of diabetes, as well as the
importance of gut microbiota in metabolic illnesses that affect
key pathways such as energy balance and inflammation. As
a result, a better understanding of the relationships between
gut microbiota may provide novel therapeutic interventions of
diabetes the future.

CARDIOVASCULAR AND OTHER
COMPLICATIONS IN DIABETES

Diabetic Retinopathy
Studies divide diabetic retinopathy (DR) into two progressive
stages: non-proliferative retinopathy (NPDR) and proliferative
diabetic retinopathy (PDR) (147). Non-proliferative retinopathy
is characterized by high glucose which induces dysfunction and
structural damage to the retina blood vessels, causing them to
leak and dilate (148). At the NPDR stage, vision isn’t significantly
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altered and the condition is asymptomatic (149). PDR on the
other hand can result in aberrant, fragile retinal neovessel
formation and blindness (150, 151). The vision loss can occur
from proliferation of new immature retinal vessels as well as
increased leakage and permeability of retinal blood vessels (151).
Pericyte loss, which is a hall mark early risk factor for DR,
results in local outpouching of capillary walls which is used as
a diagnostic for DR (152). Capillary obstruction and ischemia
result from a significant loss of pericytes. When pericytes are lost,
hypoxia-inducible factor 1 is activated, which causes VEGF to
be upregulated (153–155) (Figures 2, 3). Therapeutic drugs such
as Pegaptanib, Bevacizumab, Ranibizumab and Aflibercept have
been implanted to target VEGF to inhibit its expression since this
factor has been found to be highly upregulated in patients with
retinopathy (156, 157). These anti-VEGF therapies significantly
reduce retinal inflammation, growth of neovessels, and when
combined with Ang-2 produces an enhanced effect in reducing
retinal inflammation, retinal apoptosis and neovascular leakage
(157, 158).

Studies also report that hyperglycemia is a known treatable
risk factor for DR. It has been studied that cellular elements
in microvasculature are particularly sensitive to damage from
hyperglycemia (159). Hyperglycemia is also responsible for
apoptosis of pericytes as well as retinal inflammation (160).
More importantly however, hyperglycemia plays a broader role
in various metabolic pathways, such as upregulated VEGF,
increased polyol and PKC pathway activity, chronic oxidative
damage, increased activation of renin angiotensin, chronic
inflammation and abnormal clumping of leukocytes, which are
all involved in the progression of diabetic retinopathy (161–164).

Diabetic Nephropathy
The thickening of the glomerular basement membrane is a
common early change in both type 1 and type 2 diabetic
nephropathy, according to studies (165). A related consequence
is the expansion of cellular and matrix components in the
mesangium which ultimately restricts and distorts glomerular
capillaries which diminishes the capillary filtration surface (165).
In combination with mesangial expansion, other mechanisms
that inhibit glomerular filtration rate include the excess secretion
of Semaphorin3a (sema3a) from podocytes (166). Excess sema3a
exacerbates other diabetic nephropathy (DN) risk factors such
as the development of kimmelstiel-wilson lesions and podocyte
effacement and injury (166, 167). Thus, many studies have
focused on developing therapeutics to inhibit signaling pathways
that promote sema3a such as the JNK and Rac1/NF-κB p65
signaling pathways (167, 168). Oher well known risk factors
that are critical to the pathogenesis of DN include deposition
of extracellular matrix proteins (ECM), which include collagen,
laminin and fibronectin, in the mesangial and the glomerular
basement membrane.

Studies have also focused on the ambiguous role of circular
RNAs in signaling pathways that result in the promotion of
ECMs such as circRNA_010383, circRNA_15698, and circRNA
CDR1as/ciRS-7 (169–171). In addition, signaling pathways such
as Notch, Wnt, mToR, epac-rpa-1 may all play critical roles in
the accumulation of ECMs as well as renal fibrosis (172). Further

research should be done on how these signaling pathways are
related to ECM accumulation. However, some of those signaling
pathways have been shown to have independent roles in DN
development and podocyte apoptosis.

For example, in addition to various downstream transcription
factors that are thought to regulate the Notch signaling pathway,
a recent study has found an additional regulating mechanism
via cross talk between miRNAs and the Notch pathway (173).
Under high-glucose condition models, overexpression of miR-
145-5p inhibited high glucose-induced podocyte cell apoptosis
and it was found that the direct target of miR-145-5p was Notch1
(173). Thus, inactivation of the Notch signaling pathway by
overexpressing miR-145-5p could attenuate podocyte death in
DN. It has also been established that the Wnt pathway plays
an independent role in the progression of DN (174). In a study
focusing on panax notoginseng (PN), it was concluded that PN
plays a role in inhibiting wnt1 in the Wnt/β-catenin signaling
pathway which causes a downstream effect of reducing epithelial-
mesenchymal transition (EMT), which contributes to podocyte
dysfunction, as well as restoring normal protein expression of
nephrin (174).

In addition to the critical role of inhibiting Notch and Wnt,
inhibition of the mTOR pathway has been studied as a target
to ameliorate DN. A recent study found that sperm-associated
antigen 5 (SPAG5) plays a role in activating the AKT/mTOR
signaling pathway by forming a positive feedback loop with
SPAG5-AS1, miR-769-5p and transcriptional repressor YY1
(175). Furthermore, it was concluded that regulating expression
of SPAG5 could regulate podocyte injury under high glucose
conditions since SPAG5 directly regulates the AKT/mTOR
pathway (175). Another study demonstrated that transplantation
of adipose-derived stem cells (ADSC) derived from exosome
(ADSC-exo), attenuated podocyte damage in DN (176). The
mechanism being that ADSCs-exo mediates the transport of
miR-486 to podocytes by regulating activation of the mTOR
pathway, leading to decreased podocyte injury (176).

Other critical pathways that lead to podocyte injury and
dysfunction involve KDM6A and KLF10 which present a positive
feedback loop in podocytes causing podocyte dysfunction under
diabetic conditions (177). This pathway is so critical that mouse
models were protected against diabetic induced treatment once
this pathway was inactivated (177). Other pathologies that lead
to podocyte dysfunction include nephrin down-regulation (178).
Involved in nephrin downregulation is PACSIN2 which has been
found to be highly expressed in podocytes of diabetic animal
models (178). Though the relationship between PACSIN2 and
nephrin is till speculative, studies have shown that nephrin
relies on a complex of PACSIN2 and rabenosyn-5 for nephrin
endocytosis and recycling (178, 179). Thus, overexpression of
PACSIN2 combined with rabenosyn-5 could increase nephrin
endocytosis resulting in a breakdown of podocyte effacement,
ultimately leading to podocyte dysfunction and death.

Cell senescence could be another mechanism in which
DN occurs according to some studies. Conversely, the disease
conditions presented by DN also most likely accelerate the
progression of the disease (180). Cell senescence has been found
to cause a loss of self-repair in cells as well as their regenerative
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FIGURE 3 | The mechanisms in which diabetes can increase the severity of Peripheral Artery Disease (PAD) via increasing the severity of hypoxia which results in

narrowing of arteries. Due to the inhibition of HIF-1 in diabetes, an impaired response to hypoxia can lead to diabetes and diabetic complications. (A) Under

non-diabetic conditions, HIF-1 signaling responds to reduced oxygen levels, resulting in a steady state of hypoxia. (B) In the case of diabetes, although the tissue is

more hypoxic, HIF-1 signal transduction is inhibited, resulting in impaired adaptive response to hypoxia, leading to the development of diabetes and its complications

(155). (C) The consequences of increased PAD severity and hypoxia severity are highlighted in the boxes and describe the consequences respective to the degree of

PAD severity.

ability (180). This would be particularly pathological to renal
cells leading to accelerated aging of the kidney. Hyperglycemia in
diabetic patients is related to the production of reactive oxygen
species (ROS) that cause oxidative stress resulting in activation
of pathways which cause renal damage and onset cell senescence
(181). Similarly, studies have found that overproduction of
mitochondiral reactive oxygen species (mtROS) in DN due to
excessive metabolic demand could also be mechanism that could
lead to damaged renal cells (182).

Diabetic nephropathy is a progressive kidney disease affecting
kidney glomeruli, arterioles, tubules and the interstitium.
Dapagliflozin and Prevention of Adverse outcomes in Chronic
Kidney Disease (DAPA-CKD), a randomized controlled trial
(183, 184), demonstrated beneficial kidney and cardiovascular
outcomes with dapagliflozin vs. placebo in participants with
Chronic Kidney Disease (CKD) with and without diabetes
(185). More prespecified analyses from this landmark trial have

confirmed dapagliflozin’s cardio-renal protective effects, in favor
of combined therapy (186). In light of the mechanistic findings
presented in this review, future studies should test integrative
approaches to identify dual or multiple targets to deal with this
complex disease.

Diabetic Cardiomyopathy
There is a significant relationship between the prevalence of
heart failure and diabetes. In the absence of other traditional
cardiac risk factors such as coronary artery disease, hypertension,
and valvular heart disease, diabetes alone can cause heart
failure, namely diabetic cardiomyopathy (DCM), presenting
pathological changes in cardiac structure, metabolism, and
function (187). In fact, diabetes is prevalent in anywhere between
10 and 40% of heart failure subjects due to cardiomyopathy (188).
The major manifestations include cardiac stiffness, myocardial
fibrosis, and hypertrophy, eventually progressing to clinical heart
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failure (189). Due to its’ significant impacts on human health, the
mechanisms behind the pathogenesis of DCM have been a hot
topic of research.

The pathological factors of diabetes relevant to the
pathogenesis of cardiomyopathy include hyperlipidemia,
hyperglycemia and systemic insulin resistance (190).
Hyperlipidemia and hyperglycemia were discussed in a
recent study in their relationship to inhibiting expression of
transcription factor Sp1 which was shown to be involved in
downregulating mitochondrial calcium uptake 1 (MICUI1)
(191). More specifically, restoring normal function of
mitochondrial calcium uptake 1 (MICU1), which was
confirmed to be downregulated in the hearts of diabetic
mice via hyperlipidemia and hyperglycemia, was important
for inhibiting the progression of cardiomyopathy (191). Thus,
confirming with previous studies, it was concluded that
reduced mitochondrial Ca2+ uptake via downregulated MICU1
caused dysfunction in diabetic hearts (191). Hyperglycemia
and hyperlipidemia also play crucial pathological roles in
cardiomyopathy via hyperglycemia-induced oxidative stress
and fibrosis development due to increased ROS generation
(192). Sirtuin 1 (SIRT1) is a deacetylase that has been previously
shown to have a protective effect against cardiovascular disease
in the context of resisting sustained oxidative stress (193).
Thus, it would be very therapeutically beneficial to target SIRT1
as a means of reducing or preventing cardiomyopathy. This
rational was implemented in this study focusing on the role
of Tetrahydrocannabinol (THC) in mitigating oxidative stress
caused by hyperglycemia by activating SIRT1 (192). The study
confirmed with past research that SIRT1 is inhibited due to high
glucose levels in the mouse hearts of diabetic cardiomyopathy
models. The study also confirmed that superoxide Dismutase
2 (SOD2) is a product of SIRT1 activation and plays the
main role in regulating ROS homeostasis when deacetylated.
Interestingly, SIRT1 was dramatically upregulated when
THC was administered and any pathological downstream
transformations, such as reduction of deacetylation SOD2,
were shown to be reversed (192). This is a novel therapeutic
finding that hasn’t been demonstrated before. It is also worth
noting that activation of SIRT3 combined with administration of
melatonin had a similar protective effect in reducing oxidative
stress brought on by hyperglycemia (194). However, SIRT4 did
not have these same protective effects and in fact was found to
promote cardiac dysfunction by increasing ROS levels (195).

Although hyperglycemia, systemic insulin resistance, and
hyperinsulinemia are regarded as the key etiological factors
of DCM (187), multiple mechanisms may act at systemic,
myocardial, and cellular/molecular levels, including metabolic
abnormalities (e.g., lipotoxicity and glucotoxicity), mitochondrial
damage and dysfunction, oxidative stress, abnormal calcium
signaling, inflammation and epigenetic factors. For example,
recent studies demonstrated in diabetic animal models that
decreased cardiomyocyte function is a potential mechanism
leading to DCM, which could result from decreased AMPK
signaling, or increased AMP-activated protein kinase (MPK)
signaling and increased protein kinase C (PKC) and mitogen-
activated protein kinase (MAPK) signaling. Upregulation of

double-stranded RNA-activated protein kinase (PKR) pathway
also caused glucolipotoxicity in DCM (196). A new study
using multi-omics technology in a HFD-STZ model showed
that the formation of short-chain acylcarnitine species in
T2D mouse hearts activated networks to redistribute excess
acetyl-CoA toward ketogenesis and incomplete β-oxidation,
resulting in loss of metabolic flexibility and the capacity of
the heart to respond to subsequent cardiovascular events
(197). Clearly, these disturbances would predispose the heart
to extracellular remodeling and hypertrophy, both eventually
leading to heart failure (187). Along with the deleterious
hyperglycemic and hyperlipidemic effects on DCM, immerging
research has analyzed the impact of HFD-induced diabetes
on cardiac dysfunction in the context of lipotoxicity (198).
The transcription factor studied was PPAR-γ, which has been
demonstrated to regulate the expression of genes related to lipid
metabolism (198). Consistent with previous studies, PPAR-γ was
found to be highly expressed in diabetic heart models, however
this study first demonstrated that PPAR-γ was directly associated
with upregulation of ketogenic enzymes HMGCS2, PDK4 and
BDH1 all of which are involved in controlling lipotoxicity and
subsequent cardiac dysfunction (198–200). Therefore, ablation of
PPAR-γ in diabetic-heart mouse models lead to improvements in
cardiac contraction and prevention of fibrosis development both
of which are suggestive of better cardiac function (198).

Some research has been done on the expression of non-coding
RNAs (LncRNAs) and their involvement in the pathogenesis
of DCM. To highlight a single study, it was found that
LncRNA Kcnq1ot1 was significantly upregulated in high glucose
cardiac fibroblasts as well as diabetic myocardial tissues
(201). The main pathological pathway discussed in relation to
DCM involved regulating caspase-1, the hypothesis being that
downregulating Kcnq1ot1 repressed activation of miR-214-3p
which reduced expression of caspase-1 and its downstream
inflammatory cytokines such as interleukin 6, interleukin 10,
and the IL-1 family, all of which are involved in DCM
induced heart failure (202). Other studies that focused on
lncRNAs, such as myocardial infarction–associated transcript
(MIAT) (203), myosin heavy-chain-associated RNA transcripts
(Mhrt) (204), and H19/miR-675 (205), all similarly found
that forced expression or overexpression of these lncRNAs
lead to preservation of cardiomyocyte apoptosis involved
in the pathogenesis of DCM. Thus, there is therapeutic
protentional in knocking out these specific lncRNAs in
ameliorating DCM.

Taken together, it is clear that there is emerging research
in the area of therapeutically treating DCM. As described
above, numerous findings have been made that deal with
the mechanisms behind DCM, such as targeting certain
transcription factors like Sp1, deacetylases such as SIRT1
and oxidative stress (206). There are also some findings
dealing with blocking long non-coding RNA (207) like
Kcnq1ot1, Mhrt, and exsosomal miRNAs, like H19/miR-
675 all of which have been demonstrated to promote
DCM (208). Future studies should show additional
mechanistic findings through the use of advanced and
integrative methodologies.
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Diabetic Complications in Peripheral Artery
Disease
Peripheral artery disease (PAD) by itself affects 27 million
individuals in both Europe and North America annually (209).
The known risk factors of PAD are old age, risk of cardiovascular
disease, and ethnicity, specifically if one is of Hispanic or African
American descent (210). Diabetes in relation to PAD has been
studied and has been shown to exacerbate PAD. For example, a
20 year follow up study found a significant increased risk of death
for patients with diabetes and PAD compared to patients without
diabetes (211). Thus, research in how diabetes contributes as a
risk factor for PAD-associated mortality is critical (Figure 3).

The main mechanisms in which diabetes fosters the
development of PAD are mainly through the same mechanisms
that cause cardiovascular disease. Derangements in the vessel
wall caused by vascular inflammation and endothelial cell
dysfunction, aberrant blood cells, and an increase in reactive
oxygen species are among these mechanisms (155, 212)
(Figure 3). Hyperglycemia, a pathological consequence of
diabetes, causes damage to the vascular endothelium in a variety
of pathways such as the protein kinase C and advanced glycation
end products pathways all of which lead to dysregulation of
growth factors, cytokines, epigenetic changes, and abnormality of
non-coding RNAs leading to macrovascular complications such
as PAD (213). Another way in which hyperglycemia can cause
damage to the vascular system is by inducing hypoxia which leads
to oxidative stress (OxS) and subsequent vascular damage (214).
This mechanism is illustrated in Figure 3. Moreover, oxidative
stress (OxS) seems to play a pathophysiological role in PAD
and atherosclerosis via its association with the production of
reactive oxygen species ROS. Production of ROS from OxS is
caused by OxS impairing nitric oxide (NO) synthesis (215).
Over production of ROS, which at low levels act as signaling
molecules that mediate vascular cell proliferation, migration, and
differentiation, can be detrimental to microvascular angiogenesis
(216). Therefore, it is clear there is some sort of cascading
affect between OxS and cardiovascular diseases such as PAD,
and oxidative stress biomarkers are key for identifying their
progression (215).

However, there are some studies that speculate alternative
mechanisms in which diabetes causes PAD. For example, one
study found that serum levels of omentin-1, an adipocytokine,
were significantly lower in diabetic patients with PAD compared
to diabetic controls without PAD and that these levels
significantly dropped as disease severity progressed (217). This is
the first study to assess reduced serum omentin-1 levels as being a
potential biomarker for PAD and thus should be researchedmore
(217). Hyperglycemia was reported to hyperphosphorylated
PKCβ in diabetic animal models resulting in impaired ischemia-
induced activation of the canonical NF-κβ signaling pathway
and inferior experimental PAD outcomes (218). Interestingly,
both omentin-1 and PKCβ expression levels had significant
correlations with severity of PAD in diabetic models. Another
potential useful biomarker that was studied included prolonged
heart rate-corrected QT interval (QTc) which was found to have
a significant positive association with severity of PAD in patients
that have diabetic foot ulcers (219). Additionally, there is some

evidence that links elevated leptin levels with the presence and
severity of PAD and diabetes (220).

To further highlight potential therapeutic targets, one study
concluded that glucose normalization could be targeted as
a therapeutic in diabetic patients to ameliorate PAD (221).
Specifically, this study showed that impaired VEGFR expression,
via greater ubiquitination under high glucose conditions, was
linked to impaired perfusion recovery in Type 1 diabetes.
Another study focused on acylated ghrelin (AG) and found
that plasma AG was significantly lower in animal models with
diabetes and PAD (222). By modulating specific miRNAs such as
miRNA 126 and 132, they were able to influence the expression
levels of AG which promoted a proangiogenic response. In
other words, restoring AG to normal plasma levels lead to
revascularization in diabetic and PAD models which means that
exogenous AG could be a promising therapeutic for treating PAD
in diabetic patients (222).

Micro RNAs (miRs) seem to play an independent role in
diabetic PAD; however, more research needs to be done on
the specific mRNAs that affect diabetic PAD. To exemplify a
few, diabetes-induced upregulation of mRNA-133a was found to
impair angiogenesis in PAD by reducing nitrogen oxide synthesis
in endothelial cells (223). Conversely, inhibiting expression of
miR-133a resulted in improved angiogenesis after experimental
post-ischemic inducement in diabetic mice (223). Another
miR identified as miR-93 enhanced blood perfusion after
experimental hind limb ischemia, making it a valuable target for
modulation in promoting angiogenesis particularly in ischemic
tissue (224). Thus, there is some evidence to support that miRs
play an important role in recovering from PAD reduced blood
perfusion; however, more investigation is warranted.

Studies have shown that diabetes accelerates atherosclerosis
and that peripheral artery disease is a marker of advanced
atherosclerosis (225). Patients with PAD and diabetes were found
to have an increased risk of cardiovascular death or ischemic
stroke as well as a higher risk for lower extremity amputations
compared to patients with PAD and no diabetes (226). More
specifically, patients with T2D and PAD had lower heart
rate variability which is indicative of autonomic dysfunction
(227). Furthermore, autonomic cardiovascular dysfunction in
relationship with atherosclerosis has been studied. Specifically it
was found that diabetic patients with low heart rate variability
had higher levels of inflammatory markers such carotid intima-
media thickness (IMT) (228).

Concerning the lower extremity amputation risk, advanced
PAD can result in chronic limb threatening ischemia (CLTI)
which is associated with a higher risk of lower limb loss
(229). Since amputation risk of lower extremities is a common
complication of patients with PAD and diabetes (230), it
is important to be able to assess PAD risk among diabetic
patients before they develop diabetic foot ulcers in which
amputation then becomes more necessary. One major indicator
of amputation risk that can be non-invasively assessed is by
determining the ankle brachial index (231). The results of
this study showed that patients who exhibited a lower ankle
brachial index were at a higher risk for a foot ulcer and thus
an amputation.
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An emerging method that could be more predictive include
ultrasound measurement methods that, for example, can be
used in plantar soft tissues in order to predict diabetic related
changes in the foot (232). In one study, it was found that
Sub-MTH fat pads were significantly thinner and subhalangeal
fat pads were significantly thicker in diabetic neuropathic
feet compared to neuropathic controls (233). Another study
conducted in China used similar ultrasonographic methods to
detect foot muscle atrophy in Chinese patients with type 2
diabetes mellitus. The extensor digitorum brevis muscles (EDB)
as well as the muscles of the first interstitium (MILs) had
a reduced transverse diameter, thickness, and cross sectional
area in all of the patients’ nondominant feet, according to
this study (234). In other studies, it has been found that the
use of ultrasound can assess a significant reduction in the
thickness of the intrinsic foot muscles and plantar tissues in
patients with T2D (235). There is also evidence that people
with T2D have stiffer heel pads (236). Taken together, these
studies represent useful data for using ultrasonography as a
noninvasive and cost effective way to detect early diabetic
complications in the foot. Advancement in this technology
would be critical for patients who have diabetes and PAD
in order to prevent or reduce their need for amputation
(Figure 3).

PERSPECTIVES

Currently the incidence and prevalence of diabetes mellitus
around the world is very high and diabetes has become a
threat to mankind globally. With the advancement of genomics,

epigenomics, proteomics, and multiomics single-cell analyses,
more promising and powerful approaches for mechanistic
studies of diabetes have come to fruition. Also, the association
between diabetes and other physiological systems, especially the
cardiovascular system, revealed more potential pathways and
targets involved in the progression of diabetes. Therapeutically
intervening in these pathways will also help us to mitigate
the effects that diabetes has on other pathologies described in
this review such as retinopathy, nephropathy, peripheral artery
disease, and cardiomyopathy. The information described in this
paper would present a tremendous leap forward in predicting,
diagnosing, managing and treating diabetes.
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Importance: The post-thrombotic syndrome (PTS) is the most common long-term

complication of deep vein thrombosis (DVT), occurring in up to 40–50% of cases. There

are limited evidence-based approaches for PTS clinical management.

Objective: To provide an expert consensus for PTS diagnosis, prevention,

and treatment.

Evidence-Review: MEDLINE, Cochrane Database review, and GOOGLE SCHOLAR

were searched with the terms “post-thrombotic syndrome” and “post-phlebitic

syndrome” used in titles and abstracts up to September 2020.

Filters Were: English, Controlled Clinical Trial / Systematic Review / Meta-Analysis /

Guideline. The relevant literature regarding PTS diagnosis, prevention and treatment

was reviewed and summarized by the evidence synthesis team. On the basis of this

review, a panel of 15 practicing angiology/vascular medicine specialists assessed the

appropriateness of several items regarding PTS management on a Likert-9 point scale,

according to the RAND/UCLA method, with a two-round modified Delphi method.
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Findings: The panelists rated the following as appropriate for diagnosis: 1-the Villalta

scale; 2- pre-existing venous insufficiency evaluation; 3-assessment 3–6 months after

diagnosis of iliofemoral or femoro-popliteal DVT, and afterwards periodically, according to

a personalized schedule depending on the presence or absence of clinically relevant PTS.

The items rated as appropriate for symptom relief and prevention were: 1- graduated

compression stockings (GCS) or elastic bandages for symptomatic relief in acute DVT,

either iliofemoral, popliteal or calf; 2-thigh-length GCS (30–40 mmHg at the ankle) after

ilio-femoral DVT; 3- knee-length GCS (30–40 mmHg at the ankle) after popliteal DVT;

4-GCS for different length of times according to the severity of periodically assessed PTS;

5-catheter-directed thrombolysis, with or without mechanical thrombectomy, in patients

with iliofemoral obstruction, severe symptoms, and low risk of bleeding. The items rated

as appropriate for treatment were: 1- thigh-length GCS (30–40 mmHg at the ankle) after

iliofemoral DVT; 2-compression therapy for ulcer treatment; 3- exercise training. The role

of endovascular treatment (angioplasty and/or stenting) was rated as uncertain, but it

could be considered for severe PTS only in case of stenosis or occlusion above the

inguinal ligament, followed by oral anticoagulation.

Conclusions and Relevance: This position paper can help practicing clinicians in

PTS management.

Keywords: post-thrombotic syndrome, post-phlebitic syndrome, deep vein thrombosis, prevention, diagnosis,

treatment

INTRODUCTION

Post-thrombotic syndrome (PTS) is the most common long-
term complication of deep vein thrombosis (DVT) occurring in
up to 40–50% of patients, primarily due to impaired thrombus
resolution with persistent venous outflow obstruction and
secondary valvular incompetence (1). PTS has not been routinely
considered as an outcome of the large number of randomized
clinical trials which have investigated pharmacological strategies
for the prevention and treatment of venous thromboembolism
(VTE), which includes DVT and PE in the last 30 years (2–4) and
only secondary post-hoc analyses are available (5). Unfortunately
there is very limited evidence regarding a number of issues in PTS
management, and what evidence exists is of very low quality.

The limited evidence available and the many areas of
uncertainty also imply a wide spectrum of variations
and heterogeneity in PTS clinical management across
different countries.

This prompted VAS-European Independent Foundation in
Angiology/Vascular Medicine to launch a project for a position
paper on the appropriateness of interventions for PTS involving
practicing expert clinicians from many different countries.

The concept of appropriateness refers to the relative weight of
the benefits and harms of a medical or surgical intervention (6).
An appropriate procedure is one in which “the expected health
benefit (e.g., increased life expectancy, relief of pain, reduction
in anxiety, improved functional capacity) exceeds the expected
negative consequences (e.g., mortality, morbidity, anxiety, pain,
time lost from work) by a sufficiently wide margin that the
procedure is worth doing, exclusive of cost” (6).

VAS-European Independent Foundation in
Angiology/Vascular Medicine is a non-profit scientific
organization (Transparency European Union Register Number:
818165941069-15) which was established in 1991 (as European
Working Group). VAS established programs on European
education and training (UEMS accreditation), promoting
collaborative research as well as awareness in the area of
vascular medicine/angiology (www.vas-int.net). To enforce
stable collaborations in Europe and internationally, VAS defined
stable partnerships with >50 scientific societies organizations
and Universities in Europe and at international level. VAS is
present in more than 40 countries and it has established networks
focused on actions and campaigns, aimed at improving and
qualifying competences and attention on vascular disease, as well
as suggesting concrete changes on health systems approach to
vascular diseases and their prevention for the benefit of patients
and populations.

The aim of VAS position paper was to provide practical
indications to the busy clinician for diagnosis, prevention, and
treatment of PTS after DVT of the lower limbs.

METHODS

We used the RAND/UCLA appropriateness method and a
two-round modified Delphi method (6). A multidisciplinary
group of expert practicing clinicians were recruited to conduct
a literature review (evidence synthesis team) composed of
eight practicing angiology/vascular medicine specialists from
seven different European Countries and from USA. MEDLINE,
Cochrane Database review and GOOGLE SCHOLAR were
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searched from up to September 2020 with terms used in titles and
abstracts: “post-phlebitic syndrome,” “diagnosis,” “prevention,”
and “treatment.” Filters were: English, Controlled Clinical Trial /
Systematic Review / Meta-Analysis / Guideline. Only prospective
clinical trials examining PTS diagnosis, and randomized clinical
trials and systematic reviews that examined prevention and
treatment of PTS, published in the English language, were
included. Abstracts, conference proceedings, review paper,
observational or retrospective cohort studies for prevention or
treatment, editorials and commentaries were excluded.

Following the search, duplicates were removed. Titles and
abstracts were screened for assessment against review inclusion
criteria. Full text of selected citations was assessed in detail
against the inclusion criteria and, out of 496 citations, three
prospective studies for diagnosis, five systematic reviews, and
four randomized clinical trials not included in the systematic
reviews were selected. Any disagreements that arose between the
reviewers were resolved through discussion.

Methodological assessment was conducted according to the
American College of Cardiology Foundation/ American Heart
Association Task Force on Practice Guidelines (7) and The
Rational Clinical Examination (8). Methodological assessment
was completed for systematic reviews and primary studies not
included in the systematic reviews. In fact primary studies
included in the systematic reviews had been assessed for risk
of bias when included in the original systematic reviews.
Appendix 1 reports the results of this review.

Based on this review, a Likert 9-point scale was constructed
for each of 29 items regarding PTS diagnosis, prevention and
treatment. Forms were sent to a 15 member expert panel via e-
mail. The expert panel was composed of 13 angiology/vascular
medicine specialists and two internal medicine specialists from
seven different European countries, some of them also members
of the VAS Advisory board with a large clinical experience in
qualified centers.

Each panelist rated each item separately and e-mailed the
rated items to the moderator (BC) (first round). Items were
classified into three levels of appropriateness (Table 1).

Indications were classified into three levels of appropriateness,
using the following definitions (6):

• Appropriate: panel median of 7–9, without disagreement
on the final appropriateness scale. It would be considered
improper care not to provide this service, and there is a
reasonable chance that this procedure will benefit the patient
(A procedure could be appropriate if it had a low likelihood of
benefit but few risks; such procedures would not be necessary).
The benefit to the patient is not small (A procedure could be
appropriate if it had a minor but almost certain benefit, but it
would not be necessary).

• Uncertain: panel median of 4–6 OR any median
with disagreement

• Inappropriate: panel median of 1–3, without disagreement

And the agreement of all ratings was calculated with the
Interpercentile Range Adjusted for Symmetry (IPRAS) (6). If the
Interpercentile Range of a particular indication is larger than the

IPRAS of that particular indication, it is rated with disagreement.
This method allows for any number of participant responses and
better accounts for dispersion and higher weights on the extremes
than traditional methods (9).

The second round involved a face-to-face web-based virtual
meeting of panelists with the moderator to debate the median
ratings and disagreements from all panelists and to propose items
for the final statements.

RESULTS

Table 1 shows ratings and disagreements. During the second
round, of the 26 items for which there was agreement, 15
were accepted with no change, two were modified and retained,
and nine were deleted. The three items for which there was
disagreement were deleted. The final total was 17 items.

VAS Position Statements
PTS Diagnosis and Surveillance
1- The Villata Scale (VS) is appropriate for the diagnosis and

classification of PTS severity.
2- It is appropriate to assess pre-existing venous insufficiency

(e.g., contralateral limb) for classifying PTS severity
after DVT.

3- It is appropriate to assess PTS at least 3–6 months after
the diagnosis of iliofemoral or femoro-popliteal DVT, and
afterwards according to a personalized schedule depending
on the presence or absence of clinically relevant PTS at
these time-points.

There is no specific recommended time limit to diagnose PTS and
studies have followed up patients for two 2 years or longer. Initial
symptoms and signs of the acute phase may require sometime to
subside. As a result, the diagnosis of PTS should be deferred until
3–6 months. Afterwards, the timing of surveillance is also related
to the severity of PTS at these time points, also considering
risk factors for PTS and patients’ characteristics (DVT initial
extension, BMI, life style).

PTS Symptom Management
1- Graduated compression stockings (GCS) or elastic bandages

are appropriate for symptomatic relief in acute DVT, either
iliofemoral, popliteal, or calf.

Compression can ameliorate limb pain and swelling in both
proximal and calf DVT. Ideally, elastic bandages are more
appropriate in severely swollen limbs in the first few days,
although not always feasible. After reducing the swelling with
compression bandages, GCS can be applied. The size of
compression stockings should be taken on the limb contralateral
to the DVT to avoid stockings becoming too large after oedema
has subsided.

2- Catheter-directed thrombolysis, with or without mechanical
thrombectomy, is appropriate in patients with iliofemoral
obstruction, severe symptoms, and a low risk of bleeding.
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TABLE 1 | Ratings of proposed items with medians and disagreement.

PTS diagnosis and surveillance Median Disagreement

1- The Villalta scale is recommended for diagnosis

and severity classification of PTS

7 No

2- The Ginsberg scale is recommended for

diagnosis and severity classification of PTS

5 Yes

3- The Brandjes scale is recommended for

diagnosis and severity classification of PTS

5 No

4- The CEAP scale is recommended for diagnosis

and severity classification of PTS

5 No

5- Preexisting venous insufficiency (e.g.,

contralateral limb) should be taken into account

for classifying PTS severity after DVT

7 No

6- PTS should be assessed 1 month after the

diagnosis of iliofemoral DVT

4 Yes

7- PTS should be assessed 1 month after the

diagnosis of popliteal or calf DVT

4 Yes

8- PTS should be assessed 6 months after the

diagnosis of iliofemoral DVT

8 No

9- PTS should be assessed 6 months after the

diagnosis of popliteal or calf DVT

7 No

10- PTS should be assessed periodically (e.g., 6

months) and for at least 2 years since the

diagnosis of proximal or calf DVT

7 No

PTS symptom mangement and prevention Median Disagreement

1- Graduated compression stockings (GCS) or

elastic bandages are recommended for

symptomatic relief in acute DVT

8 No

2- Knee length GCS (40 mmHg at the ankle) are

recommended after iliofemoral DVT

6 No

3- Thigh-length GCS (40 mmHg at the ankle) are

recommended after iliofemoral DVT

7 No

4- Knee length GCS (40 mmHg at the ankle) are

recommended after popliteal or calf DVT

7 No

5- Thigh length GCS (40 mmHg at the ankle) are

recommended after popliteal or calf DVT

4 No

6- GCS are recommended for different lengths of

time according to the severity of periodically

assessed PTS

7 No

7- Catheter-directed thrombolysis, with or without

mechanical thrombectomy, are appropriate in

patients with iliofemoral obstruction, severe

symptoms, and a low risk of bleeding

7 No

8- Catheter-directed thrombolysis, with or without

mechanical thrombectomy, are appropriate in

patients with popliteal obstruction, severe

symptoms, and a low risk of bleeding

4 No

PTS Treatment Median Disagreement

1- Thigh length GCS (30–40 mmHg at the ankle) are

recommended after iliofemoral DVT

7 No

2- Knee length GCS (30–40 mmHg at the ankle) are

recommended after iliofemoral DVT

6 No

3- Thigh-length GCS (30–40 mmHg at the ankle) are

recommended after popliteal or calf DVT

3 No

4- Knee length GCS (30–40 mmHg at the ankle) are

recommended after popliteal or calf DVT

7 No

(Continued)

TABLE 1 | Continued

PTS Treatment Median Disagreement

5- Compression therapy is recommended for

ulcer treatment

9 No

6- Exercise training is recommended for

PTS treatment

7 No

7- Endovascular treatment (angioplasty and/or

stenting) is recommended for the treatment of

severe PTS

6 No

8- Oral anticoagulation is recommended after

endovascular treatment with stenting

7 No

9- Long term oral anticoagulation is recommended

after endovascular treatment with stenting

6 No

10- Open surgical reconstruction and hybrid

operations are appropriate for the treatment of

severe PTS

4 No

11- Veno-active drugs are recommended 6 No

Appropriate: panel median of 7–9, without disagreement on the final appropriateness

scale: it would be considered improper care not to provide this service, and there is a

reasonable chance that this procedure will benefit the patient. The benefit to the patient

is not small.

Uncertain: panel median of 4–6 OR any median with disagreement; Inappropriate: panel

median of 1–3, without disagreement.

It is appropriate, especially in young subjects with iliofemoral
DVT, for symptomatic relief (especially in Iliac Vein
Compression syndrome) and improvement of quality of life.

The CaVent study on CDT had a long follow-up and reported
a significant reduction in PTS in subjects with iliofemoral DVT
treated with CDT albeit with an increased risk of bleeding.

PTS Prevention
1- Thigh-length GCS (30–40 mmHg at the ankle) are

appropriate for the prevention of PTS after iliofemoral DVT.

Studies on the use of GCS for PTS prevention have produced
conflicting results and a Cochrane meta-analysis concluded that
the use of GCS led to a clinically significant, although non
statistically significant, reduction in the incidence of PTS albeit
with no reduction in the incidence of severe PTS and no clear
difference in DVT recurrence or PE.

Studies have evaluated knee-high GCS to prevent PTS, as they
are more comfortable and easy to wear. Thigh-high GCS are also
available, although less comfortable, and they may be employed
during the initial 6–12 months, while knee-high GCS could be
employed afterward. A personalized choice of stockings could
be considered according to DVT extension and development
of PTS.

2- Knee-length GCS (30–40 mmHg at the ankle) are appropriate
for the prevention of PTS after popliteal DVT.

Knee-length stockings are more comfortable, and they increase
patient compliance with GCS.

The correct information and continuous guidance of the
patient is paramount to increase compliance. A reduction of
the degree of compression may be considered to improve
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compliance. Calf DVT does not deserve stockings for prevention,
but only for symptom relief.

3- GCS are appropriate for different lengths of time according to
the severity of periodically assessed PTS.

The duration of compression stockings should be individualized
according to the severity of PTS as assessed over time. Thigh-
high GCS could be used in certain patients, such as those
with extensive iliofemoral DVT, skin induration, or secondary
lymphedema (“phlebolymphedema”).

PTS Treatment
1- Thigh length GCS (30–40mmHg at the ankle) are appropriate

for PTS treatment after iliofemoral DVT.
2- Knee length GCS (30–40 mmHg at the ankle) are appropriate

for PTS treatment after popliteal DVT.
3- Compression therapy is appropriate for ulcer treatment.

Treatment of ulcers due to PTS with different types of
bandages/stockings is a broader topic, also applying to
ulcers due to chronic venous insufficiency, deserving to be
addressed separately.

4- Exercise training is appropriate for PTS treatment. Exercise
training such as walking is addressed in very few studies, as
well as lifestyle changes such as weight loss in overweight or
obese subjects.

5- The role of endovascular treatment (angioplasty and/or
stenting above the inguinal ligament) is uncertain for
the treatment of severe PTS. Such an approach can be
considered only in stenosis or occlusion, without severe valve
incompetence, and only above the inguinal ligament.

6- Oral anticoagulation is appropriate after endovascular
treatment with stenting for PTS treatment.

However, the type and optimal length of anticoagulation is
uncertain and still a debated issue.

DISCUSSION

PTS is the most common complication of DVT; however,
many uncertainties remain regarding its diagnosis, prevention,
and treatment. This consensus paper provides a framework
for the busy clinician, addressing several practical issues of
PTS management.

The methodological assessment of the existing studies on PTS
rated most of them of low or very low quality. As a result, many
issues regarding PTS management deserve further investigation.

PTS diagnosis itself needs further research efforts as more
recent studies raise concerns with VS scale, although externally
validated and endorsed by scientific societies. Limitations include
the subjective measures of its components, the presence of
all items in patients with chronic venous insufficiency (CVI)
due to primary valvular reflux or secondary superficial venous
insufficiency unrelated to DVT (9) and the lack of evaluation
of ulcer severity. Since the prevalence of primary CVI is higher
in the general population, a significant proportion of DVT
patients have pre-existing primary CVI. However, CVI cannot be

correctly evaluated at the time of DVT diagnosis although the
examination of the contralateral limb could help. The presence
of pre-existing VCI could worsen PTS signs and symptoms and
lead to overestimation of the severity of PTS during follow-up.

VS has the potential tomisclassify or overestimate pre-existing
venous disease as PTS (10). However, there is no formal method
to account for pre-existing venous insufficiency in the VS. In
another study, the authors concluded that common patient
complaints and the impact of PTS are not well-reflected in the
VS (11). Most recently, Ning et al. noted that VS misclassified
those with primary CVI and a history of DVT as having PTS by
42.3% (12). The VS plus revised CEAP could be investigated to
incorporate previous venous insufficiency (13).

The timing of PTS surveillance is also not well-defined.
Studies have usually evaluated PTS every 6months after diagnosis
for 2 years. Assessment at 1 month after diagnosis is too early,
as there might still be symptoms of the acute phase, although
one study showed that persisting symptoms after 1 month are
associated with a higher risk of PTS. Another option is the
SOX-PTS scale combining the VS with BMI plus anatomical
extension of PTS at the time of DVT diagnosis which was
developed and externally validated to predict PTS occurrence at
the time of DVT diagnosis (14). This scale could help identify
those subjects who may need more strict surveillance to detect
PTS development. Whole leg color Duplex scan ultrasound may
be performed at each time point of follow-up (in lying and
standing position with standardized provocative maneuvers) but
only the basis of worsening symptoms, also to exclude recurrent
DVT. Still, it may not reflect the clinical stage of PTS, which
requires a physical examination. A Choose Wisely statement
of the Society of Vascular Medicine partnered with American
Board of Internal Medicine came out with—do not repeat DUS
unless there are changes in clinical symptoms (15). Moreover,
ultrasound modalities to assess recanalization (e.g., presence of
residual thrombosis) and venous reflux are not incorporated in
formal scales and not standardized. Methods to standardize the
ultrasound results should also require further investigation.

Surveillance with telemedicine to avoid office visits with the
self-assessment of VS and quality of life assessment could also
be further explored. PTS prevention is still a major debated
issue, especially in case of extensive DVTwhen the interventional
approach can be considered. The CaVent study had a long follow-
up and reported a significant reduction in PTS in subjects with
iliofemoral DVT treated with CDT albeit with an increased risk
of bleeding (16).

However, only a minority of the overall population presenting
with iliofemoral DVT was enrolled into interventional studies
for PTS prevention with pharmacomechanical thrombectomy
(PMT) adjunctive to standard anticoagulant treatment vs.
standard anticoagulant treatment alone such as in the ATTRACT
trial (17), as <2.5% of the screened population were enrolled.
Suboptimal technical success rates were observed and this could
explain poor outcomes in the intervention arms. However,
in these multicentre studies, the technical outcomes could be
interpreted as more reflective of routine practice than selected
centers of excellence. Several limitations of the ATTRACT study
should also be considered, such as a significant heterogeneity
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of devices and methods employed for clot removal, no clear
indication for stenting, the use of only arterial stents were, a long
interval between symptom onset and onset of therapy.

In conclusion, the results of the interventional randomized
clinical trials such as ATTRACT and CAVA (17, 18) indicate
that at the moment, PMT cannot be recommended routinely
for DVT of the lower limbs, for which anticoagulation remains
the standard treatment. However, the role of interventional
therapy for PTS has evolving evidence. The relationship
between the technical success of early thrombus removal (and
persistent deep venous patency) and clinical outcomes deserves
further investigation.

The role of DOACs for PTS prevention is emerging in
recent studies and in post-hoc analyses evaluating PTS in trials
of DVT treatment with DOAC vs. VKA (19). Despite several
limitations, in studies on DOACs more than 60–70% of patients
were free of PTS and severe manifestations such as skin ulcer
and/or other severe and, by definition, intractable manifestations,
were observed only in a minority (<5–6%) of subjects after an
average of 30-month follow-up in both DOAC and VKA treated
patients. These PTS rates at long-term follow-up are similar
to those of studies in which thrombolytic therapies were used,
such as in the ATTRACT study and are possibly related to a
less variable anticoagulant activity in the acute phase of DVT,
thus favoring vein recanalization (20). There are no randomized
trials comparing interventional approaches to conservative
approaches for PTS treatment, and only observational studies are
available on the use of venous stents, which therefore cannot be
recommended routinely.

In addition, the optimal antithrombotic treatment after
venous stenting is still not clearly defined and varies among
different studies. As a result, firm indications cannot be
extrapolated from such studies. General recommendations
include anticoagulant therapy during the intervention
and continued after the intervention, usually for 3–6
months. DOACs are being used to an increasing extent,

but there is a lack of sufficient experience with these
agents (20).

Lifestyle changes such as exercise and BMI control in case
of overweight or obesity should also be considered, although
very limited evidence exists on these approaches for both PTS
prevention and treatment.

CONCLUSION

PTS is the most common long term complication of DVT,
regular surveillance and conservative medical approach with
standard anticoagulation and graduated compression stockings
are indicated for PTS prevention in the majority of subjects.
Interventional and endovascular approaches for prevention and
treatment have limited evidence and should be considered in
selected subjects. The statements of this position paper merely
reflect the consensus opinion of experts based on low quality
evidence in most cases.
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Background: Mature cardiomyocytes are unable to proliferate, preventing the injured

adult heart from repairing itself. Studies in rodents have suggested that the extracellular

matrix protein agrin promotes cardiomyocyte proliferation in the developing heart and

that agrin expression is downregulated shortly after birth, resulting in the cessation of

proliferation. Agrin based therapies have proven successful at inducing repair in animal

models of cardiac injury, however whether similar pathways exist in the human heart

is unknown.

Methods: Right ventricular (RV) biopsies were collected from 40 patients undergoing

surgery for congenital heart disease and the expression of agrin and associated proteins

was investigated.

Results: Agrin transcripts were found in all samples and their levels were significantly

negatively correlated to age (p= 0.026), as were laminin transcripts (p= 0.023), whereas

no such correlation was found for the other proteins analyzed. No significant correlations

for any of the proteins were found when grouping patients by their gender or pathology.

Immunohistochemistry and western blots to detect and localize agrin and the other

proteins under analysis in RV tissue, confirmed their presence in patients of all ages.

Conclusions: We show that agrin is progressively downregulated with age in human

RV tissue but not as dramatically as has been demonstrated in mice; highlighting both

similarities and differences to findings in rodents. Our results lay the groundwork for

future studies exploring the potential of agrin-based therapies in the repair of damaged

human hearts.

Keywords: agrin, proliferation, dystroglycan, extracellular matrix, myocardial infarction

INTRODUCTION

One major challenge in cardiovascular medicine is the loss of proliferative capacity of mammalian
cardiomyocytes shortly after birth, rendering the adult heart unable to repair itself following an
injury such as a myocardial infarction (1, 2). Much interest has therefore been focused on gaining
a better understanding of the factors which prevent adult cardiomyocytes from proliferating, and
whether it may be possible to positively affect cardiac repair by inducing their re-entry into the
cell cycle. In an elegant series of experiments, Bassat and colleagues demonstrated that the cardiac
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extracellular matrix (ECM) plays an important role in
controlling cardiomyocyte proliferation and identified the
ECM proteoglycan agrin as a critical component of this process
(3). Using a mouse model they found that the expression of
agrin, a protein known to play a vital role in cardiac development
(4, 5), is highest in the first days of postnatal life and significantly
downregulated by day 7, which would exactly correspond to the
timeframe over which murine cardiomyocytes lose the ability
to proliferate (3, 6). Excitingly, administration of agrin to both
murine and piglet models of myocardial infarction have been
demonstrated to reactivate cardiomyocyte proliferation and
promote cardiac repair (3, 7).

Agrin is primarily known for its fundamental role
in recruiting/clustering of acetylcholine receptors at the
neuromuscular junction (8, 9) and also for its genetic variants
causing several forms of congenital myasthenia (10). However
it has also been found to be involved in cancer pathogenesis,
where it is thought to form a mechanotransductive link between
the ECM and transcription factors YAP (Yes associated protein)
and TAZ (transcriptional co-activator with PDZ binding motif),
thus contributing to uncontrolled cell proliferation [reviewed
in (11)]. The transcription factor YAP also promotes growth in
cardiac tissue (12), and the work of Bassat and coworkers (3)
suggests that, in neonatal cardiomyocytes, agrin plays a vital
role in promoting cardiomyocyte proliferation through binding
to the ECM protein dystroglycan (DG). DG is part of a larger
transmembrane complex, the dystrophin-glycoprotein complex,
and is composed by two subunits, the highly glycosylated
extracellular α-DG and the transmembrane β-DG, that interact
non-covalently to form a bridge between the ECM and the actin
cytoskeleton (13, 14). It was hypothesized (3) that binding of
agrin to α-DG in the myocardium causes a conformational
change in the dystrophin-glycoprotein complex, which in turn
prevents β-DG from binding YAP intracellularly, thus allowing
its localization to the nucleus, where YAP can then exert its
co-transcriptional activity and promote proliferation [reviewed
in (15)]. Conversely, it has been demonstrated that in mature
murine cardiomyocytes, YAP establishes a strong interaction
with β-DG and is thus sequestered to the plasma membrane:
the lack of nuclear localization impairs YAP co-transcriptional
activity, resulting in loss of cardiomyocyte proliferation capacity
(12). The mechanisms which cause YAP to become membrane
bound and thus prevent proliferation are uncertain, but agrin
expression has been observed to decrease significantly in the first
days of postnatal life in murine species (3), in a timeframe that
coincides with the loss of cardiomyocyte replicative capacity.
It has been suggested that this may result in agrin being out-
competed for binding to the DG receptor by another, more
abundant protein such as the extracellular protein laminin
[reviewed in (15)]. Replacement of agrin with a different
interactor would trigger, in ways yet unknown, β-DG binding to
YAP and its tethering at the cell periphery.

Whilst there are still many questions regarding the exact
mechanisms of action involved, the possibility to harness the

Abbreviations: DG, Dystroglycan; ECM, Extracellular matrix; IHC,

Immunohistochemistry; RV, Right ventricle; YAP, Yes associated protein.

pro-proliferative capacity of agrin for regenerative purposes
shows great potential. Crucially, all the work described has been
performed in animal models, and currently nothing is known on
whether similar pathways exist in human cardiac tissue, and how
they are modulated during growth. A thorough analysis of the
levels of agrin and of the proteins implicated in this proliferative
axis at different ages in the human heart is the first necessary step
to understand the potential of agrin for therapies to aid cardiac
regeneration in humans. Such an analysis is hindered by the
intrinsic difficulties connected to the collection of healthy human
cardiac samples. In this study we have used right ventricular
biopsies collected from patients undergoing cardiac surgery to
investigate for the first time how the levels of agrin, DG, laminin
and YAP change with age in human heart tissue.

MATERIALS AND METHODS

Sample Collection
Waste right ventricular tissue was collected from 40 patients
undergoing cardiac surgery at the Bristol Royal infirmary for a
variety of congenital cardiac conditions (Table 1). Full informed
consent was obtained prior to surgery from the patients or
their parents as appropriate. The study was conducted in
accordance with the declaration of Helsinki, and the protocol
was approved by the North Somerset and South Bristol Research
Ethics Committee (REC 07/H0106/172). Half of the collected
tissue from each patient was fixed in 10% formalin before being
transferred to PBS for storage at 4◦C. The other half of the tissue
was stored at−20◦C inAllprotect Tissue Reagent (Qiagen). Heart
tissue lysates for 0 days old and adult mice were purchased from
Leinco Technologies (cat.# M1135 and M1013, respectively).
Formalin-fixed mid-cardiac section from 3 month old adult mice
were obtained from Insight Biotechnologies (cat.# MoFPT016).

mRNA Analysis
Total RNA was extracted from tissue samples stored as described
above using the RNeasy Mini Kit. Specifically, 5–15 mgs of RV
tissue from each patient were homogenized according to the
manufacturer instructions using PowerBead Tubes filled with
0.7mm garnets (Qiagen) to efficiently break the tissue by 4–
6 × 1min cycles in a mechanic vertical shaking homogenator
(Minilys, Bertin Technologies) at 4◦C. The integrity of the
RNA thus prepared was confirmed by the Agilent Tape station
RNA assays on an Agilent 2,200 TapeStation instrument, and
RNA Integrity Numbers (RIN) were calculated by the machine
software. The quantity of extracted RNA was determined by
measuring the absorbance at 260 nm on a nanodrop (Thermo
Scientific), and RNA quality was deemed good for downstream
analysis when Abs260 nm/Abs280 ≥ 1.8 and Abs260 nm/Abs230
≥ 2. 0.5–1 µg of total RNA from each patient were reverse
transcribed using the QuantiTect Reverse Transcription Kit
(Qiagen). When necessary, the RNA was concentrated before
reverse transcription (GeneJET RNACleanup and Concentration
Micro Kit, Thermo Scientific).

RT-PCR reactions were run on a QuantStudio5 Real Time
PCR machine (ThermoFisher Scientific), using the QuantiFast
SYBR Green PCR Kit (Qiagen). Target and housekeeping
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TABLE 1 | Patient characteristics.

Pathology Number of patients Age in years (mean ± SEM, median, max, min) Gender (M/F)

TOF 15 1.03 ± 0.22, 0.59, 2.79, 0.23 8/7

VSD 8 0.27 ± 0.05, 0.32, 0.38, 0.02 4/4

PVR 9 12.16 ± 1.97, 12.66, 24.29, 4.25 8/1

Other 8 7.85 ± 5.50, 0.11, 43.93, 0.003 4/4

All 40 4.75 ± 1.37, 0.57, 43.93, 0.003 24/16

Patients characterized by prevalent diagnosis/surgery.

TOF, Tetralogy of Fallot; VSD, ventricular septal defect; PVR, pulmonary valve replacement.

“Other” includes patients undergoing Ross-Konno procedures and patients with cardiac tumors, Truncus Arteriosus or Total Anomalous Pulmonary Venous Drainage.

RNAs were amplified with the following QuantiTect Primer
Assay primer mixes (Qiagen): Hs_AGRN_va.1_SG (agrin),
Hs_DAG1_1_SG (DG), Hs_LAMA2_1_SG (laminin-α2),
Hs_YAP1_1_SG (YAP), Hs_GAPDH_1_SG (GAPDH),
HS_IPO8_1_SG (IPO8) and HS_POLR2A_1_SG. The α2
chain was chosen as representative of laminin in the heart, where
it is one of the most populated forms (16). Five nanograms of
cDNA from the retrotranscribed material were used in each
reaction, and all reactions were performed in triplicate in each
experiment. The data reported in the results were averaged over
a minimum of 2 RT-PCR reactions for each patient. To take
into account the heterogeneity of the RV samples, based on the
work of Molina and colleagues (17) three different genes stably
expressed in human cardiac tissue were chosen as reference
for determining all the 1Ct values, namely glyceraldehyde
3-phosphate dehydrogenase (GAPDH), importin 8 (IPO8)
and RNA polymerase II subunit A (POLR2A). Comparative
quantification was used to identify whether the target genes
were up- or down-regulated relative to the two oldest patients
under analysis. Relative expression of all genes was calculated
by the 11Ct method. Specifically, if Ct(TP) is the Ct value
measured for a target gene in a patient (TP), and Ct(AvgeRP) is
the averaged Ct of the 3 reference genes for that patient, then the
relative expression for the patient (1CtTP) is calculated as:

1CtTP = Ct (TP) − Ct(AvgeRP)

Up- or down-regulation of target genes were assessed relative to
the average expression in the two oldest patients (P’), aged 43 and
24, so that:

11CtTP = 1CtTP − 1CtTP′

Throughout the paper, transcripts levels are expressed as fold
changes relative to the average expression of the two oldest
patients, as calculated from the expression:

Fold change = 2−11CtTP

Immunohistochemistry (IHC)
The fixed tissue was embedded in paraffin and sectioned at 4µm
thickness. The sections on the slides were deparaffinized and
antigen retrieval performed using 10mM citrate buffer, pH 6.4,
at 95◦C. The slides were washed in PBS, endogenous peroxidase

activity inhibited by a 10min incubation with Bloxall (Vector
Laboratories), and the slides rewashed. The sections were then
incubated for 30min at room temperature in 10% donkey serum
(Sigma Aldrich) to block non-specific antigens, followed by
incubation in primary antibody (agrin: GTX54904, GeneTex,
laminin-α2: STJ93889, St John’s Laboratory, DG: 11017-1-AP,
Proteintech) or PBS (negative control) overnight at 4◦C. The
sections were then washed in PBS and exposed to secondary
antibody (ECL anti-rabbit IgG, NA934, GE Healthcare) for 1 h
at room temperature before another wash and exposure to
DAB (Vector Laboratories) for 20min. Finally, the slides were
counterstained with Mayer’s Haemotoxylin and images were
taken using an O8 slidescanner (Precipoint).

Proteins Identification
Total proteins were extracted from samples stored at −20◦C in
Allprotect Tissue Reagent (Qiagen). RIPA lysis buffer with freshly
added phosStop (Roche 04906837001), cOmplete protease
inhibitors cocktail (Roche 11836170001) and benzonase (Thermo
Scientific) was added to 10–20mg of samples into gentleMACS
M Tubes with strainers (Miltenyi Biotech). The tissue was
then homogenized into a gentleMACS Dissociator instrument
(Miltenyi Biotech). Insoluble material in the homogenates
was spun down by centrifugation (5min at 4,000 xg, 4◦C),
the supernatants were checked for total protein content (see
below) and stored at −80◦C. The extracted proteins in each
sample were quantified with the PierceTM Rapid Gold BCA
Protein Assay Kit (Thermo scientific: A53225) following the
manufacturer instructions.

Blotting
Total proteins for each sample were diluted to load an
amount of 20 µg/gel lane and denatured by adding LDS
loading buffer (Invitrogen). Samples were loaded on 4–
12% Bis-Tris Gels (Invitrogen) and SDS-PAGE were run at
100V in MES SDS running buffer. The Spectra Multicolour
Broad Range Protein ladder was used as a molecular weight
marker (Thermo Scientific). Proteins were transferred on
activated PVDF membranes (Thermo scientific) at 250mA
for 1.30 h at room temperature (RT). After blocking and
washing, blots were hybridized with primary antibodies
overnight at 4◦C; see Supplementary Table 1 for details on
the antibodies used. To note, due to inefficient probing with
the anti-laminin-α2 Ab, an anti-laminin-γ1 Ab was used
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instead (see Supplementary Table 1). Blots were then washed
and incubated 1 h with the secondary antibodies indicated
in Supplementary Table 1. Blots were developed using 1ml
of Immobilon Forte Western HRP substrate (Millipore-
WBLUF0500) for 1min. For each membrane both colorimetric
and chemiluminescence images were taken on a ChemiDoc MP
imaging system (BioRad) and analyzed with the BioRad Image
Lab software. When necessary, membranes were stripped using
RestoreTM PlusWestern blot stripping buffer (Thermo scientific)
according to the protocol provided and re-probed with the
antibodies of choice. Densitometric analysis, when possible, was
conducted using ImageJ.

Liquid Chromatography Mass Spectrometry
A total of 50 ug of total protein extract from each RV tissue
lysate were subjected to tryptic digestion followed by a LC-
MS run on an Orbitrap Fusion Tribrid Mass Spectrometer with
ETD instrument (Thermo Scientific) operated with up-stream
Ultimate 3,000 nano-LC system at the Proteomic Facility at the
University of Bristol. The resulting data were analyzed with a
Sequest search against the Uniprot Human database and against
an in house database of common contaminants, and the results
have been filtered using a 5% FDR cut-off.

Statistics
Correlations between RNA expression and age were assessed
using two-tailed Pearson correlation coefficient. Gender
differences were assessed using unpaired Student’s t-tests
and differences between pathologies using one-way ANOVA.
Regression analysis was used to find the unstandardised
regression coefficient β and it’s standard error for agrin
expression in each pathology group. All statistics were
performed in SPSS Version 26 (IBM Analytics, New York,
NY) and significance was accepted when p < 0.05.

RESULTS

Forty patients [mean age 4.7 ± 1.4 years (mean ± SEM)]
undergoing cardiac surgery for a variety of conditions were
recruited (Table 1). The RNA obtained from the tissue was
of high quality, with RIN values in the range of 8–9. The
expression of agrin, laminin-α2, DG and YAP were very similar
between the 24 year old and 43 year old (Figure 1), and the
results of the other patients were normalized to the average
expression in these two adult patients. The agrin gene was
found to be expressed in the right ventricle of all patients, with
its transcript levels (expressed both as 11Cts relative to the
adult controls and as individual 1Cts) significantly negatively
correlated to the patient age at the time of operation (p = 0.026,
Figure 1A and Supplementary Figure 1B, respectively). As an
immediate measure, upon correction/normalization against the
housekeeping controls, the number of RT-PCR cycles of neonates
(highest expression, i.e., lowest RT-PCR cycles) is 1.55 times
lower than those of the two adults (lowest expression, i.e., highest
RT-PCR cycles).

Splitting the pediatric cases into two age groups (0–1 years
and 1–15 years) demonstrates that it is not only babies who

have higher agrin expression than adults; agrin levels also remain
elevated in older children (Supplementary Figure 1A). The α2
chain was chosen as representative of laminin in the heart, where
it is one of the most populated forms (16), and its expression
also demonstrated a significant negative correlation with patient
age (p = 0.023, Figure 1B and Supplementary Figure 1C). The
expression of DG and YAP, on the other hand, did not correlate
with age (Figures 1C,D and Supplementary Figures 1D,E).

The relative transcript levels of agrin, laminin, DG or YAP
were not significantly different between male and female patients
(Figure 2A), nor any significant difference was found between
groups of patients with different pathologies (Figure 2B). In this
respect, it has to be noted that the distribution of ages in the
4 main categories of pathology, although partially overlapping,
is different, with patients with ventricular septal defects being
the youngest, followed by Tetralogy of Fallot patients and with
the eldest patients grouped in the pulmonary valve replacement
and “other” categories (see Table 1). Remarkably, the levels of
agrin decrease with age in each of the categories (Figure 2C),
thus strongly indicating that the phenomenon is independent
from pathology in the cohort of patients under consideration.
Furthermore, analysis of the other clinical data available for the
whole cohort of patients highlighted the absence of significant
correlation between agrin levels and any of the collected
clinical parameters.

To investigate the presence and possible age-dependence
of agrin, laminin and DG at the protein level, total protein
extracts from the 40 human RV samples were analyzed by
western blotting. Figure 3 reports western blots of representative
samples set out in increasing age order from left to right
for the three proteins (Figures 3A,C). The blots support the
qPCR results, showing that agrin is expressed in human heart
throughout life, as shown by the presence of clearly defined
bands from the youngest representative (2 months) RV sample
all the way through to the oldest (43 years). For comparison,
Figure 3B shows a western blot on heart extracts from mice,
whereby agrin is present in neonatal heart but undetectable
in adult. Laminin and dystroglycan are also abundant in all
the samples, with no significant variability in the amount of
both proteins across different age groups. Although a proper
quantification was hindered by a considerable heterogeneity in
the agrin bands (due to extensive glycosylation and possibly to
a certain amount of degradation upon samples preparation) the
protein was consistently detected in replicate WB experiments
in all the patients. Moreover, a high molecular weight band,
representing the fully glycosylated form of agrin (∼400 kDa,
see black asterisk in Figure 3A) was detected in samples of all
ages and, although not properly quantifiable by densitometry,
a trend of decreasing levels from youngest to oldest patients is
evident, Notably, agrin has been found to be intrinsically prone
to proteolysis in skeletal muscle atrophy/wasting induced by
stroke (18) and chronic heart failure (19) and the 110 kDa C-
terminal agrin fragment thus produced constitutes a biomarker
of muscle wasting. Interestingly, one of the populated bands in
our agrin western blots has an apparent molecular weight of
∼110 kDa (Figure 3), compatible with that of the C-terminal
agrin fragment. Although no obvious effect of age on the levels

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 March 2022 | Volume 9 | Article 813904205

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Skeffington et al. Agrin Expression in Human Hearts

FIGURE 1 | Relative mRNA expression of agrin and associated proteins in human hearts. Correlation of the transcript levels of agrin (A), laminin (B), dystroglycan (DG;

C) and YAP (D) with age in right ventricular biopsies from patients undergoing cardiac surgery (n = 40). Fold changes were calculated relative to the mRNA levels of

two adult patients (24 and 43 years). Significant correlations were tested for using two-tailed Pearson correlation coefficient.

of the 110 kDa fragment is evident, other factors could affect
this and other fragment populations, including any prior heart
injuries and the variable degree of degradation of the samples,
thus making any effect of age less detectable. Since sample
extracts from the 40 RV samples analyzed in this study presented
different degrees of degradation, densitometric analysis based on
all of the detectable bands could not be conclusive, and no direct
comparison could be drawn with transcriptomic results. Also
interestingly, inspection of the α-DG bands detected on the blot
reveals an opposite trend of glycosylated protein as compared
to agrin, i.e., α-DG appears to be more glycosylated with age.
Lastly, since the laminin signal in the blots shown in Figure 3C

appeared the most reliable in terms of opportunity to quantify
it, a densitometric analysis was conducted and confirmed that
laminin levels (at least those of laminin-γ1, as probed on the
western blots) decrease with age of a factor of 3.5 folds (see
also Supplementary Figure 2), which is in line, although slightly
higher, with the transcripts evidences.

LC-MS has also been employed in an attempt to identify
and make a semi-quantitative assessment of the proteins under
analysis. Due to the scarcity of the starting material for all the
samples, no pre-fractionation of the protein extracts was possible,
hindering a precise quantification. Nonetheless, protein lysates
of RV tissue from 2 representative patients (2 months and 24
years old) were subjected to a LC-MS analysis upon proteolytic
digestion. The results, summarized in Supplementary Table 2,

show how agrin, laminin and α-DG were all identified with
a high degree of confidence in both samples, despite ECM
proteins being notoriously difficult to characterize with this
kind of technique. Interestingly, although the hits for α-DG are
comparable in the two samples analyzed, the number of peptides
identified for agrin and laminin (and thus the total sequence
coverage for both) are much higher in the RV sample from the
infant than that from the adult patient. Specifically, although
no definitive conclusions can be drawn for laminin, the sensibly
smaller representation of agrin peptides in the older patient
might indicate a smaller amount of full-length protein, possibly
due to a lower level of expression as well as a higher degree of
degradation with respect to the younger patient.

IHC staining aimed at identifying on-tissue the proteins
under analysis, found evidence of the expression of agrin within
the ECM in tissue from patients of all ages (Figure 4). The
protein appears to have a wide distribution, with staining of
cardiomyocytes particularly evident in adult human samples. For
comparison, we performed similar IHC experiments in adult
mice hearts (Figure 4, bottom panels), where we found very little
evidence of agrin staining. Supplementary Figures 3, 4 show
a similar distribution of laminin and DG mainly within the
ECM of cardiomyocytes in samples of the whole age range. It
is important to stress that, like western blots in the specific
conditions here described, IHC can only be used as a qualitative
indicator of the presence and localization of the three proteins
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FIGURE 2 | mRNA expression of agrin and associated proteins by gender and

pathology. Transcript levels for agrin, laminin, DG and YAP in male patients

compared to females (A) and transcript levels of agrin in patients with different

pathologies (B,C) n = 40. In particular, (C) shows the agrin levels dependence

on age as broken down according to pathology. TOF, Tetralogy of Fallot; VSD,

ventricular septal defect; PVR, pulmonary valve replacement. “Other” includes

patients undergoing Ross-Konno procedures and patients with cardiac

tumors, Truncus Arteriosus or Total Anomalous Pulmonary Venous Drainage.

The bracketed numbers in the legend are the unstandardised coefficient β ±

SEM. Fold changes were calculated relative to the mRNA levels of two adult

patients (24 and 43 years old). Student’s t-tests for unpaired data (A) or

one-way ANOVA (B) revealed no significant differences.

in the tissues under analysis and as such could not provide
information to complement (or otherwise) the quantitative
transcriptomic results. Nevertheless, the results of transcripts
and proteins analysis are consistent in showing how agrin is the
least populated of the proteins under investigation, as indicated

by the higher 1Ct values (indicative of lower mRNA levels,
see Supplementary Figure 1) and the relatively fainter signals
in western blots (see Figure 3) as well as IHC (Figure 4 vs.
Supplementary Figures 3, 4, respectively) for agrin relative to
both DG and laminin. Finally, although little is known about
agrin presence in the heart in locations other than the ECM
of the cardiac muscle, it is likely that, by analogy to skeletal
muscle, there may also be agrin at neuromuscular junctions.
Since the cardiac muscle, which is the source of the samples
used in this work, is mainly composed of cardiomyocytes [70%
of myocardium volume (20)], it is reasonable to assume that
the agrin analyzed in this work comes from the ECM of
cardiomyocytes and from neuromuscular junctions.

DISCUSSION

Our study is the first to collect data on the
transcription/expression levels of agrin and associated proteins
in human cardiac tissue at different stages of development.
Previous work from a different laboratory demonstrates that, in
mice, agrin transcript levels halve in the first week of postnatal
life and continue to decrease into adulthood (3); an even stronger
negative time dependency was shown for the protein product,
with agrin protein expression in adult mice around one tenth of
that found in neonates. However, a study by a different group
using only immunofluorescence staining reported similar levels
of agrin expression in adult and embryonic mouse hearts (21).
Our own results in mice suggest a decrease in expression of
the agrin protein with age and very little agrin presence at
the protein level in adult mice as measured both by IHC and
western blotting. Our transcripts results on human cardiac tissue
demonstrate that there is also a decrease in agrin expression
with age in human hearts. This finding lays the groundwork
for a molecular analysis aimed at understanding whether this
change in agrin expression with age is associated with a role for
this protein in cardiac regeneration, similarly to what has been
described in mice. Such an important analogy, however, has
its counterpart in the evidence that agrin expression, crucially,
does not decrease with age in humans as dramatically as it has
been described in mice. Indeed we measured an agrin transcripts
fold change in neonates that is 2.3x the levels found in adults,
suggesting a reduction of agrin expression of only slightly more
than half with growth to adulthood in humans. Furthermore, the
reduction in agrin expression with age is even less apparent at the
protein level, with agrin being clearly present in tissue sections
of adult controls, where staining for agrin in IHC is comparable
to that recorded on samples from much younger patients (see
Figure 4); this is in striking contrast with the almost complete
lack of agrin signal we measured in RV sections from adult
mice. The results of the western blot go in the same direction,
with comparable levels of protein measured in samples of all
ages, irrespective of the degradation pattern, which appears
to be rather sporadic and non-specific within the wide age
range considered. On the other hand in mice, similarly to the
IHC data, there is almost no agrin detectable by western blot
at adulthood (Figure 3B). Thus our data demonstrate a less
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FIGURE 3 | Protein levels of agrin and related proteins in human hearts. (A) Western blots of the proteins indicated, as detected in RV samples collected from

representative patients (n = 7) of different ages, in increasing order from left (2 months old) to right (43 years old) as identified on top of each lane. For comparison, a

western blot of agrin detected in commercial mouse heart tissue lysates (Leinco Technologies) from 0 days old (P0) and adult mice is reported in (B), together with the

corresponding loading control GAPDH at the bottom. (C) Western blots of laminin (plus loading control), as detected in RV samples collected from representative

patients (n = 9) of different ages, in increasing order from left (1 day old) to right (16 years old) as identified on top of each lane Proteins extracted from human RV

samples as well as the commercial mice heart samples were probed with the antibodies specified in Supplementary Table 1, and bands of the correct molecular

weight have been identified for laminin-γ1 (∼160 kDa), α-DG (110-130 kDa) and the housekeeping protein GAPDH (36 kDa). The series of bands identified for human

agrin originate from differential glycosylation and proteolytic degradation: the asterisk indicate the fully glycosylated form (∼400 kDa), the black arrowhead points to a

band that could represent the unglycosylated form (∼220 kDa) and the red arrowhead indicates the ∼110 kDa band that could represent a C-terminal agrin fragment

(CAF), see Results for details.

dramatic reduction in agrin expression with age than is seen in
mice, both at the transcript level and even more so at the protein
level. If a role for agrin in a possible regenerative program was
confirmed in humans, these results may point to important
differences in how it is controlled in rodent vs. human hearts.

It has been suggested that, with age, the binding of agrin to
the α-DG receptor may be increasingly outcompeted by another
extracellular protein, and laminin has been put forward as a
potential candidate for this (15). Laminin is known to play an
important role in promoting cardiac muscle stability (22) as
well as being crucial for cardiomyocyte differentiation (23, 24)
and maturation (25). Laminin and agrin show a similar affinity
for α-DG (26), and a slight increase in laminin expression
has been demonstrated between postnatal days 1 and 2 in

mice (6). However, results in the current study suggest that in
human cardiac tissue (similarly to what was found with agrin)
the expression of laminin in the right ventricle is negatively
correlated with age. Interestingly, using an analogous approach
to the one we have employed (but relying on post-mortem
myocardial biopsies), it was shown that, irrespective of the
presence of a cardiac pathology, there was a negative correlation
between age and laminin-α2 transcripts in a cohort of human
subjects between 9 and 58 years old (27). The correlation we
found of laminin expression with age was indeedmore significant
than the correlation of agrin with age (p = 0.023 and p = 0.026,
respectively), however this comparison is affected by the presence
of one patient who had unusually high agrin expression for their
age (Figure 1A), weakening the strength of the correlation. As
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FIGURE 4 | Identification of agrin in RV tissue sections. Immunohistochemical

staining for agrin in the RV of four patients aged between 6 days and 43 years

and in the RV of an adult mouse (9 weeks). Each scale bar represents 100µm.

A negative control for each image is found in the right-hand column.

a matter of fact, the decrease in laminin-α2 transcript levels
with age in our study was fairly modest, and it is unclear
how much functional significance it would have. On the other
hand, quantification at the protein level shows a decrease of
about 3.5 folds in the adults relative to infants, which needs
to be further investigated. Although purely observational in
nature, our findings would not seem to confirm the hypothesis
formulated by Bassat and coworkers (3), that a simultaneous
reduction in agrin expression and increase in laminin levels with
age results in the latter out-competing agrin in binding to α-
DG. However, we show that the negative correlation of agrin
expression with age is steeper than that of laminin in human RV

(Figures 1A,B), and since the measured α-DG binding affinities
of the two proteins are very similar (26), this could account for
a possible replacement of agrin with laminin as early in life as
by the first year of age. Notably, our results also show for the
first time that, although α-DG expression in RV tissue is not
significantly correlated with age, its level of glycosylation might
be, as demonstrated by the higher apparent molecular weight of
the glycosylated species of adults as compared to children in our
western blot analysis. Taken together with the finding that the
trend in glycosylated agrin with age is the opposite, i.e., adults
show a less glycosylated protein than children, this observation
could suggest a possible role of the reciprocal glycosylation
states of α-DG and agrin in their interaction along the growth
of individuals.

Our investigation of the protein levels by IHC and western
blots, although less quantitative than our transcriptomic
analysis, confirms that agrin is present in the cardiac tissues
of all the patients analyzed, therefore also suggesting that
the agrin/laminin expression levels during cardiac muscle
development and in adulthood are not controlled in the “all
or nothing” way described in mice. Moreover, our western blot
analysis confirms the relatively high susceptibility of the C-
terminal portion of agrin to proteolysis, as has been previously
shown in skeletal muscle (18, 19). It could be hypothesized that
such degradation, by negatively affecting the interaction of agrin
with DG, is a factor in the loss of pro-proliferative capacity of
this protein along the lifetime of an individual, although such
an hypothesis is possibly too simplistic, based on the evidence
of the efficacy of recombinant agrin (composed exclusively of
the ∼100 kDa C-terminal) in regenerating the heart of animal
models (3, 7).

It is possible that additional factors are involved which
favor the binding of the α-DG receptor to laminin over agrin.
For example, in skeletal muscle, changes in the degree of
glycosylation of the α-DG receptor can affect the affinity of
laminin for the receptor, resulting in muscular dystrophy (28,
29). Despite our preliminary evidences of a possible positive
trend of glycosylation with age, it is fundamentally unknown
whether the degree of glycosylation of the α-DG receptor
in cardiac tissue changes with age, and to what extent this
might affect the binding of agrin or laminin. Alternatively,
laminin may not be the only other key player at all and
other, as yet unidentified, proteins or factors that influence
the binding affinity of agrin to the α-DG receptor may be
involved. Interestingly, DG has been shown to also play a
fundamental role in actively inhibiting the spread of myocardial
damage from cardiomyocytes to neighboring cells (30), which
points to the capacity of this receptor to sense the extracellular
environment and respond to the cellular needs and might hint
to its direct involvement in controlling the expression/action
of agrin. Additionally, it has been demonstrated that cardiac
maturation also results in the phosphorylation of YAP via
its interaction with proteins in upstream pathways such as
the Hippo pathway (31, 32), and the relative importance of
YAP phosphorylation vs. the interaction of agrin with α-DG
in leading to the sequestration of YAP at the cell periphery
is unknown.
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There has been much interest in the potential use of agrin
based therapies in cardiac regeneration. Until now all work
has however been carried out in animal models. This study
demonstrates for the first time that agrin is actively expressed
in human cardiac tissue in an age-dependent way, with a
transcripts peak very early in life and a steady decrease toward
adulthood, echoing the pattern of expression observed in rodents
(3). Future work is necessary to identify a possible agrin-driven
regenerative program, elucidate the molecular mechanisms
involved and investigate whether these pathways could be
harnessed therapeutically to promote cardiac regeneration in
humans. In this respect, our finding that agrin is clearly
detectable at the protein level in adult human heart shows
how, unlike what described for rodent hearts, if an agrin-driven
proliferative program exists in humans, it does not fully switch
off with aging, opening up new therapeutic scenarios. Indeed,
a potential pharmacological re-activation of the endogenous
agrin-DG axis could constitute an alternative/complementary
approach to the direct administration of exogenous agrin proven
to be effective in cardiac repair of murine (3) and porcine
(7) models.

One limitation of this study is that all the cardiac tissue
analyzed came from patients with diseased hearts, since for
obvious ethical reasons it is not possible to obtain fresh
cardiac tissue (ex-vivo) from healthy human hearts. However,
as discussed above the patients involved in this study suffered
from a variety of cardiac conditions, and there was no evidence
of an association of altered agrin expression with any particular
pathology, nor with gender or any of the recorded clinical
parameters. Another limitation is that all samples came from
the right ventricles of patients. Although it cannot be ruled
out that the scenario described here may be different in the
left ventricle, studies that have investigated the differential
characteristics of left and right ventricles at the molecular level
have not highlighted any major differences between the two in
the agrin related pool of proteins that are the object of this
analysis (33).
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Background: Acute coronary syndrome (ACS) consists of a range of acute myocardial

ischemia-related manifestations. The adverse events of ACS are usually associated with

ventricular dysfunction (VD), which could finally develop to heart failure. Currently, there

is no satisfactory indicator that could specifically predict the development of ACS and

its prognosis. Valosin-containing protein (VCP) has recently been proposed to protect

against cardiac diseases. Hence, we aimed to assess whether VCP in serum can serve

as a valuable biomarker for predicting ACS and its complication.

Methods: Human serum samples from 291 participants were collected and classified

into four groups based on their clinical diagnosis, namely healthy control (n = 64), ACS

(n = 40), chronic coronary syndrome (CCS, n = 99), and nonischemic heart disease

(non-IHD, n = 88). Clinical characteristics of these participants were recorded and

their serum VCP levels were detected by enzyme-linked immunosorbent assay (ELISA).

Association of serum VCP with the development of ACS and its complication VD was

statistically studied. Subsequently, GWAS and eQTL analyses were performed to explore

the association between VCP polymorphism and monocyte count. A stability test was

also performed to investigate whether VCP is a stable biomarker.

Results: Serum VCP levels were significantly higher in the ACS group compared with

the rest groups. Besides, the VCP levels of patients with ACS with VD were significantly

lower compared to those without VD. Multivariate logistic regression analysis revealed

that VCP was associated with both the risk of ACS (P = 0.042, OR = 1.222) and the

risk of developing VD in patients with ACS (P = 0.035, OR = 0.513) independently. The

GWAS analysis also identified an association between VCP polymorphism (rs684562)

and monocyte count, whereas the influence of rs684562 on VCPmRNA expression level

was further verified by eQTL analysis. Moreover, a high stability of serum VCP content

was observed under different preservation circumstances.

Conclusion: Valosin-containing protein could act as a stable biomarker in predicting

the development of ACS and its complication VD.

Keywords: valosin-containing protein, acute coronary syndrome, ventricular dysfunction, prognosis prediction,

serological biomarker
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INTRODUCTION

Acute coronary syndrome (ACS) represents a series of acute
myocardial ischemia-related symptoms caused by disruption
of coronary artery plaque and consequent thrombosis-induced
severe coronary artery stenosis or occlusion (1, 2). Depending
on its severity, ACS could mainly lead to three manifestations:
unstable angina pectoris, acute myocardial infarction (AMI), and
sudden cardiac death (SCD) (3, 4). Given its high morbidity and
mortality, ACS has long been considered as a life threat and a
great burden to healthcare system worldwide. It is estimated that
40% of patients who experienced such a coronary event may die
within 5 years. Moreover, the risk of death for those who suffered
from recurrent cardiac events could be 5–6 times higher than
general population (5–7).

Previous studies have demonstrated that the adverse
prognostic events of ACS are mainly associated with ventricular
dysfunction (VD), which may finally lead to heart failure of
the patients (8, 9). Hence, the early treatment of ACS, which
includes thrombolytic therapy and anticoagulant therapy, could
be essential for better prognosis (10). To achieve that purpose,
accurate indicators for the early diagnosis and prognosis
estimation are required. Cardiac biomarkers, such as creatine
kinase MB (CK-MB) and cardiac troponin T (cTnT), have been
proved to be useful in predicting ACS, particularly non-ST
segment elevated myocardial infarction (non-STEMI) (11–13).
Due to the application of these biomarkers, the diagnostic
efficiency of ACS has been significantly improved (14, 15).
However, most of these biomarkers are not specific indicators for
ACS, or rather a reflection of the established fact of myocardial
infarction (16–21). Moreover, estimation of the long-term
outcomes, which can be negatively affected by VD, remains to be
further improved due to the lack of valid prognostic indicators.
Therefore, an effective indicator that can be used to predict both
the development of ACS and its complication in a convenient
way is urgently needed.

Valosin-containing protein (VCP), also known as p97, is
a conserved type II AAA+ (ATPases associated with diverse
cellular activities) family protein abundantly expressed in cardiac
tissues. The biological functions of VCP range from protein
metabolism to intracellular homeostasis. The disruption of
protein homeostasis has been proved to involve in various cardiac
diseases, which includes heart failure, myocardial infarction, and
diabetic cardiomyopathy (22). As an important maintainer of
protein homeostasis in cardiovascular system, VCP has been
suggested to have a protective role toward ischemia–reperfusion
injury and VD (23–25). In our recent study, a significant
increase in serum VCP concentration was observed in early
myocardial ischemia-induced SCD cases, which further verified
the activation of VCP expression toward acute myocardial
ischemia (26). In addition, experiments on transgenic mice
revealed that disruption of VCP activity could lead to the
development of cardiomyopathy and defects in cardiomyocyte
nuclear morphology, which suggests the pleiotropic functions
of VCP in cardiac homeostasis (27). Though VCP has been
considered to be a crucial cardiac protective factor, it remains
obscure whether VCP is related to the development of VD in

patients with ACS. Besides, the content changes of secretory VCP
in ACS also deserve to be clarified.

In this research, the serum VCP levels among several different
groups, namely healthy control group, ischemic heart disease
(IHD) group, and non-IHD group, were investigated. For a better
comparison, the IHD group was further subdivided into ACS
group and chronic coronary syndrome (CCS) group. In addition,
association between serum VCP levels and the development of
ACS, along with its most common complication—VD—were
statistically analyzed. The aim was to explore whether VCP
could serve as a specific biomarker to predict both ACS and
its complication.

MATERIALS AND METHODS

Ethical Statement
Human serum samples were collected from participants who
were admitted to Zhongshan Hospital affiliated to Fudan
University (Shanghai, China) during the period August 2020 to
August 2021. Sampling and study design was in agreement with
the ethical principles stated in the Declaration of Helsinki of
the World Medical Association (28) and approved by the Ethics
Committee at Zhongshan Hospital, Fudan University (approval
number: B2020-078R).

Sample Classification
Human serum samples from 291 participants were collected and
classified into four groups: healthy control group (n = 64), ACS
group (n = 40), CCS group (n = 99), and non-IHD group (n
= 88). Grouping was performed based on symptoms, diagnosis,
medical history, and laboratory information. Individuals with
none or mild diseases irrelevant to cardiac function were
allocated into healthy control group. Individuals with IHD
were subdivided into ACS and CCS groups according to
the ESC and JCS guidelines (3, 29). The rest cases, which
include arrhythmia, valvular heart disease, congenital heart
disease, and cardiomyopathy, were pooled into non-IHD
group. Demographic information of the donors, which includes
age, sex, history of smoking, and drinking, and also their
echocardiographic parameters and blood–urine biochemistry
test results were collected. For the purpose of this study, whether
patients developed VD following diagnosis of ACS was also
retrieved from medical records. Based on the clinical practice,
the diagnosis of VD is based on interpretation of combined
qualitative and quantitative echocardiographic parameters by
an experienced operator who classifies the cardiac function as
“normal” and “dysfunction” (30). Patients who developed VD
preceding the diagnosis of ACS were excluded from this study.
Depending on the presence of VD, the ACS group was subdivided
into two cohorts, namely “ACS+VD” (n= 14) and “ACS+ non-
VD” (n = 26). Serum samples were collected immediately after
admission before the first medical intervention.

Preparation of Serum Samples
A total of 5mL peripheral blood was acquired from each donor
and coagulated at room temperature (RT) for 30min, followed by
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centrifugation at 12,000 rpm for 10min at 4◦C. Separated serum
samples were stored at−80◦C until use.

Serum VCP Level Detection
Samples were initially diluted with saline by a serial dilution of
2-, 5-, 10-, and 100-folds. The preliminary experiment suggests
that a dilution of 5-folds yielded good results within the range of
standards. Hence, all serum samples were diluted in a ratio of 1:5
for further assay in this study. Procedure of the two-site sandwich
assay is demonstrated as previously described (26). VCP was
separated by binding to the corresponding dendrimer-linked
monoclonal antibody on the microplate. Additionally, a horse
radish peroxidase (HRP)-conjugated secondary monoclonal
antibody was applied to form an antibody-antigen-labeled
antibody sandwich. Finally, unbound, labeled antibody was
removed by elution.

The serum VCP detection was conducted using a commercial
kit from Shanghai YuBo Biotechnology (catalog no.: YB-VCP-
Hu, Shanghai, China) for enzyme-linked immune sorbent assay
(ELISA) purposes. Briefly, an aliquot of 50 µL diluted sample or
the standards was added to a 96-well microplate and incubated
with 100 µL rabbit antimouse HRP-conjugated secondary
antibody at 37◦C for 1 h. Subsequently, the unbound antibody
was washed for five times. The microplates were then incubated
with 100 µL/well enzyme substrates and kept in dark at 37◦C to
allow immunoreaction. Finally, the reaction was quenched by the
addition of 50 µL stop solution. Signal intensity was detected of
the absorbance at the wavelength of 450 nm using the BioTek
Epoch Microplate Spectrophotometer (Biotek, Winooski, VT,
USA). The concentration of VCP in each sample was determined
based on the calibration curve generated with the human full-
length VCP protein standard. Sample diluent was made of 10%
NBS, 0.05% Tween-20, 0.2% procline-300, and PBS with pH 7.2–
7.4. As per the manufacturer’s instructions, crossreaction with
other nonspecific analytes and the influence of a spectrum of
other biological substances and drugs were negligible due to
the use of specific monoclonal antibodies in this system. The
specificity of this commercial kit was also verified in our previous
study (26).

Stability Test
To test the stability of VCP in human serum, two groups of serum
samples were exposed at 4◦C or RT for up to 6 days, respectively.
Meantime, aliquots from 6 time points (1, 3, 6 h, 1, 3, and 6 d)
were collected for VCP assay. Serum samples in both two groups
were collected from two individuals and treated under 3 different
conditions: (A) original serum sample without treatment, (B)
original serum sample supplemented with 1,500 pg/mL human
VCP standard, (C) original serum sample supplemented with
750 pg/mL human VCP standard. In addition, a third group
that consists of serum samples from another four individuals
was applied to investigate the possible effect of multigelation.
Specifically, five aliquots from each sample were thawed and
frozen repeatedly for 1 to 5 times, respectively. In each thaw–
frozen cycle, samples were frozen at −20 ◦C for 20min and then
brought back to RT for 1 h.

Genome-Wide Association Study (GWAS)
Analysis of VCP Polymorphisms and
Monocyte Count
Genome-wide association study summary data of 145K
individuals from the UK Biobank release (https://www.
ukbiobank.ac.uk/) were used to explore the association between
the VCP polymorphisms and monocyte count. Specifically,
variants with a minor allele frequency greater or equal to
1% and an imputation info score greater or equal to 0.5
were kept for association analysis. A Bonferroni-corrected
p-value of 5.00E-8 was used as the threshold to assess the
statistical significance. Eventually, variants that reached
genome-wide significance were annotated using HaploReg
v4.1 (31). The regional plot was generated using LocusZoom
(https://my.locuszoom.org/).

Expression Quantitative Trait Loci (EQTL)
Analysis of Rs684562 and VCP MRNA
Expression Level
To further explore the association between VCP mRNA
expression levels and the polymorphism identified by
GWAS, an eQTL analysis was performed with R software
(version 4.0.5) by employing the 1000 Genomes Project
Phase 3 genotype data from the Ensembl database (http://
www.ensembl.org/) and the deep RNA-sequencing data
of lymphoblastoid cell lines (LCLs) collected from 462
individuals of five populations genotyped in the 1000 Genomes
Project (32, 33).

Statistical Analysis
Statistical analyses were performed with R software (version
4.0.5) and GraphPad Prism software v 8.3.0 (La Giolla,
CA, USA). Continuous variables, such as serum VCP levels,
were presented as mean ± standard error of mean (SEM).
Categorical variables, such as female gender, were exhibited
as numbers or proportions. Differences among groups were
compared using one-way ANOVA test for normally distributed
continuous variables with homogeneous variance; otherwise,
Kruskal–Wallis test were used. Pearson’s chi-squared test was
used for categorical variables. For comparisons between two
groups, parametric Student’s t-test or nonparametric Mann–
WhitneyU-test was performed, which depends on the group size.
Univariate logistic regression analysis was initially performed
to screen risk factors for ACS or VD in patients with
ACS. Variables with significance were further investigated
with multivariate logistic stepwise regression analysis. All
statistical tests were two-sided, and p < 0.05 was considered
statistically significant.

RESULTS

Clinical Characteristics of Study
Population
Of the 291 participants enrolled in this study, no significant
difference was observed among different groups concerning
their gender, drinking habit, and the blood level of some
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biochemistry indicators, such as hemoglobin, creatine, eGFR,
HbA1c, triglyceride, and urine pH. However, there was
statistically significant difference in terms of their age, smoking
habit, along with the level of the rest biochemistry indicators.
The blood levels of several indicators, such as fasting plasma
glucose (FPG), cTnT, N-terminal pro-B-type natriuretic peptide
(NT-proBNP), CK-MB, creatine kinase MM (CK-MM), and
high-sensitive C-reactive protein (hs-CRP), were substantially
raised in ACS group compared to the rest groups. Meanwhile,
the glycosylated albumin (GA-L) level was remarkably raised in
non-IHD, CCS, and ACS groups, whereas the total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C), and high-
density lipoprotein cholesterol (HDL-C) levels were reduced
in these three groups (Table 1). In terms of echocardiographic
parameters, patients with ACS exhibited significantly reduced
left ventricular ejection fraction (LVEF) compared to the rest
groups. Besides, increased left atrium diameter (LAD) and left
ventricular end diastolic diameter (LVDd) were observed in ACS,
CCS, and non-IHD groups, compared to the healthy control
group (Table 2).

Significantly Increased Serum VCP Level in
ACS Group
Serum VCP levels of the four groups were exhibited in Figure 1.
Mean ± SEM of the VCP level for each group was also plotted
(ACS: 1,213.00 ± 40.36, Ctrl: 1,111.00 ± 21.62, non-IHD:
1,124.00 ± 20.66, CCS: 1,111.00 ± 23.23). As can be seen, serum
VCP level is significantly increased in the ACS group compared
with the healthy control group (P = 0.030), the non-IHD group
(P = 0.031), and the CCS group (P = 0.023), whereas there
was no significant difference neither between the healthy control
group and the non-IHD group (P = 0.680), or between the
healthy control group and the CCS group (P = 0.987). Besides,
there is also no significant difference between the CCS group and
the non-IHD group (P = 0.677).

Statistical and Genetic Association
Between VCP and ACS
According to the univariate logistic regression analysis based
on data from all 291 participants, the odds ratios (OR) with

TABLE 1 | Demographic and laboratory information of the study population.

Control (n = 64) Non-IHD (n = 88) CCS (n = 99) ACS (n = 40) P-value

Demographic characteristic

Age (years) 58 (48.0–68.0) 63 (51.8–71.3) 67 (60.3–72.0) 67 (57.5–75.3) 0.002

Gender (female%) 23 (35.9) 32 (36.4) 32 (32.7) 7 (17.5) 0.168

Smoking [n(%)] 2 (3.1) 19 (21.6) 22 (22.4) 15 (37.5) <0.001

Drinking [n(%)] 1 (1.6) 9 (10.2) 11 (11.2) 4 (10.0) 0.095

Biochemistry indicators

Hemoglobin (g/L) 130 (118.0–149.0) 124 (106.8–135.0) 127 (104.3–138.8) 125 (108.0–134.0) 0.095

Albumin (g/L) 45 (38.0–48.0) 40 (36.0–42.0) 39 (37.0–42.8) 36 (34.0–41.0) <0.001

Creatinine 80 (66.8–102.0) 84 (73.8–115.0) 87 (68.3–113.8) 89 (76.0–124.8) 0.522

eGFR (mL/min/1.73 m2) 90 (44.0–102.0) 77 (53.5–96.5) 74 (52.3–94.8) 77 (48.8–88.3) 0.404

FPG (mmol/L) 5.2 (4.8–5.9) 5.4 (4.7–7.0) 5.6 (4.9–7.4) 6.7 (5.4–9.1) 0.002

GA-L (%) 13.3 (12.0–15.5) 15.5 (13.0–18.6) 15.1 (13.4–16.6) 15.1 (13.7–19.3) 0.001

HbA1c (%) 5.7 (5.4–5.9) 5.9 (5.4–7.1) 5.8 (5.6–7.1) 6.0 (5.6–7.8) 0.094

cTnT (ng/mL) 0.012 (0.006–0.049) 0.043 (0.014–0.124) 0.040 (0.010–0.121) 0.536 (0.075–1.842) <0.001

Log(NT-proBNP)(pg/mL) 4.947 (3.694–6.280) 6.963 (6.076–7.935) 6.572 (4.908–7.886) 7.477 (6.482–8.765) <0.001

CK-MB (U/L) 15 (12.0–20.0) 15 (12.0–18.0) 15 (13.0–22.0) 20 (14.8–44.3) 0.001

CK-MM (U/L) 62 (41.0–96.0) 59 (34.0–108.0) 52 (33.3–83.8) 171 (44.5–488.5) 0.004

hs-CRP (mg/L) 1.1 (0.4–3.2) 2.0 (0.6–10.6) 1.4 (0.5–8.3) 6.4 (1.9–36.3) <0.001

TC (mmol/L) 4.930 (4.165–5.490) 3.780 (3.220–4.610) 3.310 (2.870–3.890) 3.410 (2.850–4.170) <0.001

Triglyceride (mmol/L) 1.480 (1.095–2.078) 1.260 (0.907–1.755) 1.310 (0.930–1.940) 1.190 (0.780–1.910) 0.320

LDL-C (mmol/L) 2.795 (1.990–3.327) 2.070 (1.640–2.810) 1.620 (1.290–2.130) 1.560 (1.340–2.220) <0.001

HDL-C (mmol/L) 1.210 (1.012–1.490) 1.010 (0.860–1.250) 1.040 (0.840–1.160) 1.030 (0.830–1.170) 0.004

UA 328(265–409) 379(302–483) 339(291–399) 398(314–462) 0.003

Urine pH 5.5 (5.5–6.1) 6.0 (5.5–6.0) 5.5 (5.5–6.5) 5.5 (5.1–6.0) 0.637

Proteinuria 0.001

– 38 (66.7) 69 (83.1) 73 (80.2) 19 (50.0)

+ 10 (17.5) 8 (9.6) 10 (11.0) 14 (36.8)

≥++ 9 (15.9) 6 (7.2) 8 (8.8) 5 (13.2)

eGFR, estimated glomerular filtration rate; FPG, fasting plasma glucose; GA-L, glycosylated albumin; HbA1c, glycosylated hemoglobin; cTnT, cardiac troponin T; NT-proBNP, amino

terminal probrain natriuretic peptide; CK-MB, creatine kinase MB; CK-MM, creatine kinase MM; hs-CRP, high-sensitivity C-reactive protein; TC, total cholesterol; LDL-C, low-density

lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; UA, uric acid. Bold value indicates the statistical significance.
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TABLE 2 | Medical history and echocardiography of the study population.

Control (n = 64) Non-IHD (n = 88) CCS (n = 99) ACS (n = 40) P-value

History of cardiovascular disease

Arrhythmia 0 (0.0) 52 (59.1) 23 (23.2) 5 (12.5) <0.001

Cardiomyopathy 0 (0.0) 9 (10.2) 7 (7.1) 0 (0.0) 0.009

Valvular disease 0 (0.0) 29 (33.0) 5 (5.1) 2 (5.0) <0.001

Congenital heart disease 0 (0.0) 11 (12.5) 0 (0.0) 0 (0.0) <0.001

Hypertension 28 (43.8) 38 (43.2) 71 (72.4) 30 (75.0) <0.001

Dyslipidemia 28 (43.8) 38 (43.2) 71 (72.4) 30 (75.0) <0.001

Diabetes 7 (10.9) 3 (3.4) 7 (7.1) 4 (10.0) 0.298

Medication received before admission

ACEI/ARBs 6 (9.4) 19 (22.1) 39 (40.6) 16 (40.0) <0.001

CCB 11 (17.2) 22 (25.0) 29 (30.2) 11 (27.5) 0.314

β blockers 6 (9.4) 23 (26.1) 37 (38.5) 14 (35.0) 0.001

diuretics 4 (6.2) 29 (33.0) 29 (30.2) 5 (12.5) <0.001

Digoxin 0 (0.0) 7 (8.0) 5 (5.2) 0 (0.0) 0.040

Statins 12 (18.8) 5 (5.7) 52 (54.2) 21 (52.5) <0.001

Antithrombotics 7 (10.9) 12 (13.6) 72 (75.0) 34 (85.0) <0.001

Anticoagulation 2 (3.1) 22 (25.0) 10 (10.4) 9 (22.5) 0.001

Nitrate esters 1 (1.6) 9 (10.2) 18 (18.8) 18 (45.0) <0.001

Trimetazidine 0 (0.0) 2 (2.3) 3 (3.1) 0 (0.0) 0.530

Insulin 2 (3.1) 6 (6.8) 14 (14.6) 1 (2.5) 0.033

OAD 2 (3.1) 12 (13.6) 12 (12.5) 6 (15.0) 0.090

Echocardiographic parameters

ARD (mm) 34 (31–37) 33 (32–37) 33 (31–35) 34 (32–36) 0.324

LAD (mm) 38 (36–40) 44 (41–50) 41 (39–45) 41 (38–42) <0.001

LVDd (mm) 46 (44–49) 49 (45–54) 48 (44–52) 49 (45–55) 0.005

IVS (mm) 10 (9–11) 10 (9–12) 10 (9–12) 10 (10–12) 0.068

LVPW (mm) 9 (9–10) 10 (9–11) 10 (9–10) 10 (9–10) 0.345

PAP (mmHg) 30 (30–34) 35 (31–44) 33 (31–38) 32 (30–35) <0.001

LVEF (%) 65 (63–67) 64 (58–66) 60 (50–66) 54 (43–62) <0.001

ACEI, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; CCB, calcium channel blocker; OAD, oral antidiabetic drugs; ARD, aortic root diameter; LAD, left

atrial diameter; LVDd, left ventricular end diastolic diameter; IVS, interventricular septal thickness; LVPW, posterior wall thickness of left ventricle; PAP, pulmonary arterial systolic pressure;

LVEF, left ventricular ejection fraction. Bold value indicates the statistical significance.

its 95% confidence intervals (CIs) for 36 possible indicators are
presented in Table 3. As can be seen, VCP, along with several
other indicators, which include FPG, cTnT, NT-proBNP, CK-
MB, CK-MM, uric acid (UA), and proteinuria (+), is positively
correlated with the risk of ACS, whereas albumin and LVEF were
negatively correlated with the risk of ACS. To further verify the
association between VCP and the risk of ACS, a multivariate
logistic stepwise regression analysis was performed for the above
10 identified indicators. The statistical results revealed that VCP,
along with cTnT and UA, was independent variables in the
optimizedmodel (Table 4). Taken together, these findings suggest
that VCP level is strongly related to the risk of ACS.

To further investigate the potential role of VCP in the
occurrence of ACS at a genetic level, a GWAS analysis that
focusses on genetic variants associated with monocyte count
was performed. As shown in Figure 2A, a common SNP
(rs684562) located on the VCP gene, which is indicated by a
purple rhombic dot, was significantly associated with human
monocyte count (P = 2.20E-14). In addition, the eQTL analysis

further revealed that VCP mRNA level was associated with the
genotype of rs684562 (Figure 2B). Individuals carrying the T
allele on the rs684562 locus tend to have decreased VCP levels
as compared to the C allele. Taken together, these findings
imply that gene polymorphism might affect the VCP expression
that consequently modulates peripheral blood monocyte
count and inflammation and regulates the development
of ACS.

Decreased Serum VCP Level in Patients
With ACS With VD
Since the long-term prognosis of ACS is closely reflected by the
presence of VD, we then subdivided the ACS group into 2 cohorts
depending on whether or not the patient developed VD and
then compared the serum VCP level between the two cohorts.
Our results showed that patients with ACS who developed VD
exhibited significantly decreased serum VCP levels compared to
those who did not develop VD (P = 0.014) (Figure 3).
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FIGURE 1 | Serum VCP levels of healthy control group (Ctrl), nonischemic

heart disease group (non-IHD), chronic coronary syndrome group (CCS), and

acute coronary syndrome group (ACS) (*p < 0.05).

Association Between VCP and the Risk of
Developing VD in Patients With ACS
According to the univariate logistic regression analysis based
on data from the 40 patients with ACS, the ORs with its
95% CI for 36 possible indicators are presented in Table 5.
Among the indicators, only VCP, UA, left ventricular diameter
in systole (LVDs), and interventricular septal thickness (IVS)
are statistically correlated with the risk of developing VD in the
ACS cohort.

To further confirm the association between VCP and the
risk of developing VD, a multivariate logistic stepwise regression
analysis was again performed for the above 4 identified
indicators. Statistical results revealed that VCP, LVDs, and IVS
were independent variables in the optimized model (Table 6),
which suggest that VCP is significantly associated with the
development of VD in patients with ACS. In addition, the OR
(0.513) with its 95% CI (0.276–0.954) indicated that the risk of
developing VD tends to reduce as the serum VCP level increases.
Similarly, it can be inferred that increased IVS and decreased

TABLE 3 | Univariate logistic regression analysis of ACS and possible indicators

(all indicators increase by 1 unit unless otherwise specified).

Indicator OR (95% CI) P-value

VCPa 1.234 (1.044, 1.459) 0.014

Age 0.999 (0.968, 1.032) 0.975

Gender 0.437 (0.175, 1.096) 0.078

Smoking 2.073 (0.934, 4.598) 0.073

Drinking 0.879 (0.262, 2.943) 0.834

Hemoglobin 0.996 (0.981, 1.012) 0.647

Albumin 0.923 (0.854, 0.998) 0.045

Creatinine 1.001 (0.999, 1.003) 0.487

eGFR 0.996 (0.983, 1.009) 0.508

FPG 1.113 (1.003, 1.235) 0.045

GA-L 1.038 (0.958, 1.124) 0.361

HbA1c 1.045 (0.775, 1.410) 0.772

cTnTb 1.052 (1.018, 1.088) 0.003

log(NT-proBNP) 1.353 (1.103, 1.659) 0.004

CK-MB 1.034 (1.011, 1.058) 0.004

CK-MM 1.003 (1.001, 1.004) 0.003

hs-CRP 1.009 (1.000, 1.019) 0.062

TC 1.177 (0.752, 1.844) 0.476

Triglyceride 1.089 (0.776, 1.529) 0.622

LDL-C 1.155 (0.685, 1.948) 0.590

HDL-C 0.592 (0.204, 1.717) 0.334

UA 1.004 (1.001, 1.006) 0.007

Urine pH 0.709 (0.417, 1.205) 0.204

Proteinuria +c 5.379 (2.068, 13.988) <0.001

Proteinuria ≥++d 2.401 (0.705, 8.183) 0.161

Hypertension 1.141 (0.492, 2.647) 0.759

Dyslipidemia 1.444 (0.399, 5.235) 0.576

Diabetes 1.292 (0.614, 2.718) 0.500

ARD 1.093 (0.986, 1.212) 0.090

LAD 0.955 (0.887, 1.028) 0.219

LVDd 1.037 (0.989,1.087) 0.137

LVDs 1.037 (0.993, 1.082) 0.099

IVS 1.037 (0.850, 1.266) 0.719

LVPW 1.000 (0.843, 1.185) 0.997

PAP 0.974 (0.923, 1.028) 0.335

LVEF 0.969 (0.940, 0.998) 0.037

aVCP increases by 100 units.
bcTnT increases by 0.003 units.
cCompared with nonproteinuria group.
dCompared with nonproteinuria group.

Bold value indicates the statistical significance.

LVD are significantly related to reduced odds of developing VD
in the patients with ACS.

Stability of VCP in Serum
Given the fact that optimal storage and handling condition
of serum samples cannot always be achieved during clinical
practice, we have tested the stability of VCP upon three different
circumstances. The results showed that after 6 days, the final
VCP content slightly declined to 94.11% and 95.19% of its initial
level when stored at 4◦C or RT, respectively (Figure 4A). In
addition, the VCP content in repeatedly thawed and frozen
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samples also maintained at a stable level after five freeze–thaw
cycles (Figure 4B). These findings suggest that neither long-term
storage at 4◦C or RT nor multigelation could seriously affect
serum VCP quantity.

DISCUSSION

In this study, serum VCP level was found to be significantly
increased in the ACS group compared with the healthy control,
CCS, and non-IHD groups. Meanwhile, statistical results from
the multivariate logistic regression models also demonstrated
that the serum VCP level is an independent risk factor for ACS
(P= 0.042, OR= 1.222). More importantly, by dividing the ACS
cohort into “ACS + VD” and “ACS + non-VD” subgroups, we
have further observed that during progression of ACS, patients
who developed VD exhibited significantly decreased serum VCP
levels compared to those who did not develop VD. Multivariate
logistic regression analysis showed that serum VCP was an
independent variable that significantly correlated with the risk
of VD in patients with ACS (P = 0.035, OR = 0.513). These

TABLE 4 | Multivariate logistic stepwise regression analysis of ACS and candidate

indicators (all indicators increase by 1 unit unless otherwise specified).

Indicator OR (95% CI) P value

VCPa 1.222 (1.008, 1.482) 0.042

cTnTb 1.054 (1.015, 1.093) 0.006

UA 1.004 (1.001, 1.007) 0.007

FPG 1.121 (0.960, 1.310) 0.150

CK-MM 1.002 (0.998, 1.006) 0.286

CK-MB 1.014 (0.959, 1.073) 0.520

Albumin 0.957 (0.830, 1.113) 0.570

LVEF 1.014 (0.959, 1.073) 0.620

Proteinuria 1.193 (0.508, 2.804) 0.686

NT-proBNP 0.970 (0.616, 1.528) 0.896

aVCP increases by 100 units.
bcTnT increases by 0.003 units.

Bold value indicates the statistical significance.

outcomes suggest that VCP could be an effective biomarker for
the prediction of both ACS and its complication.

To explore the possible mechanism behind the correlation
between serum VCP level and the occurrence of ACS, a

FIGURE 3 | A significant difference in serum VCP level was observed between

patients with ACS with VD and patients with ACS without VD (*p < 0.05).

FIGURE 2 | VCP polymorphism is correlated with human monocyte count and VCP mRNA expression level. (A) Association between rs684562 and human monocyte

count revealed by GWAS (P = 2.20E-14). (B) Association between VCP mRNA expression level and the genotype of rs684562 revealed by eQTL analysis.
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TABLE 5 | Risk factors for VD in patients with ACS evaluated by univariate logistic

regression analysis (all indicators increases by 1 unit unless otherwise specified).

Indicator OR (95% CI) P-value

VCPa 0.651 (0.442, 0.957) 0.029

Gender 0.256 (0.028, 2.383) 0.231

Age 1.033 (0.979, 1.089) 0.236

Smoking 0.889 (0.231, 3.425) 0.864

Drinking 0.590 (0.056, 6.266) 0.661

Hemoglobin 0.980 (0.951, 1.010) 0.199

Albumin 0.997 (0.866, 1.147) 0.966

Creatinine 1.000 (0.996, 1.003) 0.775

eGFR 0.983 (0.961, 1.006) 0.148

FPG 1.193 (0.993, 1.432) 0.059

GA-L 1.144 (0.968, 1.351) 0.114

HbA1c 1.833 (0.985, 3.414) 0.056

cTnTb 0.989 (0.975, 1.003) 0.129

log(NT-proBNP) 1.578 (0.987, 2.523) 0.057

CK-MB 0.973 (0.939, 1.009) 0.139

CK-MM 0.998 (0.996, 1.001) 0.176

hs-CRP 1.000 (0.985, 1.015) 0.976

TC 0.496 (0.201, 1.221) 0.127

Triglyceride 1.169 (0.720, 1.900) 0.528

LDL-C 0.270 (0.067, 1.080) 0.064

HDL-C 0.105 (0.005, 2.032) 0.136

UA 1.005 (1.000, 1.009) 0.033

Urine pH 0.784 (0.255, 2.412) 0.672

Proteinuria + 0.562 (0.194, 1.628) 0.288

Proteinuria ≥++ 0.344 (0.032, 3.688) 0.378

Hypertension 1.351 (0.289, 6.320) 0.702

Dyslipidemia 0.590 (0.056, 6.266) 0.661

Diabetes 3.400 (0.873, 13.239) 0.078

ARD 1.224 (0.994, 1.508) 0.057

LAD 1.053 (0.913, 1.215) 0.480

LVDd 1.097 (0.999, 1.205) 0.052

LVDs 1.131 (1.028, 1.244) 0.012

IVS 0.507 (0.292, 0.879) 0.016

LVPW 0.641 (0.343, 1.200) 0.165

PAP 1.052 (0.952, 1.162) 0.318

LVEF 0.952 (0.900, 1.007) 0.086

aVCP increases by 100 units.
bcTnT increases by 0.003 units.
cCompared with proteinuria negative group.
dCompared with proteinuria negative group.

Bold value indicates the statistical significance.

GWAS analysis that focusses on genetic variants associated with
monocyte count was performed. Accordingly, rs684562, which
is a common SNP located on the VCP gene, was found to be
significantly associated with human monocyte count. The eQTL
analysis further suggested that VCP mRNA expression level
was associated with the genotype of rs684562, since individuals
carrying the T allele tended to have a lower VCP level compared
with those carrying the C allele. Inflammation with monocyte
aggregation plays an important role in the development and

TABLE 6 | Risk factors for VD in patients with ACS evaluated by multivariate

logistic stepwise regression analysis (all indicators increase by 1 unit unless

otherwise specified).

Indicator OR (95% CI) P-value

VCPa 0.513 (0.276, 0.954) 0.035

LVDs 1.315 (1.031, 1.677) 0.028

IVS 0.272 (0.094, 0.786) 0.016

UA 1.003 (0.996, 1.011) 0.394

aVCP increases by 100 units.

Bold value indicates the statistical significance.

progression of atherosclerosis and other cardiovascular diseases
(34). It is now widely accepted that inflammation dysfunction is
one of the main mechanisms of ACS (35). Thus, our findings
indicated that the upregulation of VCP in ACS might be
related to its participation in modulating monocyte count and
inflammation. Moreover, previous studies have revealed that
elevated levels of inflammatory markers produced by enhanced
inflammation, along with increased white blood cell counts, are
not only associated with a higher ACS incidence, but also a sign of
poor prognostic events, which include VD and heart failure (36–
39). According to a recent study, sufficient VCP in the heart could
prevent pressure overload-induced heart failure by rectifying the
inflammatory signaling and enhancing the cardiac resistance to
oxidative stress (40). Therefore, the antiinflammatory function
of VCP might explain its upregulation in the “ACS + non-VD”
group. In addition, overexpression of VCP has been proposed to
protect the cardiac function from negative effects of pathological
Ca2+ overload by modulating Ca2+ uptake proteins (41), which
we assume might also be a pathway for VCP to work against the
development of VD.

Except for the predictive value of a biomarker, its stability is
also a critical concern for clinical use. Our stability test results
revealed that serum VCP level merely slightly decreased by 5.89
and 4.81% after 6 days when stored at 4◦C or RT, respectively.
This finding suggests that the stability of VCP is similar to several
previously proposed biomarkers for the diagnosis of ACS, such
as aspartate aminotransferase (AST) (reduced by 2.1%, 4◦C, 7d),
CK-MB (increased by 1.9%, 4◦C, 7d) and cTnT (increased by
0.6%, 4◦C, 7d), and better than some others, such as cardiac
troponin I (cTnI) (reduced by 19.3%, 4◦C, 7d) (42). Furthermore,
no significant fraction reduction was observed in terms of the
serum VCP level even after 5 freeze–thaw cycles. These indicate
that VCP is stable in serum under different storage circumstances
and thus could be applied as a suitable serological biomarker.
During clinical practice, such kind of stable indicators should be
of great value, as their expression levels in blood samples could
be accurately quantified even after long-term storage.

Apart from VCP, some common indicators, which include
albumin, FPG, UA, proteinuria, LVEF, cTnT, NT-proBNP, CK-
MB, and CK-MM, were also identified to be the independent risk
factors for ACS in this study. Among these indicators, the last
four has previously been reported to be applied in diagnosis of
ACS. From our laboratory test results, it can be observed that the
serum levels of cTnT, CK-MB, and CK-MM were indeed notably
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FIGURE 4 | VCP is a stable serological biomarker under different preservation circumstances. (A) VCP content left after 1, 3, 6 h, 1, 3, and 6 d, illustrated by fraction

change (n = 6). (B) VCP content left after 1–5 cycles of freezing and thawing (n = 4).

elevated in the ACS group. However, previous studies also
revealed their limitations in the diagnosis of ACS. Taking cTnT,
the most representative one, for example, its elevation reflects the
“fait accompli” of myocardial infarction, rather than progression
of ACS (16, 17). As for the other indicators, their elevations
are most likely to be physiological compensation effects, which
are not specific secondary reactions to ACS. For example, an
increased FPG level could be explained by hyperglycemia under
the stress of ACS, known as stress induced hyperglycemia
(SIH) (18, 19), whereas the elevation of UA is possibly due
to the fact that UA level is closely related to oxidative stress,
endothelial dysfunction, inflammation, and vasoconstriction,
which are the common features in the episode of ACS (20, 21).
In the recent years, the development of omics technology like
metabolomics has also been proposed to promote the diagnosis
of ACS. However, its clinical application has not yet been
guaranteed due to problems concerning technical challenges
and data interpretation (43). In view of feasibility, promising
biomarkers that can be assayed using simple detection methods
are currently still preferentially considered. Recently, serum
CCL21 level was found to be independently associated with
outcome after ACS (44), which has highlighted the potential of
applying gene expression pattern to promote clinical evaluation.
Similarly, the inclusion of VCP in routine serum test should
significantly improve the diagnostic accuracy of ACS in the early
stage. Besides, detection of serum VCP could also be beneficial
to patients with ACS due to its informative role in prognosis
estimation. In clinical practice, Killip classification is widely
used to evaluate the severity of pump failure and guide the
therapy selection (45). Nevertheless, the assessment is based
on clinical findings, which can be subjective and interfered
by respiratory infection symptoms, not to mention that it is
unable to reflect the development of VD. On the other hand,
existing indicators, such as CK-MB and cTnT for the diagnosis

of ACS, or NT-proBNP for the diagnosis of heart failure, are
all released passively after ischemia-induced myocardial cell
injury, myocardial ventricle wall stress, or tissue hypoxia and
therefore could not be applied as specific and valuable prognostic
indicators during progression of ACS (46, 47). In this study, two
morphological indicators, LVDs and IVS, were also identified
to be significantly correlated with the risk of developing VD;
however, these are not suitable for clinical application. Blood
biochemistry test is currently an important procedure during the
clinical evaluation of ACS. As a molecular indicator that can
be quantified by the broadly used ELISA, VCP could be easily
integrated with some existing biochemical indicators without the
requirement of additional pretreatment for the blood samples.
More importantly, an advantage of VCP is that it allows a much
earlier prediction of prognosis compared to other morphological
changes that may only take place in severe phase, which could be
helpful in assessing whether some early interventions are needed
to prevent poor prognosis of ACS.

The main strengths of our study are 3 folds: (1) we discovered
the dual function of serum VCP as it predicts both the
development of ACS and its complication. The versatility of VCP
suggested its superiority over the current clinical markers; (2) we
performed the GWAS and eQTL analyses to explore the potential
mechanisms behind the VCP function; (3) we also validated
VCP stability under different storage conditions, which might
increase the feasibility and practicability of translating VCP into
clinical use. However, several limitations should be noted. First,
the prognosis prediction role of VCP deserves to be verified
in a larger size of samples, since there are currently only 14
serum samples from the “ACS + VD” subgroup, which makes
our conclusion lack of confidence. Second, stratification of the
VD in patients with ACS based on the degrees of their cardiac
dysfunction or physical activity condition was not performed in
this study due to the relative small sample size. Hence, further
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research with more samples consisting of patients with different
severities of complications are required to explicit the dynamic
expression changes of VCP during the development of VD.

CONCLUSION

Overall, the serum level of VCP was found to be positively
correlated with the risk of ACS. Higher serum VCP level was
significantly related to reduced odds of developing VD in patients
with ACS. Serum VCP was stable under different preservation
conditions. Our study suggests that VCP is a promising and stable
biomarker that can be used to predict both the development of
ACS and its complication.
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The Thoracic Outlet Syndrome is a clinical potentially disabling condition characterized

by a group of upper extremity signs and symptoms due to the compression of

the neurovascular bundle passing through the thoracic outlet region. Because of the

non-specific nature of signs and symptoms, to the lack of a consensus for the objective

diagnosis, and to the wide range of etiologies, the actual figure is still a matter of debate

among experts. We aimed to summarize the current evidence about the pathophysiology,

the diagnosis and the treatment of the thoracic outlet syndrome, and to report a

retrospective analysis on 324 patients followed for 5 years at the Padua University

Hospital and at the Naples Fatebenefratelli Hospital in Italy, to verify the effectiveness

of a specific rehabilitation program for the syndrome and to evaluate if physical therapy

could relieve symptoms in these patients.

Keywords: diagnosis, treatment, thoracic outlet syndrome, surgery, rehabilitation

INTRODUCTION

The Thoracic Outlet Syndrome (TOS) is a clinical potentially disabling condition characterized by a
group of upper extremity signs and symptoms due to the compression of the neurovascular bundle
passing through the thoracic outlet region, an anatomical site enclosed among the anterior middle
scalene muscles, the clavicle, and the first rib.

According to the pathophysiology, TOS can be classified in: neurogenic (nTOS), arterial (aTOS),
and venous (vTOS). Each one of thesemay recognize either a congenital (cervical ribs or anomalous
first rib), or traumatic (whiplash injuries, falls), or functionally acquired (active and vigorous
repetitive sport- and/or work-related activities) cause (1–4).
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The incidence of TOS ranges from 3 to 80/1,000 people;
nonetheless, due to the non-specific nature of signs and
symptoms, to the lack of a consensus for the objective diagnosis,

and to the wide range of etiologies, the actual figure is still a

matter of debate (1–4).
In 2016, the Society for Vascular Surgery issued a consensus

document attempting to standardize the terminology,
definitions, diagnostic criteria, reporting standards and

therapeutic options for each type of TOS (1).
This article summarizes the current evidence about the

epidemiology and the pathophysiology of TOS, and its diagnostic
and therapeutic approach at the Padua University Hospital and at
the Naples Fatebenefratelli Hospital in Italy together with a report
of our personal experience in this setting.

Epidemiology
nTOS accounts for 90–95% of cases, vTOS for 3–5%, and aTOS
for the remaining 1–2%. Signs and symptoms most often occur
between 20 and 50 years and are usually unilateral, especially
involving the dominant arm. While nTOS is more prevalent
in women, aTOS equally affects both genders, and vTOS is
more frequent in men. Both aTOS and nTOS share common
etiologies causing artery and/or nerve compression, such as
trauma (whiplash injury), or anatomic abnormalities (cervical
ribs, anterior and/or middle scalene hypertrophy, tumors, or
fibrous bands). vTOS is more common in athletes (e.g., volley,
baseball, swimming, body-building, etc.), manual workers or
subjects performing vigorous activity (2–6).

Anatomy
The superior thoracic outlet is the anatomical area crossed by
the brachial plexus, and by the subclavian artery and vein. It
lies between the anterior and middle scalene muscles, superiorly
to the first rib, posteriorly to the clavicle, laterally to the
sternal manubrium.

The brachial plexus is formed by the anterior branches of
cervical roots C5 to C8, the anterior branch of the first thoracic
nerve (T1) and the anastomotic branches of C4 and T2. It
supplies nerve fibers to the thorax and upper limb.

The thoracic outlet includes three distinct anatomical spaces
where a compression of the neurovascular structures may occur
(Figure 1):

- Triangle of the scalenes: most frequently involved in the
compression of the brachial plexus and of the subclavian
artery. It is formed anteriorly by the anterior scalene muscle,
and posteriorly by the middle scalene muscle; the base of the
triangle is made up by the first rib.

- Costo-clavicular space: most frequently involved in the
compression of the subclavian vein. It is outlined anteriorly by
the middle third of the clavicle, and postero-medially by the
first rib and by the aponeurosis of the subclavian muscle.

- Subpectoral space: the entire brachial plexus may be
compressed at this level (5, 7). It is bordered anteriorly
by the tendon of the pectoralis minor muscle and the coracoid
process, and posteriorly by the thoracic wall.

Pathophysiology
A list of the most common congenital or acquired causes of TOS
is reported in Table 1 (8–12).

Congenital Factors
The prevalence of a cervical rib accounts for 1–2% in the general
population, women being most frequently affected. About 20% of
nTOS cases are attributable to this anomaly, that also constitutes
a risk factor for the development of aTOS (9, 10).

Acquired Factors
Acquired causes of TOS include: consolidation defects of the
first rib and of the clavicle, and muscular hypertrophy due
to physical or professional repetitive activities involving lifting
weights. Also, postural disorders and scapular girdle dysfunction
may lead to narrowing of the costoclavicular angle, resulting in
compression of the neck vascular bundle (13). Acute symptoms
may develop following traumatic events, such as whiplash or a fall
on an outstretched arm (14). Other causes are Pancoast tumor,
hereditary multiple exostosis, and osteochondromas.

CLINICAL DIAGNOSIS

Clinical Features and Physical Examination
It is essential to collect an accurate medical history describing
symptoms, their onset and duration, the presence of
aggravating/alleviating factors, and the associated degree
of disability. Pain in the neck, occipital region, chest,
shoulders and upper limbs is frequently reported. Other
symptoms are: paraesthesia, hypoesthesia or anesthesia,
weakness, heaviness, dyschromia and dystermia (5, 15, 16). A
complete list of TOS-related signs and symptoms is reported in
Supplementary Table 1S (see Supplementary Material).

Provocative Maneuvers
These maneuvers (see Supplementary Table 2S) may evoke
TOS typical symptoms (10). Simultaneous positivity of several
maneuvers may increase specificity; for instance, in a study by
Gillard et al. the specificity of the Adson and Roos tests ranged
from 30 to 72% when used alone, increasing to 82% when both
were performed (5, 17–20).

IMAGING

Plethysmography
Finger plethysmography may detect a subclavian artery
compression displaying both a delayed upslope of the sphygmic
wave, and a loss of the dicrotic notch during provocative
maneuvers. These findings, however, are also common in
the normal population, mandating further diagnostic testing
(1, 4, 21).

Ultrasound Assessment
In our Institutions, patients with suspected vascular
TOS undergo dynamic bilateral Color-Coded Doppler
Ultrasonography (CCDU). CCDU allows for non-invasive
real-time visualization, as well as for pulsed Doppler waveform
analysis and blood-flow velocity evaluation, of the subclavian
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FIGURE 1 | Anatomical spaces involved in TOS.
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TABLE 1 | Common causes of TOS.

Congenital factors Acquired abnormalities

Cervical rib Postural factors

1st rib anomaly Fall injuries to upper limb

C7 transverse process

abnormalities

Clavicular Fracture

Fibrous bundles between

transverse process of C7 and

the 1st rib

1st rib fracture

Supernumerary rib Whiplash injury

Anomalies of scalene muscle

insertion

Repetitive stress injuries

Supernumerary scalene muscle Hypertrophy of the scalene muscles

Exostosis of the first rib Decrease trapezius, scapulae

elevator, rhomboides muscles tone

Cervicodorsal scoliosis Shortening of the scalene, trapezius,

elevator scapulae, pectoralis muscles

and axillary vessels, both at rest and during provocative
maneuvers (1, 21–23). Currently, a consensus on the preferred
technique to evaluate suspected TOS by ultrasonography is
lacking. In our Institutions, all sonographic examinations are
performed with last generation ultrasound equipment, using
a 3–13 MHz multifrequency linear-array probe for higher
accuracy, according to a standardized technique (see Section 1,
Supplementary Material).

Chest and/or Cervical X-Ray
Plain chest and/or cervical X-ray films should be obtained in
all patients with suspected TOS, being a sensitive and low-cost
modality to identify major bone abnormalities potentially
causing TOS (Table 1). In doubtful cases, contrast-enhanced
computed tomography angiography (CTA) or magnetic
resonance angiography (MRA) may be performed, as they
provide a more detailed survey of the anatomy, especially useful
to diagnose TOS subtypes (21, 24–26).

CTA
Detailed methodology is reported in Section 2 of the
Supplementary Material.

CTA is especially useful in symptomatic patients without
skeletal anomalies at conventional radiography (27). Several
studies have focused on the efficacy of 3-D reconstructions,
which can define the anatomical details, highlight anatomical
relationships between vascular and bone structures, and allow
surgery planning.

CTA can detect deep-vein thrombosis and venous collateral
circuits, both consequences of venous compression. CTA is
the preferred choice for the evaluation of patients with
suspected anomalous ribs or fractures, and it is also useful
in postoperative patients with suspected remnant 1st rib
(Supplementary Figure 1S).

Among CTA limitations are: ionizing radiation exposure,
scarce visualization of brachial plexus, mandatory supine

position, and poor arm/shoulder hyperabduction due to the
gantry size (28, 29).

MRA
Detailed methodology is reported in Section 3 of the
Supplementary Material.

MRA with provocative maneuvers is the cross-sectional
imaging test of choice in patients with suspected TOS, allowing
for careful study of all the anatomical components of the
thoracic outlet (30). Even without contrast media, MRA can
show arterial and neural plexus compression, venous thrombosis
and venous collateral circuits, muscle hyperthrophy and
hypotrophy, accessories muscles, and anomalous fibrous bands
(Supplementary Figure 2S). T1-weighted sagittal sequences are
useful for assessing vascular and neural compression and
for revealing post-stenotic dilation; instead, coronal sequences
supply good views of the brachial plexus, and may highlight
fibrous bands. All sequences should be acquired during bilateral
arm abduction with the head and neck in the neutral position,
and repeated during arm adduction with additional contrast
administration (31–34).

MRA has some advantages over CTA, such as multi-planar
analysis, optimal small parts visualization, and lack of ionizing
radiation, the latter being of particular interest in the generally
young patient population affected by TOS. However, when MRA
cannot be performed due to claustrophobia or implanted devices,
CTA remains the study of choice.

Both MRA and CTA are difficult to perform in patients with
severe or dialysis-dependent renal failure.

Venography and Arteriography
Both venography and arteriography have been historically
considered the diagnostic “gold standard”, but due to single-
plane resolution and invasiveness, they have been widely replaced
by CTA and MRA, and currently have a very limited use (e.g.,
severe arterial insufficiency or ischemia, aneurysms, extended
thrombosis or vein fibrosis; see Supplementary Figure 3S)
(2, 21).

ELECTRODIAGNOSTICS

True nTOS is a plexopathy caused by a fibrous band from a
rudimentary cervical rib to the first thoracic rib, trapping the
lower trunk of the brachial plexus and developing a sensory
and motor deficit in the C8-T1 distribution territory. nTOS is
often confused clinically with ulnar neuropathy at the elbow, or
with C8-T1 radiculopathy (35). In nTOS, T1 fibers tend to be
preferentially affected, leading to a distinctive pattern. In most
cases, the ulnar sensory nerve action potential (SNAP) amplitude
is low but not absent, the medial antebrachial cutaneous SNAP
amplitude is also usually low or absent, and the median SNAP
is normal. Additionally, the axonal loss is characterized by a
low compound muscle action potential (CMAP) amplitude in
both the median and ulnar motor nerves, typically with a more
profound decrease in the median response affecting the median-
innervated thenar muscles (5, 36). Needle electromyography
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abnormalities are found in median- more than in ulnar-
innervated C8–T1 muscles, and less so in radial innervated C8
muscles; in particular, the thenar muscles are more severely
involved than the hypothenar ones. Such abnormalities may
include fibrillation potentials, positive sharp waves, and long
duration motor unit potentials (MUPs). The abductor pollicis
brevis is preferentially innervated by the T1 root, and is most
commonly affected in nTOS (37).

TREATMENT

Initial management of TOS is usually conservative (dedicated
physical therapy, addressing muscle imbalance, postural
abnormalities and neural mobilities). Patients are taught that
overhead activity, heavy lifting, repetitive motions or use of
vibratory tools will aggravate their symptoms, and play against
good long-term physical or surgical results.

Although a consensus on the appropriate conservative
regimen for nTOS remains controversial, a multimodal approach
including patient education, TOS-specific rehabilitation and drug
therapies has shown positive results in 60–70% of cases.

If symptoms persist after at least 3–6 months of rehabilitation
and patients are experiencing some degree of disability at work,
sleep, recreation, or daily living activities, a surgical approach
should be considered, and treatment choice is usually related
to surgeon experience, kind of involved anatomical district,
extent of surgical procedure, and exposure needs (38, 39).
Other indications for surgery include arterial and/or venous
compression with or without parietal damages, thrombosis
or aneurysms.

Medical Therapy
Pharmacological interventions often provide symptom relief,
and mainly include analgesics (non-steroidal anti-inflammatory
drugs and/or opioids) for neuropathic pain, as well as muscle
relaxants, anticonvulsants and/or antidepressants as adjuvants.

Parenteral Treatment
Symptomatic patients with scalene muscles contracture who fail
to respond to conservative approachmay benefit from botulinum
toxin injection (BTX-A), though its efficacy is still controversial.
Some studies suggest that BTX-A injections are associated with
significant pain and symptoms reduction in up to 70% of patients,
for up to 3 months. Injection of steroids and local anesthetics
(bupivacaine, lidocaine, triamcinolone and ropivacaine) has also
shown good clinical efficacy (40, 41).

Conservative Rehabilitative Treatment
The main purpose of rehabilitative treatment is to restore
the width of anatomical spaces, whose compression is at the
basis of the pathology; moreover, rehabilitation treatment can
support the diagnosis of TOS, if symptom improvement is
observed. Physical therapy is associated with significant symptom
improvement in 50 to 90% of patients (42).

There is lack of consensus on the duration and the timing
of the rehabilitation process, even within the TOS subtypes,
according to the degree of disability and other individual

factors. Revaluation and adaption of therapy must be ongoing,
and dictated by symptoms status. A 6-month physical therapy
program consisting of home-exercises, stretching, postural
corrections, and muscle recruitment patterns, primarily focusing
on the neck and shoulder, can alleviate symptoms associated
with TOS. Generally, patients with mild TOS are expected to
improve within 6 weeks (43, 44). In refractory cases undergoing
decompressive surgery, post-surgical rehabilitation plays a key
role in the recovery of autonomy and upper limb range ofmotion,
and in the improvement of the patients’ quality of life (45–47).

Key points of rehabilitative treatment are: postural
education (e.g., avoid carrying heavy weights and prolonged
hyperabduction of the upper limbs); cervico-dorsal and scapular
girdle massage (to resolve contractures); diathermy or laser
therapy (for antalgic purposes); kinesiotherapy (to restore the
balance between muscles opening and closing thoracic egress).

The rehabilitation course should be scheduled as follows:
postural exercises; static reinforcement of the muscles that
open the strait; stretching of the muscles that close the strait;
kinesiotherapy of the cervical spine; breathing exercises to
lessen the overload of scalene muscles and to lower the
first rib.

The rehabilitation program must be guided by a
physiotherapist specialized in TOS treatment (see Section 4
in Supplementary Material for details) (43, 44). A summary
of exercises targeting the shoulder muscles are shown in
Supplementary Figure 4S and Supplementary Table 3S.

SURGICAL TREATMENT

Thoracic Surgery
With proper and accurate patient selection and compliance,
the surgical management of TOS may have excellent outcomes.
The various syndromes are similar and the specific compression
mechanism is often difficult to identify; however, the first
rib seems to be a common denominator along which most
compressive factors operate (Supplementary Figure 5S)
(41, 48, 49).

Many authors think that resection of the first rib, with
cervical rib when present, is best performed through the trans-
axillary approach (see Section 5, Supplementary Material) for
complete removal with subclavian vascular decompression,
while the supraclavicular approach (see Section 6,
Supplementary Material) is often preferred in nTOS, but
may be appropriate in any combinations of these clinical
syndromes (50, 51).

In properly selected patients, clinical results of first rib
resection may be considered good (complete relief of symptoms)
in 85% of patients, fair (improvement with some residual or
recurrent mild symptoms) in 10% and poor (no change from
preoperative status) in 5% (50, 52, 53).

Recently, removal of the first rib on total videothoracoscopic
or robotic approach was described, but the outcomes are yet to be
completely determined (51, 54).

Considering the peculiar anatomical district, there are many
possible complications and, although rarely, they may also be
very serious (55, 56).
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Among these are:

• Brachial plexus injury, due to excessive traction to the roots of
the plexus during mobilization of first rib; to reduce this risk,
it is useful to raise the shoulder and to bend the head toward
the operative side.

• Phrenic nerve injury, may occur with just minor traction or
during a lifting with a forceps, so every contact should be
avoided or limited, even with a vessel loop. Another kind of
damage is the contact with the cautery, uni- or bipolar.

• Long thoracic nerve injury, may occur by cutting one of
branches of the nerve, usually running near the lateral side of
middle scalene muscle, causing a winged scapula.

• Thoracic duct injury, the thoracic duct may lie in the middle
of the scalene fat pad in the lower left portion of the neck;
injury at this level causes milky (or clear) fluid leaking in the
operative field. If a leak is evident, damage is managed by ties,
clips or bipolar cautery.

• Vascular injury, an injury to the subclavian artery or vein
may occur, that can be more easily controlled through the
supraclavicular approach.

Based on this consideration, a thoughtful, well-articulated,
informed consent is mandatory.

Vascular Surgery
The three main concepts of vascular surgical treatment are:
relieving the arterial compression (the trigger of the disease),
repairing the damaged subclavian artery (local complication),
and restoring the distal circulation (distal complication) (57).

The indications for vascular surgery are: failure of
conservative therapy with persisting disabling symptoms
that interfere with daily life activities; or with vascular (arterial)
complications: stenosis, thrombosis, distal embolization
or aneurysm.

Transaxillary first rib resection (as originally described by
Roos) (2) is the gold standard for the treatment of aTOS
(see Section 5, Supplementary Material) (58). The rationale
of first rib resection is that it guarantees a decompression
of the neurovascular bundle in all cases of costoclavicular
space narrowing (59). Roos rib resection seems to be more
effective in preventing symptoms recurrence compared to
scalenectomy, because also in those cases of anterior scalene
hypertrophy/anatomic variation, TOS is still determined by the
reduction of the costoclavicular space, that is corrected by
the resection of the first rib (Supplementary Figure 5S) (59).
Transaxillary rib resection carries the disadvantage of a limited
subclavian artery exposure, therefore other access (typically
supra-clavicular) are needed if an arterial intervention is needed.

Surgical Treatment of the Damaged Artery
Subclavian artery impingement may occasionally result in local
arterial complications, such as stenosis or chronic occlusion,
post-stenotic dilatation or aneurysm formation (60).

Subclavian/axillary artery stenosis or occlusion may be the
consequence of the chronic mechanical stress at the level of the
costo-clavicular space. This may rarely result in chronic upper
limb ischemia with claudication, rest pain or ischemic tissue loss.

The gold standard for treatment in these cases is represented
by surgical by-pass. The by-pass sources of inflow and outflow
depend on the specific anatomical situation, that is preoperatively
planned according to the CTA/MRA or arteriography.

In case of subclavian artery aneurysm, the rational for
the surgical treatment is to eliminate the source of chronic
embolization. Surgery consists in arterial resection and
substitution with a vascular graft, performed via a supraclavicular
approach. The preferred conduit in this case is represented by
heparinized polytetrafluorethylene (PTFE), anastomosed in an
end-to-end fashion (60, 61).

There have been scattered reports of endovascular repair of
the subclavian artery combined with surgical decompression of
the thoracic outlet and more data are needed to assess the role of
endovascular solutions in aTOS (57).

Restoration of the Distal Circulation
Acute Limb Ischemia
The clinical presentation is characterized by pulselessness, acute
pain, pallor, paresthesia, paralysis or paresis, and hypothermia
of the hand. This clinical situation warrants an emergent
treatment to preserve the hand function and viability. Acute limb
ischemia in aTOSmay be related to subclavian artery thrombosis,
embolization from the subclavian artery (due to presence of an
aneurysm or arterial wall thrombosis), or both. The treatment
is typically based on Fogarty thrombo-embolectomy and/or
catheter-directed thrombolysis (61).

Fogarty thrombo-embolectomy is performed through an
oblique incision at the level of the cubital fossa. The bicipital
aponevrosis is divided exposing the distal brachial artery and
its bifurcation into the radial and ulnar arteries. A transverse
arteriotomy is performed and the Fogarty catheter is advanced
through the proximal and distal arterial axis.

Fogarty thrombo-embolectomy is effective in restoring the
patency of acutely occluded arteries; however this may not be
always sufficient in aTOS, where microembolization may be
responsible for distal circulation impairment. Distal bypasses
are sometimes necessary in patients with chronically occluded
arteries of the upper limb due to chronic embolization from
aTOS. Intra-arterial thrombolysis is based on loco-regional
infusion of thrombolytic agents (typically urokinase) through a
multi-hole catheter placed at the level of the arterial thrombosis.
It has the advantage to be effective also on smaller distal vessels
that are not affected by surgery, but it may take 12–72 h to achieve
an optimal result, therefore its use alone is not recommended
in acute limb ischemia with threatened limb. In our experience,
we use thrombolysis after Fogarty thrombo-embolectomy, in
those cases where surgery alone is not sufficient to restore an
adequate blood flow, because of distal arterial branches (i.e.,
interdigital) occlusion. In any case, revascularization does not
eliminate the cause of arterial compression, thus physical therapy
or/and surgical first rib resection are still indicated after the
acute event.

Chronic Limb Ischemia
Chronic distal embolization from the damaged subclavian artery
may determine chronic occlusion of the arteries of the arm or
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forearm. In case of disabling claudication, rest pain, or tissue
loss, a peripheral revascularization is indicated. This typically
consists in a surgical bypass; also in this case the precise
inflow and outflow sources depend on the specific case. If
available, a saphenous vein graft is preferred in this anatomical
region (60–62).

PERSONAL EXPERIENCE

Study Cohort and Methods
In 2019 we started a retrospective survey to verify the
effectiveness of a specific rehabilitation program for TOS, and
to evaluate if physical therapy could relieve symptoms of
TOS. We assessed 324 patients referred to our Institutions
between 2004 and 2019, 270 females (83%) and 54 males
(17%), aged between 12 and 59, with an average age
of 38 years (SD 12). Data were collected from patients
attending the outpatient clinic of the Clinic of Physical
and Rehabilitative Medicine, Thoracic Surgery, Angiology and
Occupational Medicine. Patients were classified on the basis of
job categories, and of TOS subtype: aTOS 4%; vTOS 7%; vascular
TOS (venous and arterial) 13%; nTOS 29%; miscellaneous
TOS 47%. The following comorbidities were recorded in
our cohort: C7 abnormalities (15%); shoulder disorders (i.e.:
rotator-cuff tendinopathies, impingement syndrome, or other)
(14%); history of whiplash (13%); previous episodes of deep
venous thrombosis of the upper limbs (24%). All patients
underwent diagnostic imaging procedures, such as cervical spine
radiograms, basal and contrast-enhanced cervical CTA/MRA,
CCDU, and electromyography.

All 324 patients were offered a specific rehabilitation
protocol in appropriately trained centers, 285 (88%) of them
accepted, and 39 (12%) refused any type of treatment. Patients
rejecting treatment were much alike patients who underwent
rehabilitation (Table 2), but declined because they either could
not afford enough time to follow the complex rehabilitation
program, or had geographic inaccessibility to the rehabilitation
centers who were chosen for the study.

Treated and untreated patients were evaluated by the Numeric
Pain Rating Scale (NRS) to assess pain burden, either at baseline
(T0), after 6 months (T1), and at the last available follow-up
visit (T2). Three groups of patients were identified: worsened
symptoms (NRS value at T-2 greater than at T-0); stationary
symptoms (no difference between T-2 and T-0 NRS values);
improved symptoms (NRS value at T-2 lower than at T-0). All
data were compared by Chi-square test, Fisher-Freeman-Halton
exact test or Student’ t-test, where appropriate. The effect of
treatment on the temporal trend of NRS-score was evaluated by
repeated measures analysis of variance (ANOVA) using NRS-
scores at T0, T1, and T2 as within-subjects factor, and treatment
as between-subjects factor.

RESULTS

The patients’ characteristics are summarized in Table 2. Overall,
a statistically significant higher number of patients undergoing
a specific rehabilitation protocol reported either improved or

TABLE 2 | Demographics of the investigated population.

Treatment

No (39) Yes (285) p

Age (years, mean + SD) 39.6 ± 11.7 37.9 ± 11.7 0.405

Sex F 32 (82.1) 238 (83.5) 0.820

M 7 (17.9) 47 (16.5)

TOS variant aTOS 1 (2.6) 12 (4.2) 0.254

vTOS 1 (2.6) 22 (7.7)

vaTOS 4 (10.3) 38 (13.3)

nTOS 17 (43.6) 77 (27.0)

mTOS 16 (41.0) 136 (47.7)

Job High risk workersa 9 (23.1) 101 (35.4) 0.151

Low risk workersb 30 (76.9) 184 (64.6)

Comorbidities C7 abnormalities 6 (15.3) 42 (14.7) 0.991

Shoulder disorders 6 (15.3) 39 (13.7)

Whiplash 5 (12.8) 36 (12.6)

Previous dvt upper limbs 9 (23.1) 68 (23.9)

Conservative

treatment

Massages 20 (7.0)

Massages + specific TOS

m&ph rehab protocol

74 (26.0)

CTEN stimulation 17 (6.0)

CTEN stimulation + specific

TOS m&ph rehab protocol

60 (21.1)

hydrogalvanotherapy 15 (5.3)

Hydrogalvanotherapy +

specific TOS m&ph rehab

protocol

53 (18.6)

Specific TOS m&ph rehab

protocol

46 (16.1)

Surgical

Treatment

Cervical rib resection 4 (1.4)

Cervical rib resection +

neurolysis

3 (1.1)

Cervical rib resection +

scalenectomy

2 (0.7)

First rib resection 11 (3.9)

First rib resection +

neurolysis

2 (0.7)

First rib resection +

scalenectomy

1 (0.4)

Neurolysis 1 (0.4)

Other surgery 3 (1.1)

Scalenectomy 2 (0.7)

aVideo-terminalists, clerks, teachers.
bOther jobs.

stationary symptoms as compared to untreated patients, at the
last available follow-up visit (T2) (Figure 2). Namely, of 285
patients in the TOS specific rehabilitative program, 192 (67%)
had improved symptoms; 72 (25%) were stationary; and 21 (7%)
had worsened symptoms at T-2 (Table 3; p < 0.01). A detailed
description of NRS scores at the three time-points in the two
patient groups is reported in Supplementary Table 4S.

Worsened symptoms occurred more frequently in workers
of the services industry (computer users, teachers, clerks), as
compared to other workers at lower risk of TOS (p = 0.046);
and in patients with shoulder disorders as compared to those
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FIGURE 2 | Estimated marginal means of the NRS-score at T0, T1, and T2. Vertical bars denote the 95% C.I. of means.

TABLE 3 | Symptoms variation in patients undergoing a specific rehabilitation

protocol vs. those refusing treatment at the last available follow-up visit.

Control group

(39)

TOS specific

rehabilitation protocol

(285)

p value*

Improved, n (%) 21 (53.8%) 192 (67.4%) <0.01

Stationary, n (%) 0 72 (25.3%)

Worsened, n (%) 18 (46.2%) 21 (7.4%)

*Fisher-Freeman-Halton exact test.

without (p = 0.04) (see Supplementary Table S5). On the
contrary, a history of C7 abnormalities or of whiplash did not
impact on symptoms. Of the 285 patients participating in the
rehabilitation protocol, 19% underwent hydro-galvanotherapy,
massages, or cervical transcutaneous electrical nerve stimulation
only; while 81% had one or more of the aforementioned
interventions plus a specific TOS manual and physical
rehabilitation training.

Only 29 (10%) out of 285 patients, all 21 patients with
worsened symptoms plus 8 patients with stationary symptoms
underwent surgical treatment (single or combined surgical
procedures). Of them, 50% underwent first rib resection, 30%

cervical rib resection, 20% scalenectomy, 20% neurolysis; and
10% other surgery.

Interestingly, no significant differences in terms of NRS scores
were found at T-2 between patients who underwent surgery vs.
patients who did not (Supplementary Table S6).

COMMENT

Our results emphasize the importance of rehabilitative treatment
as a first-line therapeutic approach in themanagement of patients
with TOS. Indeed, according to the NRS scores provided by
our patients, a structured rehabilitation program is associated
with a statistically significant better outcome (p = 0.03) than
no rehabilitation.

We observed a higher incidence of TOS among patients
working in activities involving intensive computer use, such
as video-terminal workers, office workers, teachers (34% of
patients); and in activities involving the mobilization of disabled
patients, such as social-health workers and/or nurses, subjected
to repeated efforts of the upper limbs in an abducted position
(12% of patients). Our findings confirm the important role that
work activity plays in the development of TOS, in line with what
reported in the literature (57, 63). Despite the higher incidence
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of TOS found in the female sex, we didn’t observe sex-related
differences in terms of efficacy of rehabilitative treatment, as well
as in terms of symptoms improvement.

A situation potentially influencing the outcome of
rehabilitative treatment in TOS patients is the presence of
concomitant diseases. The rehabilitation program did not
result in a better outcome in patients with previous cervical
trauma or whiplash, or with supernumerary cervical ribs or
C7 anomalies (p = 0.4 and p = 0.8, respectively). However,
significant differences in the rehabilitation outcome were found
in patients presenting with musculo-tendon pathologies of the
shoulder and TOS vs. patients with TOS but without shoulder
pathologies (p = 0.04). This difference is likely due to the fact
that the rehabilitative pathway performed by the patients is
focused only on treating TOS-symptoms.

CONCLUSIONS

The objective diagnosis of TOS is a continuous challenge due
to the wide variety of non-specific symptoms and of differential
diagnosis. Despite several progresses in the diagnostic process in
the last 20 years, significant technical issues and controversies still
persist. In this sense, clinical suspicion should be confirmed by
objective (instrumental) diagnosis, in order to achieve prompt
recognition of the syndrome and a swift start of the treatment
for rapid and successful results.

We believe that a structured and standardized rehabilitative
process should represent the initial treatment for TOS, leaving
surgery only for patients who failed to improve after a
conservative management program or with refractory or
recurrent symptoms.

Albeit encouraging and in line with the literature, our results
require confirmation coming from properly designed studies on
a larger patient cohort.
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Heart rate turbulence (HRT) is a characteristic heart rate pattern triggered by a ventricular

premature contraction (VPC). It can be used to assess autonomic function and health

risk for various conditions, e.g., coronary artery disease or cardiomyopathy. While

comparability is essential for scientific analysis, especially for research focusing on clinical

application, the methodology of HRT still varies widely in the literature. Particularly, the

ECG measurement and parameter calculation of HRT differs, including the calculation of

turbulence slope (TS). In this article, we focus on common variations in the number of

intervals after the VPC that are used to calculate TS (#TSRR) posing two questions: 1)

Does a change in #TSRR introduce noticeable changes in HRT parameter values and

classification? and 2) Do larger values of turbulence timing (TT) enabled by a larger #TSRR

still represent distinct HRT? We compiled a free-access data set of 1,080 annotated

long-term ECGs provided by Physionet. HRT parameter values and risk classes were

determined both with #TSRR 15 and 20. A standard local tachogram was created by

averaging the tachograms of only the files with the best heart rate variability values. The

shape of this standard VPC sequence was compared to all VPC sequences grouped

by their TT value using dynamic time warping (DTW) in order to identify HRT shapes.

When calculated with different #TSRR, our results show only a little difference between

the number of files with enough valid VPC sequences to calculate HRT (<1%) and files

with different risk classes (5 and 6% for HRT0-2 and HRTA-C, respectively). In the DTW

analysis, the difference between averaged sequences with a specific TT and the standard

sequence increased with increasing TT. Our analysis suggests that HRT occurs in the

early intervals after the VPC and TS calculated from late intervals reflects common heart

rate variability rather than a distinct response to the VPC. Even though the differences in

classification are marginal, this can lead to problems in clinical application and scientific

research. Therefore, we recommend uniformly using #TSRR 15 in HRT analysis.

Keywords: heart rate turbulence (HRT), noninvasive risk stratification, heart rate variability (HRV), heart failure,

myocardial infarction, methodology, standardization
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1. INTRODUCTION

1.1. Heart Rate Turbulence
With a simple point-of-care investigation of the heart rate, it
is possible to estimate the condition and prognosis of patients.
A possible method is HRT, which is a naturally occurring
phenomenon that arises after a VPC (2): The characteristic
pattern comprises an initial drop of interval length (IL) followed
by slowly increasing and afterward decreasing length (refer to
the Supplementary Figure 1 for a visual representation). This
heart rate fluctuation is provoked by the ineffectiveness of the
premature beat, which leads to a drop of blood pressure and
activates the baroreflex (3, 4).

Because of this dependency on the autonomic nervous system
(ANS), HRT can be used as a marker for autonomic health
(5). Studies have shown that HRT parameters can be useful
risk indicators for all-cause mortality after myocardial infarction
or chronic heart failure (5, 6). In combination with other risk
indicators, HRT can be used in clinical diagnostics to make
therapeutic decisions (7–9). Several methods for the inclusion
of HRT in implantable cardioverter defibrillators have already
been suggested (10–12). Similarly, GE Healthcare implemented
HRT assessment in their Holter analysis software toolsMARS and
CardioDay, which both have already been used for HRT analysis
(13–15).

For HRT, there are three main parameter values that can be
calculated (check the Supplementary Figure 1 for a graphical
depiction): turbulence onset (TO) describes the first drop of the
IL after the VPC compared to the intervals before the VPC.
It is, therefore, a marker for the parasympathetic response.
TS describes the steepest slope of the tachogram after the
compensatory interval (compI). The third parameter TT is the
index of the first interval that shows TS (4). Both TS and TT are
markers for the sympathetic and parasympathetic activity.

Although the #TSRR was described in the standards as being
15 (16), many studies use 20 instead as suggested in the first
description of HRT (17). The first article to give 15 as #TSRR
is Barthel et al. (18) but without giving a reason for changing
the original method. In reviews about HRT, there is a switch of
suggesting #TSRR 20 at first (19–21) and then #TSRR 15 in recent

Abbreviations: ANS, autonomic nervous system; compI, compensatory interval;

couplI, coupling interval; CRAN, The Comprehensive R Archive Network; DTW,

dynamic time warping; ECG, electrocardiogram; HRT, heart rate turbulence;

HRV, heart rate variability; IL, interval length; IQR, interquartile range, i.e., the

difference between the upper and lower quartiles; ISHNE, International Society

for Holter and Noninvasive Electrocardiology; NR, not reliable; nRMSSD, RMSSD

normalized for heart rate; nTS, TS normalized after (1); numTSRR[#TSRR],

number of RR intervals in which TS is calculated; postRRs, RR intervals in a

VPCS following the compI; preRRs, RR intervals in a VPCS before the couplI;

refI, reference interval; RMSSD, square root of the mean of the squared successive

differences between adjacent RR intervals; SD, standard deviation; SD1, SD of data

points in poincare plot projected to the axis perpendicular to the line of identity;

SD2, SD of data points in poincare plot projected to the line of identity; SDANN,

standard deviation of the averages of all normal sinus rhythm intervals in any

5 min segments; SDNN, standard deviation of the averages of all normal sinus

rhythm intervals; stVPCS, standard VPCS; TO, turbulence onset; TS, turbulence

slope; TT, turbulence timing; TTSD, SD of TT; VPCS, VPC snippet, i.e., all

RR intervals surrounding the VPC used for HRT calculation; VPC, ventricular

premature contraction.

years (2, 5, 22–25). However, many publications of late still use
#TSRR 20 (26–30).

1.2. Rationale and Scope
Comparability is one of the key factors of scientific research,
especially when developing techniques and workflows used
in clinical medicine. Methodological variance diminishes
comparable data and can lead to seemingly contradictory results,
which make it difficult to assess the usefulness of a technique
for a particular use case. For HRT, a standard methodology
has been published in the “International Society for Holter
and Noninvasive Electrocardiology (ISHNE)” Consensus (16).
However, many studies still use different methods to assess HRT
(31) causing the aforementioned difficulties.

Until now, no study has analyzed the difference in HRT
parameter values when calculated from different #TSRRs.
A higher #TSRR increases the risk of artifacts and other
arrhythmias to lie in the required calculation range which leads
to an exclusion of the VPCSs (VPC snippet, i.e., all RR intervals
surrounding the VPC 78 used for HRT calculation). Conversely,
with a lower #TSRR, these compromising intervals may lie
outside of the needed calculation range for someVPC snippet, i.e.
all RR intervals surrounding the VPC used for HRT calculations
(VPCSs) which would make them shorter but valid sequences for
HRT assessment. In consequence, a change in #TSRR can lead to
a selection of different sets of VPCSs and, therefore, affect all HRT
parameter values of a person.

Since HRT is triggered by a VPC via the baroreflex, it is
plausible that the reaction should arise without any delay. This
means that the slope that represents the turbulence should arise
first in direct proximity to the compI and second always after a
similar time period. Accordingly, TS calculated from either only
late intervals or intervals with widely differing indices may only
describe random fluctuation rather than a reaction of the ANS.
Because TT describes the localization of TS, it can be used to test
this assumption.

In this article, we analyze two hypotheses:

• Hypothesis 1: There is a distinct difference in HRT parameters
when calculating HRT with #TSRR 15 or 20.
We test this on a large free-access data set from Physionet and
compare the resulting HRT parameters and classes.

• Hypothesis 2: Persons with a high TT value or a high
TT variability do not show HRT, but seemingly random
fluctuations, i.e., heart rate variability (HRV).

We, therefore, create an averaged ideal standard VPCS (stVPCS)
with distinct HRT by filtering the Physionet data set via
HRV parameters. This standard VPCS is then compared with
sequences that have been averaged from VPCSs sorted for their
respective TT value.

2. MATERIALS AND METHODS

2.1. Materials
2.1.1. Data
We used databases available on physionet.org (32). The databases
had to include annotations of long-term electrocardiograms
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(ECGs) specifying the beat types. All databases that fit those
criteria at the time of analysis (15.01.2021) are summed up in
Table 1.

Since our analysis should be independent of the medical
background of measurements, we did not exclude databases
based on their scope. In sum, our analysis included 1,080
annotation files. If possible, we preferred annotations that were
manually corrected, althoughmost of the databases only included
automatically generated annotations.

2.1.2. The RHRT Package
For the calculation of the HRT parameter values of each
annotation file, we used our R package RHRT (v. 1.1) (38). RHRT
provides functions to find VPCSs in time intervals and calculate
HRT parameter values with customisable filtering criteria, order
of calculation and normalization. The package can be found on
The Comprehensive RArchive Network (CRAN) (https://CRAN.
R-project.org/package=RHRT) and on github (https://github.
com/VBlesius/RHRT). The default methodology of filtering,

TABLE 1 | Overview of the used databases.

ID Full name ECGs Length Corrected Scope

chfdb BIDMC Congestive

Heart Failure Database

(33)

15 20 no severe congestive

heart failure (NYHA

class 3-4)

chf2db Congestive Heart

Failure RR Interval

Database

29 23 yes congestive heart

failure (NYHA

classes 1-3)

crisdb CAST RR Interval

Sub-Study Database

(34)

762 23.9 no myocardial

infarction

excluded Recordings excluded

from the NSRDB

2 22.7 unknown low-grade

arrhythmias

ltafdb Long Term AF

Database (35)

84 23.8 yes paroxysmal or

sustained atrial

fibrillation

ltdb MIT-BIH Long-Term

ECG Database

7 22.2 yes unknown

ltstdb Long Term ST

Database (36)

86 23.4 yes variety of events of

segment changes

nsrdb MIT-BIH Normal Sinus

Rhythm Database

18 21.1 unknown no significant

arrhythmias

nsr2db Normal Sinus Rhythm

RR Interval Database

54 24 yes normal sinus

rhythm

sddb Sudden Cardiac Death

Holter Database (37)

23 23.5 (yes) sustained

ventricular

tachyarrhythmia,

mostly with actual

cardiac arrest

The IDs correspond to the URLs under which the databases are accessible online. The

number of ECGs mostly matches the number of recorded persons in each database,

only for ltstdb four of the 80 persons were recorded multiple times. The columns Length

and corrected give the median length of the records and whether the annotations were

manually corrected, respectively. For sddb, only a part of the records had manually

corrected annotations. Information that could not be found, i.e., whether annotations

were corrected or the scope of the study, was marked as “unknown.” The version of

all databases is 1.0.0, and they can be found on https://physionet.org/about/database/

(32).

calculation, and classification is done as suggested in Blesius
et al. (31), which mostly follows the ISHNE consensus (16). In
contrast to the standards, we use 5 instead of 2 RR intervals
in a VPCS before the couplI (preRRs), because the preceding
intervals are used to calculate the reference interval (refI) and
must, therefore, be included in the filtering process. Furthermore,
we use TS normalized after (1) (nTS) which is TS normalized for
heart rate and #TSRR. A detailed description can be found in
the Supplementary Data Sheet 1 and the documentation of the
package.

2.1.3. Other R Packages
Statistical differences between data sets were calculated with
the stats package (v 4.1.1). RHRV version 4.2.6 was used to
calculate HRV parameter values. For the Poincaré filter and the
data preparation of the HRV calculation, we used the packages,
geometry (v. 0.4.5), smoother (v. 1.1), and purrr (v. 0.3.4). To
compare the stVPCS with the averaged VPCSs dtw (v. 1.22.3)
was used. This package provides functions for DTW, which is an
algorithm to compare similarities of two sequences: All points
of the first sequence are matched to the points of the second
one whereas points can be matched to multiple other points.
The only limitation is that the first and last points have to be
matched to each other, respectively, and mapped indices have
to be increasing, meaning that there may not be overlapping
matches. Dynamic time warping (DTW) can calculate amatching
score, which was used in this analysis.

2.2. Methods
2.2.1. Comparing Data With #TSRR 15 and 20
We assessed HRT of all files twice with the default parameters
of RHRT and the settings numPostRRs = 15 (TSRR15) and
numPostRRs = 20 (TSRR20). Additionally, we created a data set
from the valid VPCs included in the analysis with #TSRR 20, but
calculated HRT results with numPostRRs= 15 (TSRR15∩). This
leads to a data set with identical VPCs but shorter VPCSs that
allows comparison without considering filtering effects. We then
calculated the arithmetic mean and SD of HRT parameter values
and classified the data into HRT0-2 and HRTA-C. Depending on
the number of files with enough valid VPCSs, either a Welch’s
unequal variances t-test or a paired Student’s t-test (both with
t.test of the stats package) were used to detect differences between
the sets of parameter values.

2.2.2. Creating a stVPCS
The purpose of the analysis was to compare VPCSs sorted on
the basis of TT with an stVPCS. Since HRT is most pronounced
in persons without autonomic dysfunction as reviewed in Bauer
et al. (16), we needed to select files of supposedly healthy persons.
However, the databases used do not include data from persons
labeled as healthy. It may be assumed that NSRDB and NSR2DB
are comprised of such data, but manual inspection of Poincaré
plots revealed abnormal patterns throughout both databases.
Therefore, we usedHRV to filter the files of all databases that have
the most sound values of these autonomic markers. The filtering
process included three steps:
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FIGURE 1 | Lorenz plot patterns and their corresponding smoothed histograms of SD1. The plots show 30-min chunks of different measurements that were used in

the analysis as an example of different Lorenz plot patterns. The Poincaré plots in the top show a (A) comet, (B) side lobe pattern, (C) fan pattern, and (D) island

pattern. The corresponding plots below show the histograms after smoothing. The lobe, fan, and island patterns have an SD2/SD1 ratio of less than 1.5 and would,

therefore, be excluded. The histogram of the island patterns includes more than one local maximum, which is another criterion for exclusion. Data: (A) nsr008 from

NSR2DB, (B) nsr018 from NSR2DB, (C) 01 from LTAFDB, and (D) f018 from CRISDB.

2.2.2.1. Length of Files
At first, all files that were shorter than 20 h or longer than 28
h were discarded. Since HRT is correlated with the circadian
rhythm of the ANS, it should be calculated from measurements
with a length as close as possible to 24 h or its multiple
if procurable.

Applying the following filters—especially the Poincaré filter—
to full measurements can lead to the discarding of basically
valid data due to temporary irregularities in heart rhythm.
Furthermore, variability in the length of the measurements can
lead to a bias in HRV parameter values (39). Therefore, we cut the
measurements into snippets of 30 min and applied the following
filters to these chunks. Only data files with at least 75% valid
chunks were passed on by the Poincaré filter to the next step. In
the HRV filter, the mean of all chunks was calculated for every
parameter, respectively, before ranking the measurements.

2.2.2.2. Poincaré Filter
As a next step, we used a filter that quantifies the data distribution
within a Poincaré plot: this non-linear method of HRV analysis
plots data points of a time series against their respective
successors to visualize the beat-to-beat variability of RR intervals.
Any pathology that affects the length of RR-intervals causes
distinct patterns in the Poincaré plots. These patterns have been
systematically analyzed and categorized by Esperer et al. (40) and
were called lorenz plot patterns. Plots from persons with sinus
rhythm show so-called “comets” or “torpedos,” which are shaped
as long cones or ellipses, respectively (Refer to Figure 1A). Other
lorenz plot patterns are:

• “island” patterns consisting of four or nine roundly shaped
clusters that are connected to atrial tachycardia or atrial flutter,
both with the atrioventricular block (Figure 1D).

• “fan” patterns which look like broader spread torpedos or
triangles and occur in persons with atrial fibrillation or
multifocal atrial tachycardia (Figure 1C).

• “lobe” patterns consisting of one central and several eccentric
clusters which occur due to frequent VPCs or atrial premature
contractions (Figure 1B).

For our analysis, we focused on filtering out Poincaré plots
with island and fan patterns since they are specific for different
kinds of atrial arrhythmia and atrioventricular block. This leaves
torpedos, comets, and lobe patterns that show sinus rhythm or
possible VPCs. Since high-frequent VPCs are an indicator for
high risk (41–43), we focused on plots that show mostly comets
and torpedos. The chunk-wise analysis of the plots left enough
VPCs in the resulting data. In contrast to most other shapes,
torpedos and comets consist of just one evenly shaped cluster.We
use this fact for two conditions of our filter: First, we projected
all data points onto the axis perpendicular to the line of identity
and analyzed their distribution. After taking the logarithm and
smoothing, histograms with more than one extremum exceeding
40% of the maximum were excluded to rule out strong side lobe
and island patterns (refer to Figure 1). Second, we calculated the
SD of the projected points which is the HRV parameter SD1.
Analogously, we calculated SD2 from the diagonal. The ratio of
SD1 with SD2 had to exceed 1.5 since a lower ratio proved to
be indicative of broader spread patterns like islands or fans. This
cut-off was deduced from Esperer et al. (40), who showed that
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especially fans have a ratio of the length and the width of the
central cluster of less than 1. We used SD1 and SD2 here since
they are more commonly known and the exact methodology to
create a cluster has not been described in the article.

2.2.2.3. HRV Filter
The last filtering step is based on the HRV time and frequency
domain of the data. We calculated the following HRV parameters
with the RHRV package: SD of the averages of all normal sinus
rhythm intervals (SDNN), SD of the averages of all normal sinus
rhythm intervals in any 5 min segments (SDANN), triangular
index, i.e., the total number of all normal sinus rhythm intervals
divided by the maximum of the interval frequency distribution,
square root of the mean of the squared successive differences
between adjacent RR intervals (RMSSD), very low frequency
power, low frequency power, high frequency power, and the
ratio of low and high frequency power. For every parameter, all
files were ranked for their HRV values, respectively: Files with a
value that exceeded three times the interquartile range, i.e. the
difference between the upper and lower quartiles (IQR), were
considered to be outliers. If their values were greater or less than
themedian±3·IQR they were given the penalty score “–1.” For all
HRV parameters, high values were assumed to be better, only for
triangular index lower values were scored higher. Accordingly,
the files were sorted by their HRV value and the best 20% received
the score “1,” while the remaining received “0.” After this scoring
process for every HRV parameter, the scores were summed up
for every file, leading to possible scores from –8 (all parameter
values are outliers) to 8 (all parameter values are in the top for
their respective parameter). On the basis of the scores, the highest
ranking 20% of the files were used to create the stVPCS.

Heart rate turbulence of all top ranking files was calculated
with the RHRT package. All HRT calculations were done with the
default settings of the RHRT package except for “numPostRRs”
(#TSRR) for which we used 20 intervals because the longer
range is the maximum of commonly used #TSRR and provided
more intervals for later comparisons. For each file, the averaged
VPCS was used as the basis to calculate an overall averaged
VPCS (stVPCS).

2.2.3. Comparing VPCSs Based on TT

2.2.3.1. HRT Values
We calculated the HRT parameter values of every file in our
databases with the default settings of the RHRT package except
“numPostRRs” for which we used 30 intervals to ensure a wide
range of possible TT values.

2.2.3.2. DTWWith stVPCS
We extracted the RR intervals in a VPCS following the compI
(postRRs) of every averaged VPCS, grouped them based on their
respective TT, and calculated an averaged postRRs sequence
for every TT. For the next step of matching the postRRs of
the stVPCS to every averaged postRRs sequence via DTW, we
tested two methods: First, we matched the standard sequence
dynamically to the averaged sequences with the default step
pattern “symmetric2” of the dtw function. Second, we removed
the leading intervals of the standard sequence before the TT to

TABLE 2 | HRT0-2 classes of files before and after changing #TSRR from 15

(columns) to 20 (rows) during HRT assessment.

TSRR15 HRT0 HRT1 HRT2 NR

TSRR20

HRT0 386 15 0 3

HRT1 9 118 0 3

HRT2 0 0 0 0

NR 7 6 0 315

Of the 682 files that could be calculated in both TSRR15 and TSRR20, 43 files are

classified differently. NR, not reliable.

TABLE 3 | HRTA-C classes of files before and after changing #TSRR from 15

(columns) to 20 (rows) during HRT assessment.

TSRR15 HRTA HRTB HRTC NR

TSRR20

HRTA 372 11 0 2

HRTB 6 118 0 3

HRTC 0 0 0 0

NR 18 15 0 317

Of the 682 files that could be calculated in both TSRR15 and TSRR20, 55 files are

classified differently. Most of the files that could be classified with #TSRR 15 are marked

NR with #TSRR 20. NR, not reliable.

receive a sequence that only consists of the intervals that shape
the TS and all following intervals. The averaged sequences were
cut accordingly and shortened to fit the standard sequence. The
standard sequence was matched to all averaged sequences index
by index with the dtw step pattern rigid.

2.2.3.3. Intra-Subject Variability of TT
As a measure of the variability of TT within a file, we calculated
the SD of TT (TTSD) and the Pearson correlation coefficient for
TT and TTSD.

3. RESULTS

3.1. Comparing Data With #TSRR 15 and 20
The number of files that included enough VPCs to calculate
HRT was similar with #TSRR 15 (870 files) and #TSRR 20 (862).
Similarly, the number of files sorted in different HRT classes
were similar with #TSRR 15 and 20 for HRT0-2 (HRT0 402 vs.
404, HRT1 139 vs. 130, and NR 321 vs. 328) as well as HRTA-
C (HRTA 396 vs. 385, HRTB 144 vs. 127, and NR 322 vs. 350).
Of the 862 files from which HRT parameters could be calculated
in both analyzes, 43 and 55 files were differently classified
into HRT classes HRT0-2 and HRTA-C, respectively (refer
to Tables 2, 3).

When comparing the HRT parameters of TSRR15, TSRR20,
and TSRR15∩ (data in TSRR20 recalculated with #TSRR 15), the
most influenced parameter is TT with 5.47 ± 2.38 (TSRR15∩)
and 5.75 ± 3 (TSRR20) (refer to Table 4). The TO values of
TSRR15∩ and TSRR20 were identical, while the mean difference
of the TS and TT values were 0.06 (CI 0.03 to 0.09, p= 4.9·10−4)
and 0.4 (CI 0.28–0.53, p = 2.9 · 10−10), respectively. The most
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differing values of the unpaired t-tests were the TT values of
TSRR15 and TSRR20 with CI –0.5 to 0.03 and p = 0.08. The p-
values of all other unpaired t-tests ranged from 0.71 to 0.99 with
differences of the arithmetic means between 0.001 and 0.043. A
noticeable difference is the high number of TT values that were
NR with #TSRR 20 (79) compared to both #TSRR 15 analyzes (9
and 6, respectively).

3.2. Creating a stVPCS
Of the 1,080 annotation files included in the analysis, 70 files
were shorter than 20 h and 1 file longer than 28 h. Thus, they
were excluded.

TABLE 4 | Heart rate turbulence parameters calculated with different #TSRR.

TO TS TT

Mean ± SD NR Mean ± SD NR Mean ± SD NR

TSRR20 −2.19 ±1.51 327 4.39 ± 4.43 8 5.75 ± 3 79

TSRR15 −2.19 ±1.51 327 4.39 ± 4.41 20 5.25 ± 2.41 9

TSRR15∩ −2.19 ±1.51 327 4.39 ± 4.43 19 5.47 ± 2.38 6

Calculations were done with 1) #TSRR 20 on all files, 2) #TSRR 15 on all files, and 3)

#TSRR 15 on the intersection (∩) of the files and ventricular premature contractions (VPCs)

of TSRR15 and TSRR20.

Of the 1,009 remaining files, 652 were removed through the
Poincaré filter, leaving 357 files.

After HRV parameter calculation and averaging 33 of the files
contained at least one outlier. The median score of the files was 1
with a minimum of –7 and a maximum of 7.

From the best 20% (71 files), HRT was calculated. In 24
files, no or too few valid VPCSs could be found. While most
of the remaining 47 files showed a distinct HRT pattern (refer
to Figure 2), some did not (refer to Figure 3). Table 5 shows a
detailed overview of the number of filtered files broken down by
databases.

After classification, 41 of the files used for the stVPCS had
HRT class HRT0, 5 files had HRT1, and 1 file HRT2. Of these
files, 7 (2 HRT0, 4 HRT1, 1 HRT2) are marked as not reliable
by the RHRT package. When adding TT to the classification,
40 files had HRT class HRTA and 7 files HRTB, whereas the
classification from 10 files (4 of HRTA, 6 of HRTB) are marked
as unreliable.

Because stVPCS should be used for comparison as the
ideal HRT shape, it is important that it shows a pronounced
reaction to the VPC and low risk HRT parameters. The sequence
averaged from all 47 VPCSs showed a distinct HRT pattern
(refer to Figure 4 with TO = 3.12%, TS = 7.85 ms/RR,
and TT = 3. Therefore, it falls in the lowest risk categories
HRT0 and HRTA. The parameter nTS could not be calculated

FIGURE 2 | Standard VPCS (stVPCS) files with distinct heart rate turbulence (HRT). Exemplary tachograms of two files used to calculate the stVPCS that show

distinct HRT. Both files are in class HRTA. The upper row shows a zoomed in tachogram, the row below the respective tachogram zoomed out. Data: (A) e145a from

CRISDB and (B) nsr010 from NSR2DB.
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FIGURE 3 | stVPCS files without distinct HRT. Exemplary tachograms of two files used to calculate the stVPCS that do not show distinct HRT. Both files are in class

HRTB. The upper row shows a zoomed in tachogram, the row below the respective tachogram zoomed out. Data: (A) s20491 from LTSTDB and (B) chf202 from

CHF2DB.

TABLE 5 | Overview of the number of files remaining after every analysis step

sorted by their databases.

DB Input Length Poincaré HRV HRT

CHFDB 15 0 0 0 0

CHF2DB 29 26 9 2 1

CRISDB 762 731 210 38 36

excluded 2 2 1 0 0

LTAFDB 84 76 11 3 1

LTDB 7 6 0 0 0

LTSTDB 86 81 54 13 7

NSRDB 18 17 17 6 0

NSR2DB 54 54 52 9 2

SDDB 23 16 3 0 0

Sum 1,080 1,009 357 71 47

The different steps are Input (before any filtering), Length (after filtered for measurement

length), Poincaré (after Poincaré filter), HRV (after HRV filter), and HRT (files with enough

valid VPCSs to calculate HRT). DB, database.

for stVPCS because RMSSD needs to be calculated from a
respective long-term measurement, which is not applicable for
the averaged VPCS.

3.3. Comparing VPCSs Based on TT
3.3.1. HRT Values
The HRT parameter values of all files sorted by TT can be seen in
Figure 5 and in the Supplementary Table 1 in more detail. Half
of the files have a TT between 4 and 8. The median TS is above
the threshold of 2.5 ms/RR for TT values 6 and lower and under
the threshold for most higher TT values. For high TT values, the
median of TS varies, whereas the number of files in these groups
is considerably lower. Unequal distribution is noticeable since the
groups with more than 20 files (TT of 2 to 10) include 82% of all
files. Analogously to TS, the median of TO is below the threshold
for low TT values (1 to 11) and varies with increasing TT.

The parameter values of nTS worsen clearly and the pattern
changes compared to the TS values: Only the medians of nTS
from a TT of 2–4 still lie above the threshold. The nTS medians
of all other TT values including 1 lie below the threshold.
For many TT values, no file has an nTS value that exceeds
the threshold.

3.3.2. DTW With stVPCS
The results of the DTW analysis are shown in Figures 6,
7. The plots for all TT values can be found in the
Supplementary Figures 2 and 3. The averaged VPCS that
matched the stVPCS the best was TT 3. Apart from TT 1, with
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FIGURE 4 | The stVPCS calculated from 47 files that matched all filter criteria and had the best HRV parameters.

rising TT, the difference between VPCS and stVPCS increased.
The averaged VPCS with TT 1 lacked the characteristic delayed
IL decrease but showed an immediate IL rise followed only by a
shallow IL decline.

Analogously to the comparison with the full sequences, the
averaged VPCS with TT 3 matched the best with the stVPCS
after cutting. The difference of the VPCS of TT 1 to the
best sequence is similar to the analysis without cutting (full
VPCSs: DiffTT1 82, DiffTT3 31; with cutting: DiffTT1 60, DiffTT3

22). The sequences with TT 2 to 4 considerably line with
the stVPCS, while the sequences flatten out continuously with
rising TT.

3.3.3. Intra-Subject Variability of TT
The TT and TTSD within a file were significantly correlated
(ρ = 0.26, p < 0.005, refer to Figure 8).

4. DISCUSSION

4.1. Differences in Classification
In our analysis of 1,080 files, only 8 could additionally be
classified when using a lower #TSRR. Furthermore, there were
43 and 55 files that changed classification due to #TSRR in the
classification systems HRT0-2 and HRTA-C, respectively. The
switches were both within HRT classes as well as between anHRT
class and NR. Interestingly, a high number of these files switched
from an HRT class when calculated with #TSRR 15 to NR with
#TSRR 20, meaning that a higher #TSRR leads to more variability
in the data.

The same can be seen for TT values, where a higher amount
of values was NR with #TSRR 20. This can be explained by
the majority of the files with not reliable TT values showing
a very shallow tachogram in visual analysis. With no distinct
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FIGURE 5 | Averaged HRT parameter values of all files grouped by the

respective turbulence timing (TT) value. The color of the boxes and the gray

background graph illustrate the number of files in the different groups. The

common threshold of TO (0%) (A) and TS (2.5 ms/RR) (B) is represented as a

blue line. The common cut-off of TS is used for nTS, because no threshold for

nTS has been established yet (C). The median of the groups with low TT (TT ≤

10 for TO and TT ≤ 6 for TS) lie on the low-risk side of the threshold. For nTS,

only the medians of the groups with a TT of 2–4 lie above the threshold.

IL increase, random fluctuations have a stronger influence on
the location of the steepest slope, thus increasing the variability
of TT. Furthermore, longer VPCSs lead to a higher number of
possible TT values and therefore higher variability. This high
variability combined with a lower number of VPCSs results in
non-significant results in the reliability check and, thus, a higher
number of files with NR TT.

The only HRT parameter with distinctly differing values is
TT which is to be expected with higher #TSRR. This leads to
the differences in classification being marginal with less than
1% more classifiable files and 5–6% files changing the resulting
classes. However, in clinical settings, even small numbers of
patients that cannot be classified or are differently classified based
on methodological variances are unfavorable-especially if this
could be avoided by uniformly adjusting one parameter.

4.2. stVPCS
The stVPCS received through our pipeline shows a distinct
HRT pattern with the HRT classes of HRT0 and HRTA, which
imply the least possible risk. The tachogram of our stVPCS is
similar to tachograms showing characteristic HRT patterns in
reviews (16, 19, 22). Although the databases used to consist
of files from subjects with severe diseases, with the filtering
pipeline, we were able to find a set of files without pathological
abnormalities based on their sound HRT parameter values. The
resulting stVPCS seemed to be a feasible approximation of a
healthy HRT reaction that could be used as a template for the
following analysis.

4.3. Random Fluctuation With High TTs
Apart from TT 1, the tachograms with low TTs showed a similar
pattern to the stVPCS (check the Supplementary Data Sheet 2

for a discussion of VPCS with TT 1). With increasing TT
the tachograms get more shallow meaning the reaction to the
VPC becomes less distinct with increasing distance to the VPC.
Especially with high TT values, the tachograms show no distinct
pattern but apparently random fluctuation. This can also be seen
in the mean HRT values grouped by TT. As expected, the VPCSs
with a low TT show the best TS values. The same can be seen for
TO. With high TT values, however, the medians for both TS and
TO vary, which implies common HRV rather than HRT. Still, the
number of VPCSs used to calculate the medians decreases with
increasing TT, which may bias this observation.

Nevertheless, TTSD is lower with lower TT values meaning
that in persons with low TT the fastest slope occurs in a
narrower range. Again, a narrower range implies a steady
underlying mechanism that causes turbulence within a distinct
time interval while a high fluctuation of TT values within a
person suggests randomness. Therefore, TTSD may possibly be
used as a measurement for the reliability of TT as well as TS
and nTS.

Our data suggest, that only measurements with TT 2 to
approximately 6 show distinct HRT. This can be seen in the
DTW plots in combination with the median values of the HRT
parameters grouped by TT. We recommend visually inspecting
all measurements with TT 1 or higher than 7 to ensure the
validity of the HRT parameters. Admittedly, manual visual
inspection introduces unpreventable human error and, thus,
variability to the analyzes, which should be avoided wherever
possible. Therefore, DTW may be a method to ensure a reliable
reaction to the VPC by comparing the progress of the tachogram
of a person to a standard tachogram established from a healthy
peer group. Additionally, stVPCS could be generated for different
pathological conditions, which would enable using HRT not only
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FIGURE 6 | Dynamic time warping (DTW) analysis of exemplary postRRs grouped by their respective TT. The left side (A) shows the analysis of the stVPCS with the

full postRRs sequences, the right side (B) with the cut sequences. From up to down the plots show the comparisons for TT 1 (1), 3 (2), and 7 (3). The full averaged

sequence of TT 1 (A.1) lacks the initial bend and shows an immediate IL incline. The sequence of TT = 3 fits the stVPCS the best, both in the full (A.2) and in the cut

version (B.2).

for risk assessment but also as part of diagnostics. Possibly, DTW
could replace the original HRT parameters, because it analyzes
the tachogram as a whole instead of reducing it to selective
parameters that can be biased as seen in this study with TS.

Using DTW for HRT analysis needs establishing the mentioned
stVPCSs through a sufficiently large data set with fitting health
conditions and with respect to factors influencing HRT like age
or circadian rhythm (31). A similar approach has already been
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FIGURE 7 | Distances calculated by DTW. The differences between stVPCS and the averaged VPCSs of all files grouped by their respective TT are shown in dark

blue (full sequences) and light blue (cut sequences). The distances of the cut sequences are lower than the distances of the full sequences. In both TT 3 has the

lowest distance to the stVPCS. The gray background graph and the corresponding axis on the right illustrate the number of files in the different groups.

done byMartínez et al. (44) based on a Neyman-Pearson detector
(44) that compares a VPCS to the first three functions of a
Karhunen-Loève transform expansion (45, 46). Under certain
circumstances, this assessment is more robust regarding noise
than TO and TS and needs fewer VPCSs to reach a high
probability of detecting distinct HRT (46), which shows that
comparison of shape patterns as a whole instead of reducing them
to restricted aspects of the curve progression offers promising risk
assessment parameters.

4.4. Hypotheses
Our first hypothesis suggested a distinct difference in HRT values
when calculated with different #TSRRs. Although we could show
a difference in the number of assessable HRT values and HRT
classes, the differences are not as distinct as we expected with <
1% and 5–6% affected files, respectively. However, no variable
risk assessment is obstructive in clinical diagnostics, especially
if the results obtained from the same person vary solely based
on a difference in methodology. Consequentially, the question
remains which of the commonly used #TSRR are optimal for
the analysis.

Therefore, our second hypothesis tackled the question of
whether high TT or TTSD values do not show actual HRT
but random fluctuation. The tachograms of the files with
different parameter values based on #TSRR show, that these
differences are mainly based on variability due to different
sets of VPCSs used for calculation instead of actual HRT
at the end of the VPCSs. Furthermore, the comparison of
the stVPCS with averaged VPCSs grouped by TT verifies

FIGURE 8 | Linear regression analysis of TT and its respective TTSD of all files

included in the analysis.

that with increasing TT the response to the VPCs decreases
considerably. The same result is implied by HRT values
passing their respective thresholds to an increasing degree with
rising TT.

4.5. Limitations
While some of the files included in the stVPCS derive
from NSR2DB that is defined as subjects with “normal sinus
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rhythm,” the vast majority of files belong to the CRISDB,
LTSTDB, LTAFDB, and CHF2DB that include ECGs of persons
after myocardial infarction, with ST-segment anomalies, atrial
fibrillation, and congestive heart failure, respectively. Therefore,
it is probable that files were included from persons with
diagnosed pathologies that are not visible in the used autonomic
markers and may bias our results. It would be interesting to
repeat the analysis with data from healthy subjects to examine
a possible difference in the stVPCSs.

Due to the lack of meta-data in the user databases, we
did not analyze any influence of medication on #TSRR. To
our knowledge, a temporal change in the HRT response
has not been studied so far. The focus of HRT research
rather lies on the strength of the response than its delay.
The same goes for any response of the baroreflex: Baroreflex
sensitivity has been shown to change with antihypertensive
medication (47, 48), but its temporal aspect has not been
studied. Since the baroreflex response latency can be influenced
through short directed intervention such as tilt or atropine
administration (49), it is possible that drugs influencing
the sympathovagal balance like beta-blockers can change the
response delay as well. However, the temporal scale of the
difference does not exceed 1 s which amounts to approximately
two intervals (49) and is likely to be less with long-term
medication and adapted baroreceptor sensitivity. Therefore,
we expect that any medication influencing HRT does not
influence our results, but this also should be investigated with
appropriate data.

It is important to mention that our results allow
conclusions about the behavior of the autonomic marker
but not its predictive power. Since HRT is a risk marker
for major adverse cardiac events, analysis without meta-
data about the outcome of the studied patients can only
be the first step and must be verified with appropriate
clinical data.

5. CONCLUSION

We recommend using #TSRR 15 for HRT analysis. The lower
number of valid intervals results in a higher amount of VPCSs
that can be used in the analysis as well as discarding of intervals

that show random fluctuation instead of HRT. Therefore, it leads
to more reliable data.
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Objectives: The aim of this study was to develop and validate a novel risk score to
predict in-hospital mortality in patients with acute myocardial infarction (AMI) using the
Heart Failure after Acute Myocardial Infarction with Optimal Treatment (HAMIOT) cohort
in China.

Methods: The HAMIOT cohort was a multicenter, prospective, observational cohort
of consecutive patients with AMI in China. All participants were enrolled between
December 2017 and December 2019. The cohort was randomly assigned (at a
proportion of 7:3) to the training and validation cohorts. Logistic regression model was
used to develop and validate a predictive model of in-hospital mortality. The performance
of discrimination and calibration was evaluated using the Harrell’s c-statistic and the
Hosmer-Lemeshow goodness-of-fit test, respectively. The new simplified risk score was
validated in an external cohort that included independent patients with AMI between
October 2019 and March 2021.

Results: A total of 12,179 patients with AMI participated in the HAMIOT cohort, and
136 patients were excluded. In-hospital mortality was 166 (1.38%). Ten predictors
were found to be independently associated with in-hospital mortality: age, sex, history
of percutaneous coronary intervention (PCI), history of stroke, presentation with ST-
segment elevation, heart rate, systolic blood pressure, initial serum creatinine level, initial
N-terminal pro-B-type natriuretic peptide level, and PCI treatment. The c-statistic of the
novel simplified HAMIOT risk score was 0.88, with good calibration (Hosmer–Lemeshow
test: P = 0.35). Compared with the Global Registry of Acute Coronary Events risk score,
the HAMIOT score had better discrimination ability in the training (0.88 vs. 0.81) and
validation (0.82 vs. 0.72) cohorts. The total simplified HAMIOT risk score ranged from
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0 to 121. The observed mortality in the HAMIOT cohort increased across different risk
groups, with 0.35% in the low risk group (score ≤ 50), 3.09% in the intermediate risk
group (50 < score ≤ 74), and 14.29% in the high risk group (score > 74).

Conclusion: The novel HAMIOT risk score could predict in-hospital mortality and be a
valid tool for prospective risk stratification of patients with AMI.

Clinical Trial Registration: [https://clinicaltrials.gov], Identifier: [NCT03297164].

Keywords: acute myocardial infarction, in-hospital mortality, risk score, logistic regression model, net
reclassification improvement, integrated discrimination index

INTRODUCTION

Patients with acute myocardial infarction (AMI) have a
wide range of risks for immediate and long-term mortality
worldwide. The in-hospital mortality of patients with AMI has
decreased because of improved therapies over the past decades,
such as early reperfusion, primary percutaneous coronary
intervention (PCI), antithrombotic medication, and secondary
prevention. However, the mortality rate of patients with AMI
in China continues to substantial increase, at approximately
60 per 100,000 population annually (1). Thus, a potential risk
stratification tool provides an opportunity to identify high
risk patients and those who will benefit from appropriate
decision-making on treatment strategy, level of care or length
of hospital stay.

Over the last two decades, several risk scores have been
developed to predict in-hospital mortality in patients with acute
coronary syndrome (ACS) or AMI (2–12). Among them, the
Global Registry of Acute Coronary Events (GRACE) (2) risk
score is the most popular and widely recommended model for
risk assessment and adjustment in patients with ACS/AMI in
the guidelines of the European Society of Cardiology (ESC)
(13, 14) and American College of Cardiology/American Heart
Association (ACC/AHA) (15). Several other risk score models,
such as the Acute Coronary Treatment and Intervention
Outcomes Network (ACTION) Registry–Get With The
Guidelines (GWTG) mortality risk score (4, 6) from the
United States, the China Acute Myocardial Infarction (CAMI)
registry (8, 9) or the Improving Care for Cardiovascular Disease
in China-Acute Coronary Syndrome (CCC-ACS) project (10),
were also derived to predict in-hospital mortality. However,
these risk score models have some limitations (16–19). First,
some of the excluded patients had a high risk, and some
were modeled after selected populations that enrolled non-
consecutive patients. Second, most risk scores were established
in an era when the treatment strategy and patient characteristics
were relatively different. Third, most of the published risk
scores seldom contained patients from developing countries,
especially in China.

Therefore, we aimed to develop and validate a novel in-
hospital mortality risk model for patients with AMI from the
Heart failure after Acute Myocardial Infarction with Optimal
Treatment (HAMIOT) cohort in China. We also sought to build a
simple risk score tool for in-hospital mortality that could be used
prospectively for risk stratification.

MATERIALS AND METHODS

Study Population
With the support of National Key Research and Development
Program of China, the HAMIOT cohort was a multicenter,
prospective, observational cohort study that included consecutive
patients with AMI in China1 (NCT03297164). From December
2017 to December 2019, a total of 12,179 patients aged
18 years or older with symptoms or signs of ST-segment
elevation or non-ST-segment elevation were enrolled, in
which 136 patients were excluded because of prior chronic
heart failure or tumors. The cohort was randomly assigned
into the training (n = 8,431) and validation (n = 3,612)
cohorts. The proportion was 7:3. The overall study design
and flow chart were presented in Figure 1. The study
was evaluated in an external validation cohort (n = 3,095),
with prospectively enrolled patients with AMI in the Second
Affiliated Hospital of Harbin Medical University from October
2019 to March 2021.

In this study, variables such as demographic characteristics,
medical history, presentation with electrocardiogram and
echocardiography findings, laboratory examinations, and
treatment strategies were collected during hospitalization.
ST-segment elevation myocardial infarction (STEMI) and non-
ST-segment elevation myocardial infarction (NSTEMI) were
defined according to the ESC guidelines (11, 12). The endpoint
was in-hospital all-cause mortality in patients with AMI. The
data was collected and the patients were interviewed by a group
of trained clinical research coordinators, cardiologists and nurses
through an electronic data collection platform.

The study protocol was approved by the ethics or institutional
review board of the hospitals participating in the study, and all
procedures were in accordance with the Declaration of Helsinki.
Each eligible patient signed an informed consent form and agreed
to a follow-up after discharge either through over the telephone,
inpatient, or outpatient interview.

Statistical Methods
Generally, continuous variables were presented as median (25th
and 75th percentiles), and were tested with the Student’s
t-test or the Mann–Whitney U test. Categorical variables were
expressed as counts and percentages (%), and were compared
using the Chi-square(χ2) test or Fisher’s exact test. The

1https://clinicaltrials.gov
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FIGURE 1 | Study flow chart of the HAMIOT Cohort Study. From December 2017 to December 2019, 12,043 patients with AMI were randomly assigned into the
training (n = 8,431) and validation (n = 3,612) cohorts. HAMIOT, the Heart failure after Acute Myocardial Infarction with Optimal Treatment; AMI, acute myocardial
infarction.

training and validation cohorts were randomly divided using the
method of Proc Surveyselect in SAS 9.3 (SAS Institute, Cary,
NC, United States).

The unadjusted associations between candidate variables and
in-hospital mortality were analyzed using the univariate logistic
regression model. Variables, presented as P < 0.20 in the
univariate logistic regression analysis, were included in the
multivariate logistic regression analysis, and they were then
evaluated by the stepwise selection approach for model building.
The final logistic regression model contained variables with
P values < 0.05. The associations between the candidate risk
predictors and in-hospital mortality were presented as odds ratios
(ORs) with 95% confidence intervals (CIs).

A novel simplified risk score was developed according to
the final logistic regression model. For continuous variables,
stratification was performed using certain thresholds, and the
simplified risk score was re-evaluated. In the final logistic
regression model, continuous variables were age, heart rate,
systolic blood pressure (SBP), initial serum creatinine level and
initial N-terminal pro-B-type natriuretic peptide (NT-proBNP)
level. They were categorized as: (1) age (<60, 60–70, 70–80,
≥80 years); (2) heart rate (<60, 60–100, ≥100 beats/min), (3)
SBP (<100, 100–120, 120–140, 140–160, ≥160 mmHg), (4) initial
serum creatinine level (<1.3, ≥1.3 mg/dL), and (5) initial NT-
proBNP level (<125, 125–2,000, >2,000 pg/mL). The risk score
of each predictor was calculated on the basis of the beta (β)
coefficient of the re-evaluated model (20).

Discrimination and calibration were evaluated using the
c-statistic or receiver operating characteristic (ROC) curve

and the Hosmer–Lemeshow goodness-of-fit test, respectively.
Internal validation was evaluated using the bootstrap techniques
(1,000 replications) to obtain optimism corrected c-statistics
(21). External validation of the HAMIOT risk score was
assessed using a prospectively subsequent AMI cohort from
the Second Affiliated Hospital of Harbin Medical university.
In addition, the performance of the HAMIOT risk score
was assessed in selected subgroups, including age (<60 vs.
≥60 years), sex (female vs. male), body mass index (BMI)
(<25 vs. ≥25 kg/m2), presentation with ST-segment elevation
(STEMI vs. NSTEMI), current smoking (yes vs. no), history
of stroke (yes vs. no), Killip class (I vs. II–IV), cardiac arrest
(yes vs. no), and PCI treatment during hospitalization (yes vs.
no). Moreover, the novel HAMIOT risk score was compared
to the GRACE risk score in the training, validation and
subgroup cohorts. Finally, we calculated the net reclassification
improvement (NRI), which focused on the improvement that
patients were appropriately assigned to different risk groups
(low risk, score ≤ 50; intermediate risk, 50 < score ≤ 74; high
risk, score > 74), and the integrated discrimination index (IDI),
which evaluated how well the HAMIOT risk score increased
prognostic accuracy (22).

The initial NT-proBNP level and cardiac enzymes were
normalized using log10 transformation. The missing values
of some prognostic variables were simply arranged according
to the corresponding median or mode values. All statistical
analysis were performed using the SAS 9.3 or R (version 4.1.0)
software. All reported P-values were based on two-sided tests, and
statistical significance was set at P < 0.05.
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TABLE 1 | Characteristics of baseline in the training and validation cohorts.

Variables All population Training cohort Validation cohort

Number of patients 12,043 8,431 3,612

Demographic characteristics

Age, years 62.33(53.84,69.58) 62.21(53.60,69.48) 62.59(54.28,69.76)

Sex

Male 8,758(72.72%) 6,172(73.21%) 2,586(71.59%)

Female 3,285(27.28%) 2,259(26.79%) 1,026(28.41%)

BMI, kg/m2 24.74(22.83,27.04) 24.77(22.84,27.05) 24.54(22.74,27.04)

Medical history

Current smoking 4,952(41.12%) 3,482(41.30%) 1,470(40.70%)

History of diabetes 2,890(24.00%) 2,091(24.80%) 799(22.12%)

History of hypertension 6,167(51.21%) 4,340(51.48%) 1,827(50.58%)

History of CABG 51(0.42%) 40(0.47%) 11(0.30%)

History of PCI 781(6.49%) 542(6.43%) 239(6.62%)

History of stroke 1,634(13.57%) 1,109(13.15%) 525(14.53%)

Presentation characteristics

Presentation with STEMI

STEMI 8,434(70.03%) 5,913(70.13%) 2,521(69.80%)

NSTEMI 3,609(29.97%) 2,518(29.87%) 1,091(30.20%)

SBP, mmHg 130(116.00,148.00) 130(116.00,148.00) 130(116.00,149.00)

DBP, mmHg 80(70.00,90.00) 80(70.00,90.00) 80(70.00,90.00)

Heart rate, beats/min 75(65.00,86.00) 75(65.00,86.00) 75(65.00,87.00)

LVEF, % 58(50.00,62.00) 58(50.00,62.00) 58(50.00,62.00)

Cardiac arrest 105(0.87%) 76(0.9%) 29 (0.8%)

Killip class

I 8,468(92.92%) 5,950(93.13%) 2,518(92.44%)

II–IV 645(7.08%) 439(6.87%) 206(7.56%)

Laboratory examinations

White blood cell, 109/L 9.8(7.82,12.20) 9.77(7.81,12.20) 9.81(7.84,12.19)

Red blood cell, 109/L 4.62(4.24,5.00) 4.63(4.24,5.01) 4.6(4.23,4.98)

Hemoglobin, g/L 144(131.00,156.00) 144(131.00,156.00) 143(131.00,156.00)

Urea, mmol/L 5.60(4.54,6.90) 5.58(4.50,6.93) 5.64(4.60,6.90)

Serum creatinine, mg/dL 0.86(0.74,1.03) 0.86(0.74,1.03) 0.87(0.74,1.03)

ALT, U/L 27(18.00,42.00) 27(18.00,42.70) 26(17.00,42.00)

AST, U/L 47(25.50,117.00) 47(25.40,119.00) 47(25.80,113.20)

TG, mmol/L 1.46(1.03,2.11) 1.47(1.04,2.11) 1.45(1.01,2.09)

TC, mmol/L 4.53(3.86,5.26) 4.53(3.86,5.26) 4.52(3.88,5.27)

HDL-C, mmol/L 1.10(0.92,1.35) 1.10(0.92,1.34) 1.11(0.93,1.37)

LDL-C, mmol/L 2.72(2.09,3.39) 2.72(2.09,3.40) 2.71(2.09,3.38)

Fasting blood glucose, mg/dL 6.36(5.28,8.39) 6.38(5.29,8.44) 6.30(5.25,8.29)

NT-proBNP, pg/mL 602.15(180.00,1611.00) 606(182.00,1609.00) 598.6(173.00,1636.00)

CK, U/L 251(108.00,773.80) 248.5(107.00,778.00) 254(110.00,764.00)

CKMB, ng/mL 10.10(2.50,51.60) 10.20(2.50,51.60) 10.00(2.50,51.51)

cTn I, µg/L 1.98(0.28,11.60) 1.95(0.28,11.14) 2.05(0.30,12.60)

Treatment during hospitalization

Aspirin 11,151(92.59%) 7,795(92.46%) 3,356(92.91%)

Clopidogrel/Ticagrelor 11,206(93.05%) 7,834(92.92%) 3,372(93.36%)

Statins 11,120(92.34%) 7,761(92.05%) 3,359(93.00%)

Absence of PCI treatment 3,356(27.87%) 2,337(27.72%) 1,019(28.21%)

Primary endpoint

In-hospital mortality 166(1.38%) 117(1.39%) 49(1.36%)

Continuous variables were presented as median (Q1, Q3 quantiles), and categorical variables were presented as number (%). BMI, body mass index; CABG, coronary
artery bypass graft; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction; NSTEMI, non-ST-segment elevation myocardial
infarction; SBP, systolic blood pressure; DBP, diastolic blood pressure; LVEF, left ventricular ejection fraction; ALT, alanine transaminase; AST, aspartate aminotransferase;
TG, triglyceride; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; CK, creatine kinase; CK-MB, creatine kinase-MB; cTn I, cardiac troponin I.
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TABLE 2 | Univariate analysis between baseline characteristics (continuous variables) and in-hospital mortality in the training cohort.

Variables Patients alive Patients died OR (95%CI) P-value

Number of patients 8,314 117 – –

Age, years 62.06(53.50,69.30) 73.63(66.03,80.72) 1.11(1.08,1.13) <0.01

BMI, kg/m2 24.79(22.86,27.06) 23.55(21.88,26.12) 0.93(0.88,0.98) 0.01

SBP, mmHg 130(116.00,148.00) 122(106.00,140.00) 0.98(0.98,0.99) <0.01

DBP, mmHg 80(70.00,90.00) 77(65.50,85.00) 0.98(0.97,0.99) <0.01

Heart rate, beats/min 75(65.00,86.00) 83(68.00,98.00) 1.02(1.01,1.03) <0.01

LVEF,% 58(50.00,62.00) 46.4(40.00,57.00) 0.95(0.93,0.96) <0.01

WBC, 109/L 9.76(7.81,12.18) 10.35(7.90,14.15) 1.06(1.02,1.1) <0.01

RBC, 109/L 4.64(4.25,5.01) 4.29(3.92,4.64) 0.4(0.3,0.53) <0.01

Hemoglobin, g/L 145(131.50,157.00) 133(123.00,148.00) 0.99(0.98,1) 0.02

Urea, mmol/L 5.57(4.50,6.90) 7.4(5.33,9.12) 1.00(1.00,1.01) 0.23

Serum creatinine, mg/dL 0.86(0.74,1.02) 0.96(0.76,1.36) 1.83(1.53,2.18) <0.01

ALT, U/L 27(18.00,42.00) 37.65(21.00,61.00) 1.03(1.02, 1.04)‡ <0.01

AST, U/L 46.3(25.00,117.00) 86(37.00,222.30) 1.02(1.01, 1.03)‡ <0.01

TG, mmol/L 1.47(1.04,2.12) 1.35(1.02,1.84) 0.72(0.56,0.94) 0.01

TC, mmol/L 4.54(3.86,5.26) 4.23(3.41,4.89) 0.79(0.65,0.96) 0.02

HDL-C, mmol/L 1.10(0.92,1.34) 1.07(0.85,1.37) 0.55(0.32,0.95) 0.03

LDL-C, mmol/L 2.72(2.09,3.40) 2.54(1.92,3.26) 0.87(0.70,1.07) 0.17

Fasting blood glucose, mg/dL 6.37(5.29,8.42) 7.49(6.10,11.04) 1.09(1.05,1.14) <0.01

NT-proBNP, pg/mL 592(180.00,1564.93) 3600(1377.00,9080.00) 2.16(1.87,2.49)∗ <0.01

CK, U/L 245(107.00,769.00) 508(186.00,1725.00) 2.28(1.59,3.27)∗ <0.01

CKMB, ng/mL 10(2.50,50.90) 29(8.20,181.80) 2.06(1.42, 2.97)∗ <0.01

cTn I, µg/L 1.9(0.27,11.00) 5.77(1.08,29.53) 1.44(1.17,1.77)∗ <0.01

‡Odds ratio of per-10 unit increase with 95% confidence interval.
*Odds ratio of log10 transformation with 95% confidence interval.
OR, odds ratio; other abbreviations are in Table 1.

RESULTS

Baseline Characteristic
From December 2017 to December 2019, a total of 12,179
patients with AMI (STEMI and NSTEMI) participated in the
HAMIOT cohort. Among them, 136 patients were excluded
because of prior chronic heart failure or tumors. In total, our
study consisted of 12,043 eligible patients with AMI. The in-
hospital mortality rate of these patients was 166 (1.38%). The
median age was 62 years, 73% were male, and 70% presented
with ST-segment elevation. The patients were randomly divided
into the training (n = 8,431) and validation (n = 3,612)
cohorts with in-hospital mortalities of 117 (1.39%) and 49
(1.36%), respectively. Demographic characteristics, medical
history, presentation characteristics, laboratory examination
results, medication and PCI treatment during hospitalization
were described in Table 1. There were no significant differences
between the training and validation cohorts (each P > 0.05).

The external validation cohort contained 3,095 independent
patients with AMI from the Second Affiliated Hospital of
Harbin Medical University. Among them, 32 (1.03%) patients
died in the hospital. Baseline characteristics were provided in
Supplementary Material (Supplementary Table 1).

Predictors of In-Hospital Mortality
In the training cohort, the association between each baseline
characteristic and in-hospital mortality was analyzed using the

univariate logistic regression model and was presented in Table 2
(for continuous variables) and Table 3 (for categorical variables).
Patients who died in the hospital were more likely to be old,
female, and had an elevated heart rate, low SBP and diastolic
blood pressure, high incidence of previous diseases (diabetes,
hypertension, coronary artery bypass graft, PCI treatment,
and stroke), low rate of treatment with medication (aspirin,
clopidogrel or ticagrelor, and statins) and PCI treatment (each
P < 0.05). For laboratory findings, alanine transaminase,
aspartate aminotransferase, and fasting plasma glucose were
higher, and triglyceride, total cholesterol, and high-density
lipoprotein cholesterol were lower in dead patients compared
to survival patients (each P < 0.05). The initial levels of serum
creatinine, NT-proBNP and cardiac enzymes (creatine kinase,
creatine kinase-MB and cardiac troponin I) were high in the
non-survival patients (each P < 0.05).

In the multivariate logistic regression analysis, variables
presented as P < 0.20 in the univariate analysis (Tables 2, 3)
were included. Ten predictors were found to be independently
associated with in-hospital mortality: age, sex, history of PCI
treatment, history of stroke, presentation with ST-segment
elevation, heart rate, SBP, initial serum creatinine level, initial NT-
proBNP level, and PCI treatment. The results of the multivariate
logistic regression analyses were displayed in Figure 2. The
performance of discrimination and calibration were 0.88 (c-
statistic) and P = 0.16 (Hosmer–Lemeshow goodness-of-fit
test), respectively.
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TABLE 3 | Univariate analysis between baseline characteristics (categorical variables) and in-hospital mortality in the training cohort.

Variables n In-hospital mortality,% OR (95%CI) P-value

Demographic characteristics

Sex Male 6172 0.97 Ref Ref

Female 2259 2.52 2.64(1.83, 3.80) <0.01

Medical history

Current smoking No 4949 1.72 Ref Ref

Yes 3482 0.92 0.53(0.35,0.8) 0.02

History of diabetes No 6340 1.21 Ref Ref

Yes 2091 1.91 1.59(1.08,2.33) 0.02

History of hypertension No 4091 1.08 Ref Ref

Yes 4340 1.68 1.57(1.08,2.29) 0.02

History of CABG No 8391 1.37 Ref Ref

Yes 40 5 3.79(0.9,15.89) 0.07

History of PCI No 7889 1.24 Ref Ref

Yes 542 3.51 2.89(1.75,4.76) <0.01

History of stroke No 7322 1.22 Ref Ref

Yes 1109 2.52 2.11(1.37,3.23) 0.01

Presentation characteristics

Presentation with STEMI NSTEMI 2518 1.11 Ref Ref

STEMI 5913 1.51 1.36(0.89, 2.08) 0.16

Cardiac arrest No 8355 1.38 Ref Ref

Yes 76 2.63 0.94(0.47,7.99) 0.36

Killip class I 5950 1.46 Ref Ref

II–IV 439 4.33 3.05(1.84,5.06) <0.01

Treatment during hospitalization

Aspirin No 636 3.3 Ref Rref

Yes 7795 1.23 0.37(0.23,0.59) <0.01

Clopidogrel/Ticagrelor No 597 3.18 Ref Ref

Yes 7834 1.25 0.39(0.23,0.63) <0.01

Statins No 670 2.84 Ref Ref

Yes 7761 1.26 0.44(0.27,0.72) 0.01

Absence of PCI treatment No 6094 0.64 Ref Ref

Yes 2337 3.34 5.36(3.64,7.90) <0.01

Abbreviations are in Tables 1, 2.

HAMIOT Risk Score
The novel HAMIOT risk score compromised predictors
identified in the multivariate logistic regression model and
was re-evaluated by categorical predictors, including age, heart
rate, SBP, initial serum creatinine level and initial NT-proBNP
level. The score of each predictor was built on the basis of
estimated β coefficient parameter. The results with simple inter
score were shown in Figure 3A. The c-statistic of the simplified
HAMIOT risk score was 0.88. Figure 3B showed the distribution
of individual scores along with the relationship between the
patient risk score and the probability of in-hospital mortality
in the training cohort. Figure 3C presented the corresponding
relationship between the observed and expected in-hospital
mortality across deciles of risk, in which the Hosmer–Lemeshow
goodness-of-fit test was P = 0.35.

Discrimination of the HAMIOT risk score was validated
both internally and externally. The new simplified risk score
was validated in the validation cohort (n = 3,612), and the
discrimination ability was 0.82 with good calibration (P = 0.64).
Internal validation was also evaluated using bootstrap techniques

(1,000 replications) to obtain the optimism corrected c-statistic,
which was 0.85. The discrimination ability was 0.82 (c-statistic) in
the external validation cohort, and the ROC curve was presented
in Supplementary Figure 1. In addition, the c-statistic values of
the selected subgroups were calculated, and they performed well,
as seen in Table 4.

Furthermore, the total risk score of the established HAMIOT
risk score model ranged from 0 to 121. The novel HAMIOT risk
score of in-hospital mortality was stratified into three risk groups:
low risk(score ≤ 50); intermediate risk(50<score ≤ 74); and high
risk(score > 74). Figure 3D described the observed in-hospital
mortality across each risk group in the HAMIOT and external
cohorts. The observed in-hospital mortality rates were 0.35, 3.09,
and 14.29% in the HAMIOT cohort, and 0.31, 2.21, and 11.39%
in the external cohort, respectively.

Comparision With Grace Risk Score
Compared with the GRACE risk score, the c-statistic of the
HAMIOT risk score was 0.88 vs. 0.81 (Figure 4A) in the training
cohort and 0.82 vs. 0.72 (Figure 4B) in the validation cohort,

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 April 2022 | Volume 9 | Article 840485253

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-840485 April 2, 2022 Time: 14:54 # 7

Li et al. Novel Risk Score of In-Hospital Mortality

FIGURE 2 | Odds ratio of in-hospital mortality in multivariate logistic regression model. OR, odds ratio; CI, confidence interval; STEMI, ST-segment elevation
myocardial infarction; NSTEMI, non-ST-segment elevation myocardial infarction; SBP, systolic blood pressure; NT-proBNP, N-terminal pro-B-type natriuretic peptide;
PCI, percutaneous coronary intervention.

presenting a significantly improved discrimination ability. The
improved reclassification and discrimination were evaluated
using NRI and IDI, and they were 30.81 and 4.9% (each P< 0.01),
respectively. For subgroups, such as age (≥60 years), presentation
with STEMI, BMI (<25 kg/m2), absence of previous stroke,
Killip class(I level), and presentation without cardiac arrest,
the c-statistic values were higher than the GRACE risk score
(each P < 0.05). The other subgroups presented comparable
discrimination ability with the GRACE risk score.

DISCUSSION

The present study extended clinical understanding of AMI risk
and provided a novel simplified HAMIOT risk score of in-
hospital mortality of 12,043 consecutive patients with AMI in
China. The main findings were as follows: (1) Ten independent
predictors were found in the final logistic regression model
that include age, sex, history of PCI treatment, history of
stroke, presentation with STEMI, heart rate, SBP, initial serum
creatinine level, initial NT-proBNP level and PCI treatment
during hospitalization; (2) The novel HAMIOT risk score was
established to predict in-hospital mortality and showed excellent
discrimination and calibration ability; (3) Similar discrimination
capacity was found in the validation cohorts (internal and
external), and in various important clinical subgroups, such
as age, sex, BMI, presentation with STEMI, current smoking,
history of stroke, Killip class, cardiac arrest, and PCI treatment
during hospitalization; (4) The new simplified risk score model
improved discrimination ability compared with the GRACE
score and provided a clinically convenient risk stratification tool
for future patients with AMI.

Several risk score models have been developed to predict in-
hospital mortality and have presented excellent performance of
risk stratification in patients with ACS/AMI. Among them, the
GRACE risk score (2) has been extensively recommended and
used in clinical practice. The GRACE risk score was derived
from an international registry of non-consecutive patients with
ACS from 1999 to 2001, and the in-hospital mortality was 4.6%,
which was higher than the mortality of 1.6% in the HAMIOT
cohort. There were several reasons for the low mortality rates
in this study. First, the GRACE registry was performed nearly
20 years earlier, and the treatment strategy, such as PCI treatment,
was relatively less frequently used (less than 30%) (23) than in
the HAMIOT cohort (72.13%). Second, the risk factors of the
population with AMI included in the HAMIOT cohort have
changed over time. Compared with the GRACE cohort, patients
in our study were younger, had fewer females and smokers, and
had higher incidence of previous diseases (diabetes, hypertension,
PCI, and coronary artery bypass graft). Third, the contributing
hospitals participating in the HAMIOT cohort tended to be chest
pain centers. Fan et al. (24) and Sun et al. (25) reported that chest
pain center accreditation presented a higher PCI treatment rate
and a low short term all-cause mortality in patients with AMI in
China. Thus, with the low mortality rate and different risk factors,
an updated risk score is necessary for the current clinical practice.

The HAMIOT risk score contained 10 independent predictors,
including age, sex, history of PCI treatment, history of stroke,
presentation with STEMI, heart rate, SBP, initial serum creatinine
level, initial NT-proBNP level and PCI treatment). Among the
variables, age, heart rate, serum creatinine, and SBP were mainly
confirmed in some risk scores (2, 4, 6, 8). There were initially
six new predictors included in the HAMIOT risk score: sex,
history of PCI treatment or stroke, presentation with STEMI,
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FIGURE 3 | (A) Risk score calculator of in-hospital mortality for patients with AMI. (B) Distribution of HAMIOT risk score and the probability of in-hospital mortality.
(C) Relationship between the observed and expected in-hospital mortality across deciles of risk. (D) Observed in-hospital mortality of HAMIOT cohort and external
cohort stratified by three risk groups (low risk, intermediate risk, and high risk groups). The observed in-hospital mortality rates were 0.35, 3.09, and 14.29% in the
HAMIOT cohort, and 0.31, 2.21, and 11.39% in the external cohort, respectively. HAMIOT, the Heart failure after Acute Myocardial Infarction with Optimal Treatment,
STEMI, ST-segment elevation myocardial infarction; NSTEMI, non-ST-segment elevation myocardial infarction; SBP, systolic blood pressure; NT-proBNP, N-terminal
pro-B-type natriuretic peptide; PCI, percutaneous coronary intervention.

initial NT-proBNP level and absence of PCI treatment during
hospitalization.

For sex, female patients with AMI had been demonstrated
to have a higher risk of short-term and long-term mortality
than male patients in previous studies (26–30); however, the
adjusted risk between sex and mortality was not clear. In our
study, females had a higher in-hospital mortality risk than
males (2.52 vs. 0.97%), and the OR was 1.63(1.10, 2.42) after
adjustment for other predictors. This means that the risk of
death was increased by 63% in female patients compared
to male patients. In our study, we found that patients with
previous diseases (diabetes, hypertension, coronary artery bypass
graft, PCI or stroke), presented with high in-hospital mortality.
Among them, patients with previous PCI treatment or stroke
had an increased risk of death by 81 and 56%, respectively.
For patients with STEMI, risk was not found for the presence
of ST-segment elevation at the time of presentation in the
GRACE risk score (2). However, the ACTION Registry–GWTG
mortality risk model (6) reported that patients with STEMI
had an approximately 80% higher risk than patients with
NSTEMI. Considering the inconsistency of risks, patients with
ST-segment elevation were considered in our study. In the
univariate analysis, in-hospital mortality rates of patients with

STEMI and NSTEMI were similar (1.51 and 1.11%, respectively).
However, the association between STEMI and mortality was 2.08
(1.31, 3.32) in the multivariate analysis, presenting a 2.08-fold
increased risk. The increased initial NT-proBNP level had proven
to be an important predictor of early and late mortality (31),
and has been recommended as a prognostic indication of death
and heart failure (14, 32). The association between log10(NT-
proBNP) and in-hospital mortality in our study was presented
as 2.16 (1.87, 2.49) in the univariate analysis and 2.29 (1.58,
3.33) in the multivariate analysis. PCI has been widely proven
and recommended for patients with AMI (13, 14), and some
risk models of long-term mortality have been established and
validated for patients with ACS undergoing PCI treatment (33,
34). While PCI treatment has an obvious benefit for patient
with AMI, risk models rarely considered it a predictor of in-
hospital mortality. Moreover, the proportion of PCI treatment
was relatively low (50%) for patients with AMI in China (25),
which could lead to serious outcomes, such as cardiac arrest
or even death in hospital. In our study, the absence of PCI
treatment was included, and the in-hospital mortality between
the absence and presence of the PCI treatment were 3.34 and
0.64%, respectively. The adjusted OR was 4.30 (2.86, 6.47),
showing a 4.3-fold increased risk of death. Other factors known
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TABLE 4 | The performance of discrimination ability in the subgroups between the HAMIOT risk score and GRACE risk score.

Subgroups Training cohort Validation cohort All patients

n GRACE HAMIOT n GRACE HAMIOT n GRACE HAMIOT

Age, years

∼60 3600 0.88 0.84 1485 0.57 0.81 5085 0.8 0.84

60∼ 4831 0.72 0.85* 2127 0.65 0.77* 6958 0.7 0.83*

Sex

Male 2259 0.7 0.83* 1026 0.68 0.75 3285 0.7 0.81*

Female 6172 0.86 0.89 2586 0.72 0.85* 8758 0.81 0.88*

Presentation with STEMI

STEMI 5913 0.8 0.88* 2521 0.73 0.81* 8434 0.78 0.86*

NSTEMI 2518 0.83 0.87 1091 0.72 0.81 3609 0.81 0.85

BMI, kg/m2

<25 4554 0.76 0.86* 2024 0.72 0.83* 6578 0.75 0.85*

≥25 3877 0.86 0.89 1588 0.71 0.79 5465 0.82 0.86

Current smoking

No 4949 0.77 0.85* 2142 0.72 0.78 7091 0.75 0.83*

Yes 3482 0.86 0.92 1470 0.66 0.89* 4952 0.82 0.91*

History of stroke

No 7322 0.81 0.88* 3087 0.72 0.82* 10409 0.79 0.87*

Yes 1109 0.76 0.81 525 0.7 0.76 1634 0.74 0.8

Killip class

I 5950 0.79 0.88* 2518 0.65 0.77* 8468 0.75 0.85*

II–IV 439 0.75 0.79 206 0.82 0.79 645 0.78 0.79

Cardiac arrest

No 8355 0.81 0.87* 3583 0.72 0.82* 11938 0.78 0.86*

Yes 76 0.97 0.98 29 0.84 0.89 105 0.94 0.96

PCI treatment during hospitalization

No 2337 0.8 0.84 1019 0.72 0.78 3356 0.78 0.82*

Yes 6094 0.78 0.83 2593 0.71 0.79 8687 0.76 0.82*

Abbreviations are in Tables 1, 2. *P < 0.05 between the HAMIOT risk score vs the GRACE risk score.

FIGURE 4 | The ROC Curves of the HAMIOT and the GRACE risk score. (A) In the training cohort, the c-statistic in the HAMIOT score 0.88(0.84,0.91) was higher
than the GRACE score 0.81(0.77,0.84). (B) In the validation cohort, the c-statistic in the HAMIOT score 0.82(0.76,0.88) was higher than the GRACE 0.72(0.65,0.8).
HAMIOT, the Heart failure after Acute Myocardial Infarction with Optimal Treatment; GRACE, the Global Registry of Acute Coronary Events; ROC, receiver operating
characteristic.
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to be associated with in-hospital mortality, including Killip class
and cardiac arrest (2–4, 8, 11), were considered in the logistic
regression model, but hardly contributed to in-hospital mortality.

The simplified HAMIOT risk score presented excellent
discrimination and calibration, and it was better than the
GRACE risk score in the training and validation (internal and
external) cohorts. The c-statistic was comparable to other risk
scores in patients with AMI (2, 4, 6, 10). In our study, the
HAMIOT risk score had higher c-statistic values compared
with the Simplified CAMI-NSTEMI and CCC-ACS scores
which were built based on Chinese patients with AMI in
the HAMIOT cohort (training cohort: 0.88 vs. 0.72, 0.88 vs.
0.82; validation cohort: 0.82 vs. 0.74, 0.82 vs. 0.78). Moreover,
the simplified risk score performed well in several subgroups,
especially in patients with smoking or cardiac arrest (the Harrel’s
c-statistics were higher than 0.90). Besides, the c-statistic in
the novel risk score was better than the GRACE risk score,
especially in some subgroups (older, presentation with STEMI,
normal BMI index, absence of previous stroke, I level of
Killip class and presentation without cardiac arrest). Thus, the
novel HAMIOT risk score may be more useful to predict in-
hospital mortality.

Study Limitations
Although the HAMIOT risk score is a novel and practical
tool that can stratify the risk of in-hospital mortality in
patients with AMI, it has several limitations. First, the
HAMIOT score was based on Chinese population, whether it
can be applied to other ethnicities needs further validation.
Second, although we validated our risk score model in the
validation and an independent prospective external cohort,
the HAMIOT risk score needs to be verified in large
cohorts. Third, patients with a history of chronic heart
failure were excluded from our study, clinicians should take
special caution when applying these results to these patients.
Fourth, since the HAMIOT risk score only assessed in-
hospital mortality, long-term mortality risk predictors should be
further studied.

CONCLUSION

In conclusion, the HAMIOT risk score demonstrated that
the risk of in-hospital mortality in patients with AMI could
be reliably predicted using 10 highly predictive variables.
All of these variables could be easily obtained during
hospitalization. Since the novel risk score tool is simple and
easy to calculate, clinicians can rapidly apply to predict the

risk of mortality and to provide the correct therapies or
management strategies.
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Background: Inhibition of sympathetic activity and renin–angiotensin system with renal
denervation (RDN) was proved to be effective in managing refractory hypertension,
and improving left ventricular (LV) performance in chronic heart failure. The inhibition of
sustained sympathetic activation prevents or delays the development of cardiac fibrosis
and dysfunction that occurs after myocardial infarction and ischemia–reperfusion (I/R)
injury. The translational efficiency of RDN remains to be defined in preclinical animal
studies.

Objectives: This study investigated the therapeutic role of RDN in adverse remodeling
and intramyocardial inflammation in myocardial ischemia–reperfusion (MI/R) injury.

Methods: Herein, 15 minipigs were subjected to 90-min percutaneous occlusion of
the left anterior descending artery followed by reperfusion. Eight animals received
simultaneous RDN using catheter-based radiofrequency ablation (MI/R-RDN). Cardiac
function and infarct volume were measured in vivo, followed by histological and
biochemical analyses.

Results: The infarct volume in I/R-RDN pigs reduced at 30 days postreperfusion,
compared to I/R-Sham animals. The levels of catecholamine and cytokines in the serum,
kidney cortex, the border, and infarcted regions of the heart were significantly reduced in
I/R-RDN group. Moreover, the gene expression of collagen and the protein expression of
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adrenergic receptor beta 1 in heart were also decreased in I/R-RDN mice. Additionally,
RDN therapy alleviated myocardial oxidative stress.

Conclusion: RDN is an effective therapeutic strategy for counteracting postreperfusion
myocardial injury and dysfunction, and the application of RDN holds promising
prospects in clinical practice.

Keywords: acute myocardial infarction, sympathetic nervous system, renal denervation, cardiac remodeling,
inflammation

INTRODUCTION

Acute myocardial infarction (AMI), the most severe
manifestation of coronary artery disease, is one of the leading
causes of morbidity and mortality worldwide (1). The early
mortality of AMI has decreased dramatically due to timely
successful reperfusion therapy with percutaneous coronary
intervention (PCI) that protects the heart from permanent
damage. However, restoration of blood flow and reoxygenation
in the heart is frequently associated with an exacerbation of tissue
injury and a profound inflammatory response that is known as
ischemia–reperfusion (I/R) injury (2). Myocardial injury induces
significant changes in left ventricular (LV) structure which
contributes to 75% of AMI survivors who develop heart failure
within 5 years (3). The therapeutic approaches focusing on the
prognosis of AMI with I/R injury remain to be developed.

It is well established that neurohormonal activation, the
overactivation of both sympathetic nervous system (SNS)
and renin–angiotensin–aldosterone system (RAAS), as
well as an intense sterile inflammatory response are major
contributors to reperfusion injury and cardiac remodeling
(4). Pharmacotherapies that target the autonomic nervous
system improve the prognosis of patients with I/R injury.
However, high non-adherence rates limit the optimal use of
these drugs due to many adverse effects (5). Novel adjunct
cardioprotective maneuvers post-I/R are therefore crucial.
Recently, alternative interventional therapeutic treatment, a
catheter-based radiofrequency renal denervation (RF-RDN),
is already used clinically to reduce SNS and RAAS activation,
and seems to be a potential treatment for resistant hypertension
(6–9). Furthermore, renal denervation (RDN) treatment exerted
a beneficial effect by reducing cardiac remodeling in a porcine
model of chronic heart failure (10, 11). Herein, we hypothesize
that the function of RDN therapy postreperfusion could limit
infarct size and prevent HF development.

Here, a catheter-based bilateral renal sympathetic nerve
ablation followed by reperfusion was applied to an established

Abbreviations: Adrb1, adrenergic receptor beta 1; BZs, border zones; ECG,
electrocardiogram; IVS, interventricular septal thickness; IZs, infarct zones;
LAD, left atrial diameter; LC/MS, liquid chromatography–mass spectrometry;
LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction;
MDA, malondialdehyde; MI/R, myocardial ischemia–reperfusion; CMR,
cardiac magnetic resonance imaging; NE, norepinephrine; PCI, percutaneous
coronary intervention; RAAS, renin–angiotensin–aldosterone system; RF-RDN,
radiofrequency renal denervation; RZs, remote zones; SNS, sympathetic nervous
system; SOD, superoxide dismutase; STEMI, ST-segment elevation myocardial
infarction; TH, tyrosine hydroxylase; TNF-α, tumor necrosis factor-alpha; TTE,
transthoracic echocardiography.

porcine model of AMI with extensive ST-segment elevation
myocardial infarction (STEMI). Involvement of both neuronal
and humoral pathways allow us to study the signal transfer
between renal and heart. We observed that RDN therapy
has cardioprotective effects in AMI with I/R injury through
improvement in cardiac function and structure. We also
found that the protective effect of RDN acts through multiple
pathways, including reversing adverse remodeling, decreasing
infarct area, reducing neurohumoral changes, and decreasing of
inflammation levels.

MATERIALS AND METHODS

Ethics Statement and Animal Preparation
All animal experimental procedures were approved by the Ethics
Committee of Nanjing Drum Tower Hospital, The Affiliated
Hospital of Nanjing University Medical School (ethics code:
20200508) and conformed to the Guide for the Care and Use of
Laboratory Animals according to Chinese National Regulations.

Eighteen 3-month-old Bama miniature pigs, weighing
15 ± 2 kg each, purchased from Taizhou Taihe Biotechnology
Co., Ltd., were housed in animal care facilities. Prior to surgery,
pigs were fasted for 12 h but with free water. Zoletil R© 50
(Virbac) and atropine sulfate were injected intramuscularly
for anesthesia, and peripheral venous access was established.
Propofol (5 mg/kg/h) was slowly injected intravenously during
the operation for general anesthesia. After tracheal intubation
to assist breathing, pigs were mechanically ventilated using a
non-invasive ventilator (tidal volume limited to 0.4–0.6 L/min,
18 breaths/min, oxygen concentration of 60%). An IntelliVue
MP30 electrophysiological recorder was connected to the subjects
for continuously dynamically monitoring heart rate, respiration,
oxygen saturation, and blood pressure. Randomization was set
preoperatively which was blinded to the operator, and when the
animals established the acute myocardial I/R, they were grouped
with renal denervation (MI/R-RDN) or sham (MI/R-Sham)
procedures accordingly.

Acute Myocardial Infarction With
Ischemia–Reperfusion Injury Minipig
Model
All interventional procedures were performed under general
anesthesia and electrocardiographic monitoring. A percutaneous
sheath was placed in the femoral artery with a standard
sterile technique. An 8F Fast-Cath (St. Jude, United States)
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was used for LV angiography and heparin (2000 U/h, I.V.)
injections, and a 6F EBU3.5 (Medtronic, United States) was
placed at the ostia of the left coronary artery descending
(LAD). Myocardial ischemia was induced by angioplasty balloon
occlusion (2.0 × 15 mm, Maverick, Boston Scientific) with
10 atm. Preconditioned minipigs were successively subjected
to triple episodes of 30 s, 1 and 5 min occlusion and 1 min
occlusion followed by 5 and 15 min reperfusion, respectively,
before the prolonged ischemia. Then LAD was occluded for
90 min followed by reperfusion before they were immediately
treated with sham- or RF-RDN (the procedure is shown in
Figure 1), and a cine angiogram was performed to confirm
total occlusion (shown in Figure 2A). The STEMI model was
successfully established when an elevated T wave was observed
in the electrocardiogram (ECG) (shown in Figure 2C), and
heart rate was recorded (Supplementary Table 1). An external
defibrillator was always available after balloon inflation, and it
was used appropriately when a pig developed fatal arrhythmias.
Eight pigs experienced ventricular fibrillation during blood flow
occlusion, seven pigs were rescued successfully, and one pig died
without establishment of the model.

Radiofrequency Renal Artery
Denervation
Via percutaneous femoral artery access, an 8F renal artery Mach
1 RDC (Boston, Scientific, United States) was placed at the ostia
of the renal artery, and then a 12 mm radiofrequency ablation
catheter (GL-6W, Shanghai Golden Leaf Medtech Co., Ltd.,
China) was introduced into the main renal artery. The catheter
had six electrodes to sequentially deliver radiofrequency energy,
which were mounted on a basket that could be opened to achieve
solid contact with the vessel wall. We performed a 120-s ablation
with each electrode and two sets of ablations in the renal artery
from the ostia to the bifurcation (10–12 total ablations per renal
artery), and then repeated the procedure on the other side. The
temperature was 60◦C. Renal angiography was performed before,
during, and after RF-RDN to confirm patency of the arteries
(shown in Figure 2B). The MI/R-Sham group procedure involved
the same guide catheter and ablation catheter placement without
activation of the RF generator.

Benzylpenicillin was administered intramuscularly for two
consecutive days to prevent postoperative infection. Two pigs
died after the operation: one in the MI/R-Sham group died within
24 h after the surgery, and the other in the MI/R-RDN group died
during the first magnetic resonance imaging scanning due to the
anesthetic overdose.

Transthoracic Echocardiography
Two-dimensional transthoracic echocardiography (TTE)
was performed with a CX-50 ultrasound system (Phillips,
Amsterdam, Netherlands) equipped with an S5-1 array sector
transducer probe at a frequency range of 3.5–5.5 MHz. To
assess cardiac function, echocardiographic examinations of
each minipig were performed under anesthesia to produce
quality images at 1, 7, and 30 days post-myocardial ischemia–
reperfusion (MI/R). Left ventricular diameter at end-systole or

end-diastole (LVESD, LVEDD), interventricular septal thickness
(IVS), and left ventricular posterior wall thickness (LVPW) were
measured from M-mode in parasternal short-axis or long-axis
view at a level close to the papillary muscles. Three to six
representative contraction cycles were used for analyses, and the
left ventricular ejection fraction (LVEF) was calculated using
the biplane Simpson method with the accompanying software.
LV mass was calculated according to the recommendations of
the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. LV diastolic function was
evaluated using the ratio of early transmitral flow velocity (E) to
late transmitral flow velocity (A) and the mean of transmitral E
to early diastolic medial LV tissue velocity of the lateral wall (e′
lateral). The velocity-time integral (VTI) of the left ventricular
outflow tract (LVOT) was obtained from pulsed Doppler imaging
by positioning the sample volume at the LVOT approximately
0.5 cm below the aortic valve. Two blinded examiners performed
all measurements.

Cardiac Magnetic Resonance Imaging
Cardiac magnetic resonance imaging (CMR) was performed to
assess the infarct area and cardiac function 5 and 30 days after
the MI/R-Sham or MI/R-RDN operation using an Ingenia CX
3.0T system (Philips Healthcare, Best, Netherlands). Steady-state
free-precession cine imaging was performed using a 32-element
phased-array body coil with ECG gating in cardiac vertical and
horizontal short-axis and long-axis orientations.

The following scanning parameters were used: time of
repetition (TR), 3.5 ms; time of echo (TE), 1.72 ms; field of view
(FOV), 320 mm × 320 mm; layer thickness, 8 mm; the number
of layers in the LV short axis, 8; the number of layers in the rest of
the image, 3; flip angle (FA), 45◦; and the number of excitations,
30 cardiac cycles. Ten to 15 min after the contrast agent injection
(gadodiamide, 0.1 mmol/kg), a T1-weighted segmented phase-
sensitive inversion recovery gradient-echo sequence was acquired
for cine images to detect late gadolinium enhancement (LGE).
The following scanning parameters were used: TR, 5.1 ms; TE,
2.5 ms; FOV, 255 mm × 255 mm; layer thickness, 8 mm;
the number of layers in the LV short axis, 8; the number of
layers in the rest of the image, 3; FA, 45◦; and the number of
excitations, 30 cardiac cycles. The infarct area was assessed as
the area of hyperenhancement on the LGE images, which was
measured as absolute mass or as a percentage of the entire LV
myocardial mass. The images were analyzed by two independent
investigators with software (QMass MR 7.5, Medis, Netherlands)
according to the manufacturer’s instructions.

Catecholamine Measurements
Peripheral blood samples were collected at baseline, post-MI, and
1, 7, and 30 days post-RDN. Renal cortex tissue and myocardial
tissue were harvested at 30 days post-RDN, immediately frozen in
liquid nitrogen, and stored at −80◦C until catecholamine assays
were performed. Portions of tissue from the necrotic, border zone
(BZ), and remote zone (RZ) of the heart and right and left kidney
cortex were mechanically homogenized in 10 volumes of ice-
cold NaCl using a homogenizer. Plasma and tissue homogenates
were assayed using high-performance liquid chromatography
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FIGURE 1 | MI/R-RDN experimental protocols. Preconditioned minipigs were subjected to triple episodes of 30 s, 1 and 5 min occlusion followed by 1, 5, and
15 min reperfusion, respectively, before the prolonged ischemia. Then LAD was occluded for 90 min followed by reperfusion before they were immediately treated
with sham- or RF-RDN. TTE was performed at 1, 7, and 30 days after RDN therapy. CMR was performed at 5 and 30 days after RDN therapy. Peripheral blood was
collected pre-MI/R, post-MI/R, and 1, 5, and 30 days post-MI/R. HE, hematoxylin and eosin; LAD, left coronary artery descending; TH, tyrosine hydroxylase.

(HPLC, Thermo Scientific UltiMate 3000). Analytical run times
of norepinephrine, adrenaline, and dopamine were 3.5, 3.95, and
8.10 min, respectively. The data are graphed as nanograms of
analyte per gram (ng/g) of total tissue.

ELISA and Cardiac Troponin T Detection
Blood samples were collected and centrifuged at 3000 rpm for
20 min. Serum was collected to measure the plasma levels of
tumor necrosis factor-alpha (TNF-α) (R&D, PTA00) using ELISA
kits according to the manufacturer’s protocol. High-sensitivity
cardiac troponin T (cTnT) (Roche Diagnostics) was measured
on Cobas e411 and i1000SR analyzers using the manufacturer’s
calibrators and quality controls (12). The detection limit of the
cTnT assay was set to 3 ng/L by the manufacturer.

Oxidative Stress Measurements
Malondialdehyde (MDA) and superoxide dismutase (SOD) levels
in LV BZ tissues were measured using kits (Jiancheng Bio, China)
according to the manufacturer’s instructions.

Histological Staining
Thirty days after reperfusion, pigs were euthanized with
potassium chloride (40 mEq/kg, I.V.). Tissues, including renal

arteries and hearts, were collected for histological, biochemical,
and molecular analyses. The renal arteries and surrounding
tissues were subjected to immunohistochemical staining for
hematoxylin and eosin (HE) and tyrosine hydroxylase (TH,
Abcam, ab41528, 1:1000). Briefly, renal artery segments were
harvested and fixed in 4% paraformaldehyde for 24 h, washed and
placed in 70% ethyl alcohol until tissue processing for paraffin
embedding. Renal artery samples were embedded and sliced into
2 µm thick serial cross-cryosections. LV tissue isolated from the
infarct zones (IZs), BZs, and RZs was cut into 1 cm sections and
5 µm cross-sections were mounted onto glass slides and stained
with HE and Masson’s trichrome staining for analysis of the
infarct area and fibrosis. CD163 (Proteintech, 16646-1-AP, 1:200)
were stain for inflammatory cells under established protocol.

RNA Extraction and Quantitative
Real-Time Polymerase Chain Reaction
The LV IZ, BZ, and RZ were lysed with RNAiso plus Reagent
(Takara, 9109) according to the manufacturer’s instructions, and
total RNA was extracted. Purified RNA was quantified, and cDNA
was synthesized using SuperMix (Vazyme, R223) and amplified
with SYBR Green Master Mix (Vazyme, Q711) in a Quant Studio
6 Flex Real-Time PCR System (Applied Biosystems). GAPDH
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FIGURE 2 | Angiography of acute myocardial infarction and reperfusion (MI/R) and the RDN procedure in the porcine model. (A) Coronary artery angiography was
performed before and during occlusion. The white arrow indicates the balloon position. (B) Representative ECG of the interventional procedure of MI/R. ST segment
elevation of the anterior wall lead was observed. (C) Renal angiography was performed before, during, and after RDN in a bilateral manner. During the RDN
procedure, the ablation catheter (black dot) can be observed in both renal arteries. Lack of stenosis was confirmed post-RDN.

was used as a housekeeping gene, and the 2−11CT formula
was used for data analysis. The primers sequences are shown in
Supplementary Table 2.

Western Blot
Heart tissue was quickly removed and immediately homogenized
in EDTA-free RIPA buffer (Cat No. P0013B, Beyotime) at
4◦C. After protein concentration measurement, the lysate was
stored at −80◦C for Western blot analysis. The lysate protein
(20 µg) was electrophoresed and transferred to polyvinylidene
difluoride (PVDF) membranes. After blocking with 5% non-
fat dry milk, the membrane was incubated with primary
antibodies at 4◦C overnight. The following antibodies were
used: beta 1 adrenergic receptor (Invitrogen, PA5-28808, 1:2000),
and GAPDH (Proteintech, 10494-1-AP, 1:5000). The next day,
membranes were incubated with secondary antibodies at RT for
1 h, followed by protein detection with SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher, 34096). Total
protein expression was normalized to GAPDH.

Statistical Analysis
Data were statistically analyzed using GraphPad Prism
8.4.0 software with Student’s unpaired t-test for two-tailed
comparisons at a single time point and two-way analysis of
variance with Bonferroni correction to account for multiple
comparisons. All data are presented as the mean ± standard

error of the mean (SEM), and a (corrected) p-value less than 0.05
was indicative of statistically significance.

RESULTS

Validation of Acute Myocardial Infarction
and Reperfusion Porcine Model
Representative angiographic heart images before and during the
induction of MI with balloon occlusion are showed in Figure 2A.
The white arrow indicates the balloon position. The STEMI in the
ECG indicated that the AMI model was successfully established
(Figure 2B). The time and the extent of ischemic injury were
similar in both groups, as demonstrated by ECG. Eight minipigs
experienced ventricular fibrillation after balloon occlusion, seven
minipigs were rescued successfully, and one pig died. Besides, two
pigs died after the operation: one died within 24 h of AMI model
establishment, and the other died during CMR scanning due to
anesthetic overdose.

Validation of Catheter-Based Renal
Sympathetic Denervation Effectiveness
Representative pre-, during-, and post-RDN angiographic renal
images confirmed patency of the arteries (Figure 2C). The
locations of ablation delivery are indicated by small black
points in the vessels. Thirty days after RDN therapy, renal
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arteries were collected and sectioned for HE and TH staining
to assess nerve viability and the catecholamine production. TH
is the rate-limiting enzyme in catecholamine biosynthesis, and
is expressed primarily in the perivascular area. Representative
photomicrographs illustrated the reduced TH staining in
the MI/R-RDN group compared to the MI/R-Sham group
(Figures 3A,B). Furthermore, to assess kidney structure, HE and
Masson’s trichrome staining were also performed and showed
no changes (Figures 3C,D). These data clearly demonstrated
that the RDN procedure reduced catecholamine production from
the renal sympathetic nerves without impairing renal artery or
kidney structure.

Renal Denervation Therapy Affects
Catecholamine Levels
Peripheral blood samples were obtained at baseline, post-MI,
and 1, 7, and 30 days post-RDN. The renal cortex was obtained
at 30 days post-RDN. Serum samples and kidney cortex tissues
from the MI/R-RDN and MI/R-Sham groups were analyzed using
liquid chromatography–mass spectrometry (LC/MS). Serum
dopamine (DA), adrenaline (E), and norepinephrine (NE) levels
were significantly reduced at 7 days post-RDN but not at
30 days post-RDN (Figure 3E). Kidney NE, E, and DA levels
were significantly reduced in the MI/R-RDN group (Figure 3F).
The catecholamine concentrations in the heart were evaluated
and revealed that NE, E, and DA levels from the IZs were
significantly reduced. While heart NE levels also decreased in
the RZ, other indicators remained unchanged in the BZs and the
RZ (Figure 3G).

Cardiac Magnetic Resonance Imaging
Indicated That Renal Denervation
Inhibits Left Ventricular Remodeling
To assess cardiac contractile function, we measured LV
dimensions and volumes using TTE. There were no changes in
LVEF, LVESD, LVEDD, LV mass, or IVS between the groups
at 1, 7, and 30 days post-RND. However, diastolic function
was improved at 7 days in the MI/R-RDN group compared to
the MI/R-Sham group (Figure 4A). In addition, serum cTnT
levels, which evaluate myocardial injury after MI/R injury, were
increased in all pigs. Interestingly, the cTnT level did not reach
a significant threshold 24 h post-RDN between the two groups,
but showed a lower level at 5 days in the MI/R-RDN group
(Figure 4B). Furthermore, to verify whether RDN effectively
treated cardiac remodeling in MI/R, we performed experiments
with CMR using LGE at 5 and 30 days post-RND. The infarct
area (percentage of the enhanced volume) was similar between
the two groups at 5 days. However, it was significantly decreased
in the MI/R-RDN group at 30 days compared to the MI/R-Sham
group (Figures 4C,D).

Renal Denervation Therapy Attenuates
Oxidative Stress and Fibrosis
Ventricular morphology was assessed with HE staining, and
collagen content was quantified using Masson’s trichrome
staining (Figures 5A–C). LV homogenates from the BZ were

analyzed to quantify the levels of oxidative stress at 30 days
post-RDN. As depicted in Figure 5D, myocardial oxidative stress
(MDA levels) was reduced in the MI/R-RDN group compared to
the MI/R-Sham group. Furthermore, the protein expression of
antioxidant enzyme (SOD) was upregulated after RDN therapy
(Figure 5D). Gene expressions of collagen 1 and 3, as fibrotic
proteins comprising approximately 90% of all cardiac collagens,
were significantly reduced in the IZ and BZ but not in the
RZ (Figure 5E). Taken together, these results indicated that
immediate RDN therapy after reperfusion attenuated cardiac
oxidative stress levels and significantly decreased fibrosis at the
infarcted and border sites.

Sympathetic Activity and Myocardial
Inflammation Outcome
Sustained sympathetic signaling results in overactivation of
beta-adrenergic receptor (Adrbs) and triggers deranged neural-
inflammation circuits that lead to exacerbation of myocardial
injury (13). We next examined whether RDN attenuates
adrenergic activation in the heart. Notably, the protein expression
of adrenergic receptor beta 1 (Adrb1) was significantly decreased
in the IZ and BZ but not in the RZ with RDN therapy compared
to sham treatment (Figure 6A). The highly prevalent nature of
systemic and cardiac inflammation, as a common pathobiological
feature, was linked to the development, progression, and
complication of poor outcomes of AMI-reperfusion injury. To
address the possibility that RDN attenuates inflammation, we
performed ELISA assay on serum samples collected on days 5 and
30 after MI/-RDN and quantitative real-time polymerase chain
reaction (Q-PCR) on heart tissue samples derived from the IZ,
BZ, and RZ collected on day 30 after MI/-RDN. The circulating
TNF-α level was significantly decreased in the MI/R-RDN group
at day 30 (Figure 6B). Cytokines, including proinflammatory
signaling IL-1β, IL-6, TNF-α, and myocardial fibrosis signaling
TGF-β, were significantly reduced in the BZ. However, only
IL-1β was decreased in the IZ and no significant difference in
INF-γ level or proinflammatory resolving lipid mediator IL-10
mRNA levels were detected in the IZ and BZ (Figure 6C). These
results suggested that RDN treatment had a beneficial effect of on
heart inflammation.

DISCUSSION

The main findings of our preclinical work are that RF-RDN
therapy reduces catecholamine levels, improves adverse cardiac
remodeling, decreases infarct volumes and inhibits inflammation
in an AMI/reperfusion minipig model. Taken together, our
results indicate that RF-RDN is a simple, fast, and effective
intervention therapy that allows us to address the crosstalk
between the renal sympathetic system and the heart adrenergic
system. Therefore, RDN is a potential supplementary therapy for
AMI after revascularization.

In the current study, the STEMI model was established
by performing increasing episodes before reaching the index
90 min occlusion. Ischemic preconditioning could protect heart
from a subsequent prolonged period of ischemia and offer
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FIGURE 3 | Histological staining of the kidneys and renal arteries and catecholamine levels in the circulation, renal cortex, and heart. (A) Representative images of
hematoxylin and eosin (HE) staining of the renal arteries at the 30-day endpoint following sham or RDN therapy. (B) Representative images of tyrosine hydroxylase
(TH) staining on the nerves in the adventitial layer of the renal arteries at the 30-day endpoint following sham or RDN therapy. Inserts indicate renal artery nerves and
magnified photomicrographs (20×) of TH staining. The scale bar is 100 mm. (C) Representative images of HE staining of the kidney at the 30-day endpoint following
sham or RDN therapy. The scale bar is 100 mm. (D) Representative images of Masson’s trichrome staining of the kidney at the 30-day endpoint following sham or
RDN therapy. The scale bar is 100 mm. (E) Norepinephrine (NE), epinephrine (E), and dopamine (DA) concentrations in the circulation pre-AMI, post-AMI, and 1, 7,
and 30 days post-RDN. (F) NE, E, and DA concentrations per gram of kidney cortex tissue. (G) NE, E, and DA concentrations per gram of heart IZ, BZ, and RZ
tissue. n = 7 in the IM/R-Sham group, n = 8 in the IM/R-RDN group. IZs, infarct zones; BZs, border zones; and RZs, remote zones. Data are shown as the
mean ± SEM (E–G). p-Values were obtained by two-way ANOVA with Bonferroni test (E), unpaired, two-tailed t-test (F), and two-tailed t-test and one-way ANOVA
with Bonferroni test (G). *p < 0.05, **p < 0.01, and ***p < 0.001 (compared with the MI/R-Sham or MI/R-RDN group).

one of the most powerful mechanisms for reducing the speed
and extent of myocardial cell damage and the occurrence of
malignant arrhythmia in an acute or sustained ischemic insult
(14, 15). Hence, it is highly possible that the rapid adaptation
to ischemia protects the ischemic heart against a following
prolonged ischemic periods and eventually improves pig survival.

The beneficial role of RDN in attenuating ventricular
remodeling was confirmed in current study through assessing
cardiac function and structure using cardiac TTE and CMR
techniques. Clinical guidelines recommend TTE as the first-
line diagnostic modality for the evaluation of cardiac diseases.
Interesting results showed that at post-RDN day 7, there was
an improvement in the E/A. Nevertheless, neither LVEF nor LV
mass showed differences at post-RDN day 30 between the I/R-
RDN group and the I/R-Sham group. This may due to the low
value of LVEF at baseline resulting in no significant difference
after the MI operation. CMR is well accepted as the gold standard
for the quantification of infarct area (16–18). Our results showed
that at 30 days post-RDN, the percentage of infarct size was

significantly decreased in the MI/R-RDN group compared with
the MI/R-Sham group, indicating that RDN therapy promotes
faster repair of the myocardium.

Acute myocardial infarction results in a severe imbalance
of metabolic supply and demand of oxygen and nutrients,
and leading to tissue hypoxia, which initiates a primary
pathophysiological process that is compensated by SNS and
RAAS activation (19). Longstanding high levels of NE released
from SNS induce changes in cardiomyocyte phenotype by
reducing the oxygen supply and increasing the oxygen demand,
which contribute to the progression of LV remodeling and
myocardial stunning. Recently, Polhemus et al. observed
that RDN exhibited cardioprotective actions in the chronic
hypertensive SHRs (20). Sharp et al. investigated that RDN
prevented heart failure progression via inhibition of renal NE
and circulating angiotensin I and II expression in Yucatan
minipigs (11), indicating that RDN reduces catecholamine
levels in the kidney instead of heart tissue. However, the
underlying mechanism of how RDN protects against heart failure
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FIGURE 4 | Echocardiography and CMR outcomes. (A) The parameters of echocardiography, left ventricular ejection fraction (LVEF), interventricular septal thickness
(IVS), LV mass, and the ratio of early transmittal flow velocity to late transmittal flow velocity (E/A) were measured with TTE (n = 7 each group). (B) Serum cardiac
troponin T (cTnT) was measured pre-AMI, post-AMI, and 1, 5, and 30 days post-RDN (n = 7 each group). (C) Analysis of the percentage of the enhanced volume
(n = 7 each group). (D) Representative graphs of the percentage of the enhanced volume assessed using CMR. Data are shown as the mean ± SEM (A–C).
p-Values were shown and assessed by two-way ANOVA with Bonferroni test (A–C). *p < 0.05 (compared with the MI/R-Sham group).

progression has not been identified (16). Furthermore, the signal
transduction of RDN in cardiac remodeling after AMI, especially
reperfusion, was not reported in detail in previous studies.
In this study, we founded that serum DA, E, and NE levels
were significantly reduced at 7 days with RND therapy, while
catecholamine levels downregulation in both kidney cortex and
heart tissues at 30 days post-RDN (Figure 3). These results
showed that RDN therapy had the potential to attenuate cardiac
catecholamine levels.

Catecholamines enhance the mechanical performance of the
heart by activating cardiac Adrb. Although cardiomyocytes
coexpress β1 and β2, β1 is the predominant subtype and
principal driver of catecholamine-driven sympathetic responses
in the healthy heart. We examined the protein expression of
Adrb1 and observed a significantly reduction in the IZ and
BZ of the hearts with RDN therapy but not in the RZ. These
results indicated that RDN attenuated only overactivated SNS,
but had no obvious inhibitory effect on the normal SNS.
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FIGURE 5 | Histological analysis and collagens expression levels. (A) Minipig heart tissue was taken from the front, back, and apex. (B) Representative
photomicrographs of HE-stained heart sections from the MI/R-sham- and MI/R-RDN-treated animals. (C) Representative photomicrographs of Masson’s
trichrome-stained heart sections from the MI/R-sham- and MI/R-RDN-treated animals. (D) Activity of the malondialdehyde (MDA) and the antioxidant enzyme
superoxide dismutase (SOD) in the border zone of LV were detected. The data are shown as the fold change relative to the MI/R-Sham group. (E) Fibrotic gene
profile consisting of the mRNA expression of collagen 1 (Col1A1) and collagen 3 (Col3A1). The expression of these genes was normalized to GAPDH expression and
is shown as the fold change relative to the IZ in the MI/R-Sham group. n = 7 in the IM/R-Sham group, n = 8 in the IM/R-RDN group. Data are shown as the
mean ± SEM (D,E). p-Values were shown and assessed by unpaired, two-tailed t-test (D) and two-way ANOVA with Bonferroni test (E). *p < 0.05, ***p < 0.001
(compared with the MI/R-Sham group).

Besides, immune cells also express Adrbs. So, we performed the
histological staining of CD168 for inflammatory cells staining
(Supplementary Figure 1), which showed less numbers of
CD168 positive cells in the BZ in the MI/R-RDN group compared
with the MI/R-Sham group (data not show). Thus, the lower
Adrb1 expression detected in heart tissue cannot be ruled out as a
result of reduced inflammatory cell recruitment and infiltration.
Considering the heterogeneity and plasticity of immune cells, we
will further explore immune cell dynamic balance and molecular
mechanisms in myocardial injury and repair in the future. In
addition, we observed that RDN reduced heart rate slightly,

although there was no difference between I/R-RDN group and
I/R-Sham group (Supplementary Table 1). Notably, RDN did
not introduce hypotension, which indicated that RF-RDN was
safe for the acute hemodynamic changes during the myocardial
infarction/reperfusion period.

The proinflammatory cytokines TNF, TL-1β, and IL-6 are
markedly and consistently increased in experimental models
of AMI or I/R injury and have provided important insights
into the mechanisms of inflammation-induced adverse LV
remodeling, which may be mediated by uncoupling of Adrb
and impaired calcium cycling (17, 18, 21). Our data suggested
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FIGURE 6 | Sympathetic activity and inflammation level in the LV IZ/BZ/RZ in MI/R following with sham or RDN treatment. (A) Western blots and statistics of the
expression of adrenergic receptor beta 1 (Adrb1) in the infarct zones (IZs), border zones (BZs), and remote zones (RZs) of heart tissues (n = 7 each group).
(B) TNF-α levels in the circulation at 5 and 30 days post-RDN therapy were measured using ELISA (n = 5 in the IM/R-Sham group, n = 6 in the IM/R-RDN group).
(C) mRNA levels of inflammatory mediators in heart tissues. The expression of these genes was normalized to GAPDH expression and is shown as the fold change
relative to the IZ in the MI/R-Sham group (n = 6–7 each group). Data are shown as the means ± SEM. p-Values were shown and assessed by two-way ANOVA with
Bonferroni test (A–C). *p < 0.05, **p < 0.01, and ***p < 0.001 (compared with the MI/R-Sham group).

that RDN treatment leads to a significant reduction on
cardiac inflammatory cytokines, including TNF-α, IL-1β, IL-6,
and TGF-β. Furthermore, circulating TNF-α levels were also
decreased in the MI/R-RDN group. The TNF-α concentration
is an independent predictor of mortality and has emerged
as a potential therapeutic strategy in AMI and HF. As a
highly pleiotropic mediator, TNF-α also protects cardiomyocytes
from apoptosis. Excessive TNF-α expression and subsequent
activation of cardiomyocyte TNF receptor type 1 induces
cardiac contractile dysfunction, hypertrophy, and fibrosis,
while a lower TNF-α concentration and subsequent activation
of cardiomyocyte TNF receptor type 2 induces a cardiac
protective effect (21). However, based on the results from

two large clinical trials, high-intensity TNF-α blockade therapy
did not improve outcomes in chronic HF patients (22, 23),
suggesting that TNF-α may function as a biomarker for anti-
inflammatory effects rather than an appropriate therapeutic
target. Treatment with an anti-IL-6 receptor antibody not only
attenuated adverse remodeling in an infarct mouse model (24)
but also increased myocardial salvage in patients with acute
STEMI (25). Therefore, timely downregulation of IL-6 levels
might be crucial for infarct healing. The TGF-β signaling
cascade is a key molecular link between the inflammatory and
reparative pathways and regulates the fibrogenic response in the
remodeling myocardium (26). Neurohumoral mediators, such
as aldosterone, are important for fibroblast activation (27), thus
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their effects might be mediated in part through activation of
TGF-β signaling. Therefore, anti-inflammatory and anti-fibrosis
are important therapeutic strategies for improving outcomes
following I/R injury.

Infarction and necrosis trigger a strong inflammatory
response that induces endothelial cell adhesion molecule
synthesis and leads to the recruitment of inflammatory cells
to clear the wound of dead cells or matrix debris (28). The
spleen as a reservoir for inflammatory cells, plays a central
role in the systemic immune response (26). Adrenoceptors are
involved in the mobilization of leukocytes from the spleen
(29). Splenic activation regulated by SNS, boosts extramedullary
hematopoiesis and contributes to a sustained increase in
monocyte/macrophage infiltration following I/R injury. The role
of the spleen in I/R injury was also demonstrated by positron
emission tomography imaging of splenic fluor-deoxyglucose
uptake in patients with acute syndrome and at postmortem
autopsy (30, 31). Recent evidence suggests the cardioprotection
effect of the spleen in remote ischemic preconditioning in
pigs and rats model after the denervation experiments, but
fail to distinguish between parasympathetic and sympathetic
innervation in that study (32). Thus, there is a crosstalk between
the splenic immune cells mobilization and cardiac inflammation,
and whether RDN can regulate this interplay remains to be
further explored.

CONCLUSION

Taken together, our data demonstrate that RDN ameliorates
oxidative stress, neurohormonal activation, adverse LV
remodeling, and inflammation in a large animal model of
AMI with I/R injury. These results provide strong evidence of
the feasibility and therapeutic efficacy of RDN and suggest the
necessity for further development of this therapeutic modality.

STUDY LIMITATIONS

There are some limitations of our study. First, hemodynamic
evaluations of parameters, such as the mean aortic pressure, were
not recorded but no intraoperative hypotension was observed
during the study. Second, circulating IL-1 and IL-6 levels after
MI were below detection range in our model. Therefore, we were
unable to assess the direct effect of RDN on systemic cytokines
level. In addition, the long-term effects of RDN and its ability
to treat complex models in clinical practice should be evaluated.
Although, the severity and mortality of MI are higher in female
patients regardless of age, our study did not evaluate gender
differences and only female animals were used in the present
study. Besides, this mice strain is sexually mature at 3 months
of age. In order to compare with other miniature pig strains, the
weight somewhat limits the age range. Last but not least, the lower
Adrb1 expression detected in heart tissue cannot be ruled out as a
result of reduced inflammatory cell recruitment and infiltration.
Considering the heterogeneity and plasticity of immune cells,
we will further explore their dynamic balance and molecular
mechanism in myocardial injury and repair in the future.

PERSPECTIVES

Clinical Competencies
Renal denervation treatment attenuated cardiac remodeling and
intramyocardial inflammation by inhibiting sympathetic activity
in a porcine AMI with I/R injury model, which is similar to
pharmacotherapies that target the autonomic nervous system to
improve the prognosis.

Translational Outlook
Understanding the cardioprotective effects of RDN therapy
in AMI with I/R injury is essential in developing clinical
management strategies that is in conjunction with primary PCI
for STEMI patients to prevent late-onset heart failure.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the Ethics
Committee of Nanjing Drum Tower Hospital, The Affiliated
Hospital of Nanjing University Medical School (20200508).

AUTHOR CONTRIBUTIONS

LK and BX conceived and designed the work. KW, LK, YQ,
and QD performed the PCI and RDN surgeries. All co-authors
participated in the material preparation, molecular experiments,
and data collection. YQ, KW, and RG performed the data
analyses. DM assisted the interpretation of CMR measurement
data. NZ blindly performed the echocardiogram examination and
statistically analyzed the data. YQ and KW wrote the first draft
of the manuscript. BX, LK, LL, and RG revised the manuscript
critically for important intellectual content. All authors read and
approved the final manuscript.

FUNDING

This research was supported by the National Natural Science
Foundation of China (Nos. 82070366 to BX, 81870291
to RG, and 81970296 to HW) and the Nanjing Medical
Science and Technical Development Foundation (No.
ZKX20018 to LK).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcvm.2022.
832014/full#supplementary-material

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 April 2022 | Volume 9 | Article 832014269

https://www.frontiersin.org/articles/10.3389/fcvm.2022.832014/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.832014/full#supplementary-material
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-832014 April 23, 2022 Time: 13:38 # 12

Wang et al. RDN Affords Cardioprotection

REFERENCES
1. Reed GW, Rossi JE, Cannon CP. Acute myocardial infarction. Lancet. (2017)

389:197–210. doi: 10.1016/s0140-6736(16)30677-8
2. Eltzschig HK, Eckle T. Ischemia and reperfusion–from mechanism to

translation. Nat Med. (2011) 17:1391–401. doi: 10.1038/nm.2507
3. Uriel N, Sayer G, Annamalai S, Kapur NK, Burkhoff D. Mechanical unloading

in heart failure. J Am Coll Cardiol. (2018) 72:569–80. doi: 10.1016/j.jacc.2018.
05.038

4. Hartupee J, Mann DL. Neurohormonal activation in heart failure with reduced
ejection fraction. Nat Rev Cardiol. (2017) 14:30–8. doi: 10.1038/nrcardio.20
16.163

5. Ivers NM, Schwalm JD, Bouck Z, McCready T, Taljaard M, Grace
SL, et al. Interventions supporting long term adherence and decreasing
cardiovascular events after myocardial infarction (ISLAND): pragmatic
randomised controlled trial. BMJ. (2020) 369:m1731. doi: 10.1136/bmj.
m1731

6. Kandzari DE. Renal denervation for hypertension: what is needed, and what is
next. Eur Heart J. (2019) 40:3483–5. doi: 10.1093/eurheartj/ehz369

7. Kiuchi MG, Esler MD, Fink GD, Osborn JW, Banek CT, Bohm M, et al.
Renal denervation update from the international sympathetic nervous system
summit: JACC state-of-the-art review. J Am Coll Cardiol. (2019) 73:3006–17.
doi: 10.1016/j.jacc.2019.04.015

8. Ram CVS. Status of renal denervation therapy for hypertension. Circulation.
(2019) 139:601–3. doi: 10.1161/CIRCULATIONAHA.118.037937

9. Fengler K, Rommel KP, Blazek S, Besler C, Hartung P, von Roeder M,
et al. A three-arm randomized trial of different renal denervation devices
and techniques in patients with resistant hypertension (RADIOSOUND-
HTN). Circulation. (2019) 139:590–600. doi: 10.1161/CIRCULATIONAHA.
118.037654

10. Bohm M, Ewen S, Wolf M. Renal denervation halts left ventricular remodeling
and dysfunction in heart failure: new shores ahead. J Am Coll Cardiol. (2018)
72:2622–4. doi: 10.1016/j.jacc.2018.09.027

11. Sharp TE III, Polhemus DJ, Li Z, Spaletra P, Jenkins JS, Reilly JP, et al. Renal
denervation prevents heart failure progression via inhibition of the renin-
angiotensin system. J Am Coll Cardiol. (2018) 72:2609–21. doi: 10.1016/j.jacc.
2018.08.2186

12. Welsh P, Preiss D, Shah ASV, McAllister D, Briggs A, Boachie C, et al.
Comparison between high-sensitivity cardiac troponin T and cardiac troponin
I in a large general population cohort. Clin Chem. (2018) 64:1607–16. doi:
10.1373/clinchem.2018.292086

13. Jakob MO, Murugan S, Klose CSN. Neuro-immune circuits regulate immune
responses in tissues and organ homeostasis. Front Immunol. (2020) 11:308.
doi: 10.3389/fimmu.2020.00308

14. Taggart P, Yellon DM. Preconditioning and arrhythmias. Circulation. (2002)
106:2999–3001. doi: 10.1161/01.cir.0000041803.03687.7a

15. Heusch G. Cardioprotection: chances and challenges of its translation to the
clinic. Lancet. (2013) 381:166–75. doi: 10.1016/s0140-6736(12)60916-7

16. Sharp Iii TE, Lefer DJ. Renal denervation to treat heart failure. Annu Rev
Physiol. (2020) 83:39–58. doi: 10.1146/annurev-physiol-031620-093431

17. Liberale L, Ministrini S, Carbone F, Camici GG, Montecucco F. Cytokines as
therapeutic targets for cardio- and cerebrovascular diseases. Basic Res Cardiol.
(2021) 116:23. doi: 10.1007/s00395-021-00863-x

18. Yokoyama T, Vaca L, Rossen RD, Durante W, Hazarika P, Mann DL. Cellular
basis for the negative inotropic effects of tumor necrosis factor-alpha in
the adult mammalian heart. J Clin Invest. (1993) 92:2303–12. doi: 10.1172/
jci116834

19. Levy B, Clere-Jehl R, Legras A, Morichau-Beauchant T, Leone M, Frederique
G, et al. Epinephrine versus norepinephrine for cardiogenic shock after acute
myocardial infarction. J AmColl Cardiol. (2018) 72:173–82. doi: 10.1016/j.jacc.
2018.04.051

20. Polhemus DJ, Trivedi RK, Gao J, Li Z, Scarborough AL, Goodchild TT, et al.
Renal Sympathetic denervation protects the failing heart via inhibition of
neprilysin activity in the kidney. J Am Coll Cardiol. (2017) 70:2139–53. doi:
10.1016/j.jacc.2017.08.056

21. Kleinbongard P, Schulz R, Heusch G. TNFalpha in myocardial
ischemia/reperfusion, remodeling and heart failure. Heart Fail Rev. (2011)
16:49–69. doi: 10.1007/s10741-010-9180-8

22. Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, et al.
Targeted anticytokine therapy in patients with chronic heart failure: results of
the randomized etanercept worldwide evaluation (RENEWAL). Circulation.
(2004) 109:1594–602. doi: 10.1161/01.Cir.0000124490.27666.B2

23. Chung ES, Packer M, Lo KH, Fasanmade AA, Willerson JT. Randomized,
double-blind, placebo-controlled, pilot trial of infliximab, a chimeric
monoclonal antibody to tumor necrosis factor-alpha, in patients with
moderate-to-severe heart failure: results of the anti-TNF therapy against
congestive heart failure (ATTACH) trial. Circulation. (2003) 107:3133–40.
doi: 10.1161/01.Cir.0000077913.60364.D2

24. Kobara M, Noda K, Kitamura M, Okamoto A, Shiraishi T, Toba H, et al.
Antibody against interleukin-6 receptor attenuates left ventricular remodelling
after myocardial infarction in mice. Cardiovasc Res. (2010) 87:424–30. doi:
10.1093/cvr/cvq078

25. Broch K, Anstensrud AK, Woxholt S, Sharma K, Tollefsen IM, Bendz B,
et al. Randomized trial of interleukin-6 receptor inhibition in patients with
acute ST-segment elevation myocardial infarction. J Am Coll Cardiol. (2021)
77:1845–55. doi: 10.1016/j.jacc.2021.02.049

26. Frangogiannis NG. The inflammatory response in myocardial injury, repair,
and remodelling. Nat Rev Cardiol. (2014) 11:255–65. doi: 10.1038/nrcardio.
2014.28

27. Rossignol P, Cleland JG, Bhandari S, Tala S, Gustafsson F, Fay R, et al.
Determinants and consequences of renal function variations with aldosterone
blocker therapy in heart failure patients after myocardial infarction: insights
from the eplerenone post-acute myocardial infarction heart failure efficacy and
survival study. Circulation. (2012) 125:271–9. doi: 10.1161/circulationaha.111.
028282

28. Frangogiannis NG. Regulation of the inflammatory response in cardiac repair.
Circ Res. (2012) 110:159–73. doi: 10.1161/CIRCRESAHA.111.243162

29. Dutta P, Courties G, Wei Y, Leuschner F, Gorbatov R, Robbins CS, et al.
Myocardial infarction accelerates atherosclerosis. Nature. (2012) 487:325–9.
doi: 10.1038/nature11260

30. Emami H, Singh P, MacNabb M, Vucic E, Lavender Z, Rudd JH, et al. Splenic
metabolic activity predicts risk of future cardiovascular events: demonstration
of a cardiosplenic axis in humans. JACC Cardiovasc Imaging. (2015) 8:121–30.
doi: 10.1016/j.jcmg.2014.10.009

31. van der Laan AM, Ter Horst EN, Delewi R, Begieneman MP, Krijnen PA,
Hirsch A, et al. Monocyte subset accumulation in the human heart following
acute myocardial infarction and the role of the spleen as monocyte reservoir.
Eur Heart J. (2014) 35:376–85. doi: 10.1093/eurheartj/eht331

32. Lieder HR, Kleinbongard P, Skyschally A, Hagelschuer H, Chilian WM,
Heusch G. Vago-splenic axis in signal transduction of remote ischemic
preconditioning in pigs and rats. Circ Res. (2018) 123:1152–63. doi: 10.1161/
CIRCRESAHA.118.313859

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Qi, Gu, Dai, Shan, Li, Gong, Chang, Hao, Duan, Xu,
Hu, Mu, Zhang, Lu, Wang, Wu, Li, Kang and Xu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 April 2022 | Volume 9 | Article 832014270

https://doi.org/10.1016/s0140-6736(16)30677-8
https://doi.org/10.1038/nm.2507
https://doi.org/10.1016/j.jacc.2018.05.038
https://doi.org/10.1016/j.jacc.2018.05.038
https://doi.org/10.1038/nrcardio.2016.163
https://doi.org/10.1038/nrcardio.2016.163
https://doi.org/10.1136/bmj.m1731
https://doi.org/10.1136/bmj.m1731
https://doi.org/10.1093/eurheartj/ehz369
https://doi.org/10.1016/j.jacc.2019.04.015
https://doi.org/10.1161/CIRCULATIONAHA.118.037937
https://doi.org/10.1161/CIRCULATIONAHA.118.037654
https://doi.org/10.1161/CIRCULATIONAHA.118.037654
https://doi.org/10.1016/j.jacc.2018.09.027
https://doi.org/10.1016/j.jacc.2018.08.2186
https://doi.org/10.1016/j.jacc.2018.08.2186
https://doi.org/10.1373/clinchem.2018.292086
https://doi.org/10.1373/clinchem.2018.292086
https://doi.org/10.3389/fimmu.2020.00308
https://doi.org/10.1161/01.cir.0000041803.03687.7a
https://doi.org/10.1016/s0140-6736(12)60916-7
https://doi.org/10.1146/annurev-physiol-031620-093431
https://doi.org/10.1007/s00395-021-00863-x
https://doi.org/10.1172/jci116834
https://doi.org/10.1172/jci116834
https://doi.org/10.1016/j.jacc.2018.04.051
https://doi.org/10.1016/j.jacc.2018.04.051
https://doi.org/10.1016/j.jacc.2017.08.056
https://doi.org/10.1016/j.jacc.2017.08.056
https://doi.org/10.1007/s10741-010-9180-8
https://doi.org/10.1161/01.Cir.0000124490.27666.B2
https://doi.org/10.1161/01.Cir.0000077913.60364.D2
https://doi.org/10.1093/cvr/cvq078
https://doi.org/10.1093/cvr/cvq078
https://doi.org/10.1016/j.jacc.2021.02.049
https://doi.org/10.1038/nrcardio.2014.28
https://doi.org/10.1038/nrcardio.2014.28
https://doi.org/10.1161/circulationaha.111.028282
https://doi.org/10.1161/circulationaha.111.028282
https://doi.org/10.1161/CIRCRESAHA.111.243162
https://doi.org/10.1038/nature11260
https://doi.org/10.1016/j.jcmg.2014.10.009
https://doi.org/10.1093/eurheartj/eht331
https://doi.org/10.1161/CIRCRESAHA.118.313859
https://doi.org/10.1161/CIRCRESAHA.118.313859
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers eBook Copyright Statement
	Insights in General Cardiovascular Medicine: 2021
	Table of Contents
	Editorial: Insights in General Cardiovascular Medicine: 2021
	Insights in General Cardiovascular Medicine: 2021
	Author Contributions
	Funding
	Acknowledgments
	References

	Identification of Novel Single-Nucleotide Variants With Potential of Mediating Malfunction of MicroRNA in Congenital Heart Disease
	Introduction
	Materials and Methods
	Paired-End Sequencing for Detecting Single-Nucleotide Variants From Patients
	Annotating Variants
	Identifying Single-Nucleotide Variants in miRNA Binding Sites
	MicroRNA Profiling With Mouse Embryonic Cardiac NCCs and Non-NCCs
	Confirmation of SNVs With Singer Sequencing
	Constructs, Cell Culture, and Luciferase Reporter Assays
	Statistics
	Data Deposit
	Ethics Statement

	Results
	Detecting 2,925 Single-Nucleotide Variants in 3'UTR of Genes From a CHD Cohort
	Profiling MicroRNA Expression in Migrating Neural Crest Cells From Embryo
	Prediction of Disease-Related SNVs in 3'UTR That Interfere With miRNA Function
	Experimental Validation of miRNA-Mediated Gene Dysregulation Induced by SNVs

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	EMbedding and Backscattered Scanning Electron Microscopy: A Detailed Protocol for the Whole-Specimen, High-Resolution Analysis of Cardiovascular Tissues
	Introduction
	Development of the Protocol
	Applications of the Method
	Experimental Design
	Fixation, Staining, and Preparation for Epoxy Resin Embedding (Steps 1–18)
	Embedding into Epoxy Resin and Preparation of the Sample for BSEM (Steps 19–24)
	Backscattered Scanning Electron Microscopy Visualisation (Step 25)

	Expertise Needed to Implement the Protocol

	Materials and Equipment
	Biological Materials
	Reagents
	Consumables
	Equipment

	Methods
	Timing
	Troubleshooting

	Anticipated Results
	Ethics Statement
	Applications of the Method

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Screening for Asymptomatic Coronary Artery Disease via Exercise Stress Testing in Patients With Type 2 Diabetes Mellitus: A Systematic Review and Meta-Analysis
	Introduction
	Methods
	Criteria for Screening Studies
	Inclusion Criteria
	Exclusion Criteria

	Search Methods
	Data Collection
	Assessment of Methodologic Quality
	Overall Analysis
	Univariate Regression Analysis
	Subgroup Analysis

	Results
	Description of Studies
	Results of the Search
	Included Studies
	Risk of Bias in Included Studies

	Diagnostic Performance of EST
	Overall Analysis
	Univariate Regression Analysis
	Subgroup Analysis
	Type of Diabetes
	Exercise Protocol
	The Proportion of Included Participants
	Angiographic Criteria of CAD
	Treatment of Equivocal or Non-diagnostic Test


	Discussion
	Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Clinical Characteristics for the Improvement of Cushing's Syndrome Complicated With Cardiomyopathy After Treatment With a Literature Review
	Introduction
	Subjects and Methods
	Subjects
	CS Complicated With Cardiomyopathies in Peking Union Medical College Hospital
	Literature Review of CS Complicated With Cardiomyopathies
	Cases of Cushing Disease Without Cardiomyopathies

	Statistical Methods

	Results
	The Demographic of CS Complicated With Cardiomyopathies
	The Manifestation of Electrocardiography and Echocardiogram or Cardiac MRI
	The Outcomes After Treatment
	Comparison Between CS Patients With and Without Cardiomyopathies

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References

	NAP1L5 Promotes Nucleolar Hypertrophy and Is Required for Translation Activation During Cardiomyocyte Hypertrophy
	Introduction
	Results
	NAP1L5 Silence Abolishes PE-Induced Cardiomyocyte Hypertrophy
	NAP1L5 Overexpression Promotes PE-Induced Cardiomyocyte Hypertrophy
	NAP1L5 Knockdown Reverses Hypertrophic Transcriptome Reprogramming
	NAP1L5 Does Not Affect Histone Methylation-Mediated Epigenetic Regulations
	NAP1L5 Accelerates Protein Synthesis Rate
	NAP1L5 Promotes Nucleolar Hypertrophy and Ribosome Assembly

	Discussion
	Conclusions
	Methods
	Cell Culture
	Plasmids
	Cell Size Measurement
	Immunofluorescence
	Immunoprecipitation
	Western Blot
	Puromycin Incorporation Assay
	Ribosome Profiling
	RNA-Seq Analysis
	Quantitative Real-Time PCR
	Quantification and Statistical Analysis

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Cardiorespiratory Responses During High-Intensity Interval Training Prescribed by Rating of Perceived Exertion in Patients After Myocardial Infarction Enrolled in Early Outpatient Cardiac Rehabilitation
	Introduction
	Methods
	Participants and Study Design
	High-Intensity Interval Training Intervention
	Cardiopulmonary Exercise Testing
	Metabolic Gas Exchange Measurements During HIIT
	Heart Rate and Blood Pressure Measurements
	Sample Size Calculation
	Statistical Analysis

	Results
	Discussion
	Limitations
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Rutaecarpine Inhibits Doxorubicin-Induced Oxidative Stress and Apoptosis by Activating AKT Signaling Pathway
	Introduction
	Materials and Methods
	Antibodies and Reagents
	Animals and Treatments
	Echocardiographic Assessment
	Real-Time PCR
	Western Blotting
	Histological Analysis
	TUNEL Staining
	ROS Detection
	Determination of SOD and MDA Activity
	GSH Content Assay
	Statistical Analysis

	Results
	DOX-Induced Cardiac Dysfunction and Hypotrophy
	Tail Intravenous Injection of DOX-Induced Myocardial Oxidative Stress and Apoptosis With Few Systemic Side Effects
	Rut Inhibited DOX-Induced Cardiac Dysfunction and Fibrosis in Mice
	Rut Activated AKT/Nrf-2 Pathway and Inhibited DOX-Induced Oxidative Damage in the Heart
	AKTi Partially Reversed the Beneficial Effect of Rut on DOX-Induced Oxidative Stress and Apoptosis in the Heart
	AKTi Partially Abolished the Protective Effect of Rut on DOX-Induced Heart Failure

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References

	Association of Body Weight Variability With Progression of Coronary Artery Calcification in Patients With Predialysis Chronic Kidney Disease
	Introduction
	Methods
	Study Designs and Participants
	Data Collection
	Determination of BWV
	Estimation of the Rate of Longitudinal BW Change During Follow-Up Periods
	Measurement of CACS and Study Outcome
	Statistical Analysis

	Results
	Baseline Characteristics
	Association of BWV and Rapid Progression of CAC in Patients With Predialysis CKD
	Sensitivity Analysis
	Subgroup Analysis

	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Computed-Tomography as First-line Diagnostic Procedure in Patients With Out-of-Hospital Cardiac Arrest
	Introduction
	Materials and Methods
	Study Design
	Patient Population
	The Hannover Cardiac Resuscitation Algorithm
	CT Protocol
	Statistics

	Results
	Baseline Characteristics
	Computed Tomography

	Discussion
	Limitations

	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Cognitive Impairment in Heart Failure: Landscape, Challenges, and Future Directions
	Introduction
	Epidemiology, Prevalence, and Prognostic Implications of CI in HF
	Epidemiology of CI in the General Population
	Prevalence of CI in Patients With HF
	Multiple Cognitive Domain Impairments in HF
	Deterioration of Prognosis With CI in HF

	Pathophysiology, Cellular Mechanism, and Risk Factors of CI in HF
	Pathophysiology of CI in HF
	Reduced Cerebral Blood Flow
	Inflammation, Oxidation, and Immunity
	Neurohumoral Activations

	Potential Cellular Mechanisms of CI in HF
	Disruption of Blood-Brain Barrier
	Metabolism Disorder
	Apoptosis of Neuron
	Amyloid-β Deposition

	Risk Factors Predicting CI in Patients With HF

	Clinical Diagnosis and Assessment for CI in HF
	Subjective Assessment
	Neuropsychological Tests
	Biomarkers
	Cerebrospinal Fluid Biomarkers
	Circulating Biomarkers
	Amyloid-β in Plasma
	Inflammatory Factors in Plasma
	Cortisol in Plasma
	Natriuretic Peptide in Plasma
	Potential Biomarkers in Blood


	Neuroimaging
	Structural Brain Changes in Neuroimaging
	White Matter
	Gray Matter
	Brain Atrophy

	Functional Brain Changes in Neuroimaging


	Prevention And Potential Therapeutic Options for CI in HF
	Contemporary Medical Therapies
	Effect of HF Medical Therapy on CI
	Sodium Glucose Co-Transporter 2 Inhibitor
	Angiotensin Receptor Neprilysin Inhibitor
	Angiotensin Converting Enzyme Inhibitor/Angiotensin II Receptor Blocker
	β-Blockers
	Mineralocorticoid Receptor Antagonists

	Effect of CI Medical Therapy on HF

	Novel Therapeutic Targets
	Non-pharmacologic Approaches for CI in HF
	Life-Style Modification Physical Activity and Exercise
	Device Therapy


	Knowledge Gaps and Areas for Future Research
	Conclusions
	Author Contributions
	Funding
	References
	Glossary

	Left Ventricular Strains and Myocardial Work in Adolescents With Anorexia Nervosa
	Introduction
	Methods
	Study Population
	Anthropometrical and Body Composition Assessments
	Echocardiographic Recordings
	LV Morphology and Global Function
	LV Global, Regional Strains and Dyssynchrony
	LV Mechanical Dispersion and Myocardial Work Quantification
	Statistical Analysis

	Results
	Clinical Characteristics
	Left Ventricular Morphology and Function
	Left Ventricular Strains and Myocardial Work
	Left Ventricular Mechanical Dispersion
	LV Twisting Mechanics

	Discussion
	Higher Global Longitudinal Strain but Unaltered Global Myocardial Work in AN Patients
	Intraventricular Mechanical Dispersion in AN Patients
	Left Ventricular Twisting Mechanics in AN Patients

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Vascular Stem/Progenitor Cells in Vessel Injury and Repair
	Introduction
	Vascular Stem/Progenitor Cells in Vessel Wall
	Resident Endothelial Progenitor Cells
	Smooth Muscle Progenitor Cells
	Mesenchymal Stem Cells
	Pericytes

	Vascular Wall Stem/Progenitor Cells in Vascular Diseases
	VPCs in Atherosclerosis
	EPCs in Atherosclerosis
	SMPCs in Atherosclerosis
	MSCs in Atherosclerosis
	VPCs in Restenosis

	VPCs in Hypertension
	VPCs in Aortic Aneurysm and Dissection

	Conclusion and Perspective
	Author Contributions
	Funding
	Acknowledgments
	References

	Relevance of Cor Pulmonale in COPD With and Without Pulmonary Hypertension: A Retrospective Cohort Study
	Introduction
	Methods
	Patients and Study Design
	Haemodynamic Classification of PH-COPD
	Risk Stratification in PH-COPD
	Statistical Analyses

	Results
	Study Population With COPD
	Relevance of TAPSE/PASP in COPD
	Study Population With PH-COPD
	Predictors of Mortality in PH-COPD

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Diabetes and Its Cardiovascular Complications: Comprehensive Network and Systematic Analyses
	Introduction
	Advancement in Elucidating the Mechanisms of Diabetes
	Genomics Research
	Epigenetics Research
	Proteomics Research
	Single-Cell Multiomic Analysis

	Diabetes and Cardiovascular Systems and Beyond 
	Angiogenesis and Diabetes
	Lymphangiogenesis and Diabetes
	Tumorigenesis and Diabetes
	Gut Microbiota Homeostasis and Diabetes

	Cardiovascular and Other Complications in Diabetes
	Diabetic Retinopathy
	Diabetic Nephropathy
	Diabetic Cardiomyopathy
	Diabetic Complications in Peripheral Artery Disease

	Perspectives
	Author Contributions
	Funding
	References

	The Post-thrombotic Syndrome-Prevention and Treatment: VAS-European Independent Foundation in Angiology/Vascular Medicine Position Paper
	Introduction
	Methods
	Results
	VAS Position Statements
	PTS Diagnosis and Surveillance
	PTS Symptom Management
	PTS Prevention
	PTS Treatment


	Discussion
	Conclusion
	Author Contributions
	Supplementary Material
	References

	Determination of Agrin and Related Proteins Levels as a Function of Age in Human Hearts
	Introduction
	Materials and Methods
	Sample Collection
	mRNA Analysis
	Immunohistochemistry (IHC)
	Proteins Identification
	Blotting
	Liquid Chromatography Mass Spectrometry

	Statistics

	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Valosin Containing Protein as a Specific Biomarker for Predicting the Development of Acute Coronary Syndrome and Its Complication
	Introduction
	Materials and Methods
	Ethical Statement
	Sample Classification
	Preparation of Serum Samples
	Serum VCP Level Detection
	Stability Test
	Genome-Wide Association Study (GWAS) Analysis of VCP Polymorphisms and Monocyte Count
	Expression Quantitative Trait Loci (EQTL) Analysis of Rs684562 and VCP MRNA Expression Level
	Statistical Analysis

	Results
	Clinical Characteristics of Study Population
	Significantly Increased Serum VCP Level in ACS Group
	Statistical and Genetic Association Between VCP and ACS
	Decreased Serum VCP Level in Patients With ACS With VD
	Association Between VCP and the Risk of Developing VD in Patients With ACS
	Stability of VCP in Serum

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Diagnostic and Therapeutic Management of the Thoracic Outlet Syndrome. Review of the Literature and Report of an Italian Experience
	Introduction
	Epidemiology
	Anatomy
	Pathophysiology
	Congenital Factors
	Acquired Factors


	Clinical Diagnosis
	Clinical Features and Physical Examination
	Provocative Maneuvers

	Imaging
	Plethysmography
	Ultrasound Assessment
	Chest and/or Cervical X-Ray
	CTA
	MRA
	Venography and Arteriography

	Electrodiagnostics
	Treatment
	Medical Therapy
	Parenteral Treatment
	Conservative Rehabilitative Treatment


	Surgical Treatment
	Thoracic Surgery
	Vascular Surgery
	Surgical Treatment of the Damaged Artery

	Restoration of the Distal Circulation
	Acute Limb Ischemia
	Chronic Limb Ischemia


	Personal Experience
	Study Cohort and Methods

	Results
	Comment
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Supplementary Material
	References

	Comparability of Heart Rate Turbulence Methodology: 15 Intervals Suffice to Calculate Turbulence Slope – A Methodological Analysis Using PhysioNet Data of 1074 Patients
	1. Introduction
	1.1. Heart Rate Turbulence
	1.2. Rationale and Scope

	2. Materials and Methods
	2.1. Materials
	2.1.1. Data
	2.1.2. The RHRT Package
	2.1.3. Other R Packages

	2.2. Methods
	2.2.1. Comparing Data With #TSRR 15 and 20
	2.2.2. Creating a stVPCS
	2.2.2.1. Length of Files
	2.2.2.2. Poincaré Filter
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