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Editorial on the Research Topic

Classical and Novel Biomarkers for Cardiovascular Disease

Despite several efforts to prevent and treat atherosclerosis, cardiovascular disease (CVD) still
remains a major cause of morbidity and mortality worldwide, and its prevalence is supposed to
increase in the next years (1). In the last decades we observed a marked reduction in mortality
rates for coronary heart disease (CHD) in Europe and United States of America, due to the
improvements in acute care and prevention strategies; on the contrary, in the same period, both
prevalence and mortality for CVD exponentially increased in low- and middle-income Countries,
likely due to globalization (2).

In addition, CVD represents one of themost common comorbidities for several chronic diseases,
including type 2 diabetes mellitus (T2DM), chronic kidney disease (CKD), and chronic obstructive
pulmonary disease (COPD).

For these reasons, the use of biomarkers appears the most convenience option to screen and
follow-up patients with CVD. The ideal biomarker should be widely available, low-cost and reliable.
In the past decades several biomarkers have been proposed and used with this purpose (i.e., C-
reactive protein, uric acid, troponin, natriuretic peptides, etc.) and several others are emerging
(gamma-glutamyltransferase, miRNA, etc). The majority of these biomarkers are used to predict
cardiovascular risk in specific settings of population.

To our knowledge, none of the existing biomarkers for cardiovascular disease are routinely used
and scientifically validated among the general population and do not appear in cardiovascular
risk scores. Thus, we proposed a Research Topic aimed to spread knowledge about useful novel
biomarkers to predict and/or to manage cardiovascular risk, as well as to systematically analyze
previously published data in order to draw robust conclusions on the use of specific biomarkers in
the field of cardiovascular disease.

The Research Topic obtained a great success, since we received 28 submissions of which
15 have been published. Among these, we received 13 original articles and two reviews. The
Research Topics of the published articles covered many of the most important and prevalent CVD,
from heart failure, to light chain cardiac amyloidosis, pulmonary hypertension, acute myocardial
infarction, etc.

The Research Topic collected both animal and human studies. In particular, Zaky et al.
investigated the association of different echocardiographic, biochemical, and electrocardiographic
correlates with progressive pulmonary arterial hypertension in rats. They demonstrated that,
beyond classical invasive procedures used to assess myocardial and pulmonary vascular structure
and function, also non-invasive methods (i.e., electrocardiogram and echocardiogram) can be
used. Among biochemical biomarkers, authors identified plasma myosin light chain, cardiac
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troponin T, and fatty acid-binding protein-3 as useful tools
for monitoring pulmonary hypertension progression. On the
contrary, Zhao et al. demonstrated, in a population of 232
patients affected by idiopathic pulmonary arterial hypertension,
that echocardiographic attenuated right heart remodeling is
an independent non-invasive determinant of prognosis in
this setting.

Remaining in the field of pulmonary hypertension, Zhang et
al. demonstrated the role of CA125 as a new predictor of clinical
impairment in patients with pulmonary hypertension and their
results allowed to establish a cut-off value of CA 125 > 35 U/ml
that is associated with 2-folds increased risk of 1-year clinical
worsening. CA 125 has also been associated with poor prognosis
in patients with light-chain cardiac amyloidosis, as demonstrated
in the study by Li et al. In particular, the authors found that
patients with high levels of CA 125 had a median overall survival
time of 5 months, compared with the 25 months of patients with
normal values of CA 125. Of note, the ROC curve showed that the
prediction accuracy of CA 125 was not inferior to that of cardiac
troponin T, N-terminal pro-B-type natriuretic peptide and LDH
in patients with light-chain cardiac amyloidosis.

Another rare disease, such as dilated cardiomyopathy, has
been studied by Ma et al.; in this study the authors utilized the
Robust Rank Aggregation method to identify expressed genes
responsible of dilated cardiomyopathy, allowing to identify a
7-gene signature predictive of dilated cardiomyopathy.

Another important Research Topic addressed in this
collection is the cardiovascular risk assessment of hemodialysis
patients. Hwang et al. investigated the role of circulating
neprilysin as a biomarker of cardiovascular events in a wide
population of hemodialysis patients. The authors demonstrated
that the cumulative event rate of cardiac events was higher
in patients in the 3rd tertile of neprilysin values; in addition,
circulating neprilysin resulted as an independent predictor
of cardiovascular events in this setting of patients, opening
new scenarios on the use of this molecule as a biomarker
of cardiovascular events in hemodialysis patients. A study
conducted by Kim et al. in the same population demonstrated
the role of another molecule, vascular adhesion protein-
1 (VAP-1), as a predictor of cardiovascular events in this
setting of patients. Taken together, these studies represent
an important step in the cardiovascular risk stratification of
hemodialysis patients.

When considering coronary artery disease, two original
research articles have been published in this Research Topic;
the paper by Le et al. focused on the role of conventional
indicators of lipid oxidation, in particular of oxylipins, in
discriminating among the number of diseased coronary arteries
and in predicting 5-year outcomes in symptomatic patients.

Interestingly, the authors found that a panel of five oxylipins
allows to diagnose three diseased arteries with 100% sensitivity
and 70% specificity, thus helping clinicians in the diagnostic
and therapeutic process of coronary artery disease. Similarly,
the study by Yifan et al. investigated the role of ferroptosis
(a novel type of programmed cell death and marker of cell
injury usually studied in cancer development) as a biomarker
of myocardial cell injury in circulating endothelial cells; they
concluded that ferroptosis-related genes might be used as
potential specific diagnostic markers for myocardial infarction.
Remaining in the setting of acute cardiovascular disease, Yang
S. et al. demonstrated that Neutrophil Extracellular Trap Levels
show a significant diagnostic and predictive value of disease
severity in patients with acute aortic dissection, while Zhai
et al. used plasma osmolarity to predict in-hospital cardiac
mortality in cardiac intensive care unit patients; interestingly,
they observed that both hyposmolarity and hyperosmolarity were
independently associated with an increased in-hospital cardiac
mortality (“U”-shaped relationship).

Of note, this Research Topics also included the results of
a multicenter prospective study conducted by Mise et al., that
demonstrated that the urinary excretion of high-mannose glycan
may be a valuable marker for predicting cardiovascular events in
type 2 diabetes mellitus patients.

The two reviews of the Research Topic were both focused
on heart failure. In particular, the meta-analysis by Yang C.
et al. evaluated the diagnostic value of soluble suppression
of tumorigenicity (sST2) in heart failure, with non-conclusive
results. The review by Janssen et al. investigated another
potential application of natriuretic peptides in heart failure;
in particular, the authors analyzed the prognostic value of
circulating natriuretic peptides before left ventricular assist
device implantation for all-cause mortality and major adverse
events, concluding that natriuretic peptides levels are of
limited value in patients selection for left ventricular assist
device therapy.

Taken together, all these papers underline the need to
have simple, cost-effective and easily available biomarkers
for the diagnosis and follow-up of CVD. The wide number
of biomarkers investigated in this Research Topic can help
physicians now and in the next future to better manage
CVD, highly impacting on patient’s prognosis and quality
of life.
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Plasma Oxylipins: A Potential Risk
Assessment Tool in Atherosclerotic
Coronary Artery Disease
D. Elizabeth Le 1†, Manuel García-Jaramillo 2,3,4†‡, Gerd Bobe 3,5†,

Armando Alcazar Magana 3,6, Ashish Vaswani 3,6, Jessica Minnier 7, Donald B. Jump 2,3,

Diana Rinkevich 1, Nabil J. Alkayed 1,8, Claudia S. Maier 3,6* and Sanjiv Kaul 1*

1 Knight Cardiovascular Institute, Oregon Health and Science University, Portland, OR, United States, 2Nutrition Program,
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Institute, Oregon State University, Corvallis, OR, United States, 4Helfgott Research Institute, National University of Natural

Medicine, Portland, OR, United States, 5Department of Animal and Rangeland Sciences, Oregon State University, Corvallis,

OR, United States, 6Department of Chemistry, Oregon State University, Corvallis, OR, United States, 7Department of

Biostatistics and Knight Cancer Institute, Oregon Health and Science University, Portland, OR, United States, 8Department of

Anesthesiology and Perioperative Medicine, Oregon Health and Science University, Portland, OR, United States

Background: While oxylipins have been linked to coronary artery disease (CAD), little is

known about their diagnostic and prognostic potential.

Objective: We tested whether plasma concentration of specific oxylipins may

discriminate among number of diseased coronary arteries and predict median 5-year

outcomes in symptomatic adults.

Methods: Using a combination of high-performance liquid chromatography (HPLC)

and quantitative tandem mass spectrometry, we conducted a targeted analysis of 39

oxylipins in plasma samples of 23 asymptomatic adults with low CAD risk and 74

symptomatic adults (≥70% stenosis), aged 38–87 from the Greater Portland, Oregon

area. Concentrations of 22 oxylipins were above the lower limit of quantification in >98%

of adults and were compared, individually and in groups based on precursors and

biosynthetic pathways, in symptomatic adults to number of diseased coronary arteries

[(1) n = 31; (2) n = 23; (3) n = 20], and outcomes during a median 5-year follow-up (no

surgery: n = 7; coronary stent placement: n = 24; coronary artery bypass graft surgery:

n = 26; death: n = 7).

Results: Plasma levels of six quantified oxylipins decreased with the number of diseased

arteries; a panel of five oxylipins diagnosed three diseased arteries with 100% sensitivity

and 70% specificity. Concentrations of five oxylipins were lower and one oxylipin was

higher with survival; a panel of two oxylipins predicted survival during follow-up with 86%

sensitivity and 91% specificity.

Conclusions: Quantification of plasma oxylipins may assist in CAD diagnosis and

prognosis in combination with standard risk assessment tools.

Keywords: coronary artery disease, oxylipins, diagnosis, prognosis, mass spectrometry, LCMS
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INTRODUCTION

Coronary artery disease (CAD) is the leading cause of
death worldwide (1–3). Traditional CAD risk factors such as
diabetes, smoking, hypertension, hyperlipidemia, and family
history of premature cardiovascular disease (CVD), as well as
nontraditional risk factors of rheumatic inflammatory disease,
human immunodeficiency disease, and gestational diabetes can
assist clinicians in decisions for CAD primary prevention but
have limited efficacy in high CAD risk patient management (4).
This is currently done using expensive invasive tests, such as
exercise stress testing (without or with concomitant imaging
for myocardial perfusion and/or function) or measuring the
coronary calcium score on X-ray computed tomography (CT).
Our objective is to develop a point-of-care blood test that could
assist in decision making regarding CAD patient management.

Ruptured arterial plaques are a major reason for adverse
cardiac events with resultant thrombus formation that partially
or completely impairs blood flow to the heart (5). The
progression from asymptomatic to ruptured arterial plaques
involves lipid oxidation and inflammation (6, 7). Conventional
indicators of lipid oxidation include secondary products such
as 4-hydroxynonenal (4-HNE) (8), malondialdehyde (MDA)
(9), and oxidized low-density lipoproteins (Ox-LDL) (10),
and its associated oxidized phospholipids (11). Technological
advancements in soft ionization tandem mass spectrometry
(MS/MS) have allowed multiplexed quantification of oxidized
lipids in one analytical run and with it the emergence of
isoprostanes and oxylipins as indicators of oxidative tissue
injuries, implicating oxidative tissue injuries in the pathology of
a variety of chronic diseases (3, 12).

Oxylipins are oxidized long and very long chain
polyunsaturated fatty acids (PUFA), which are derived from
phospholipids. Oxylipins can be classified based on their fatty
acid (FA) precursor (Figure 1). The dominant precursors of
oxylipins are the more proinflammatory omega-6 PUFA linoleic
acid (LA; C18:2 n−6) and arachidonic acid (ARA; C20:4 n−6)
and the more anti-inflammatory omega-3 PUFA linolenic acid
(LNA; C18:3 n−3), eicosapentaenoic acid (EPA; C20:5 n−3),
and docosahexaenoic acid (DHA; C22:6 n−3). The dominant
oxylipin biosynthesis pathways are named after the enzymes
involved, as follows: lipoxygenases (LOX), cyclooxygenases
(COX), cytochrome P450 (CYP450) epoxygenases and
hydroxylases, and soluble epoxide hydrolases. Reactive oxygen
species (ROS) can initiate the formation of a few, specific
oxylipins from PUFAs (13). Prior human studies with limited
sample sizes reported elevated concentrations of ARA-derived
oxylipins in unstable arterial plaques (14) and ischemic heart

Abbreviations: ACN, acetonitrile; ARA, arachidonic acid; CAD, coronary

artery disease; COX, cyclooxygenases; CUDA, 1-cyclohexyl ureido, 3-dodecanoic

acid; CVD, cardiovascular diseases; CYP450, cytochrome P450; CYPEPOX,

CYP epoxide; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FA,

fatty acid; 4-HNE, 4-hydroxynonenal; HPLC-MS/MS, high-performance liquid

chromatography tandem mass spectrometry; IMS, ionization mass spectrometry;

IPA, isopropanol; LA, linoleic acid; LDL, low-density lipoproteins; LNA,

linolenic acid; LOD, limit of detection; LOQ, limit of quantification; LOX,

lipoxygenases; MDA, malondialdehyde; MRM, multi-reaction monitoring; PUFA,

polyunsaturated fatty acids; ROS, reactive oxygen species; RT, retention time; sEH,

soluble epoxide hydrolases.

tissue (15). Elevated circulating concentrations were observed
in individuals after cardiac surgery (16) and those experiencing
adverse cardiac events on follow-up (17, 18). Furthermore, CAD
patients had higher circulating concentrations of ARA-derived
oxylipins than non-CAD adults (19–21).

In the present study, we evaluated whether plasma oxylipins,
alone or in panels, may discriminate among number of diseased
coronary arteries and predict median 5-year outcomes in high
CAD risk symptomatic patients and ≥70% stenosis which, to
our knowledge, has not been previously published. In doing so, a
point-of-care plasma oxylipin test could assist in decisionmaking
regarding CAD patient management. Here, we report results of a
small study confirming this hypothesis.

MATERIALS AND METHODS

Participants and Study Design
The study was approved by the Institutional Review Board of
the Oregon Health and Science University (OHSU) in Portland,
Oregon. We prospectively enrolled 74 individuals from the
greater Portland metropolitan area from October 2012 and
January 2017 (IRB00008606) who were referred to OHSU for an
invasive coronary angiography because of symptoms suggestive
of CAD (median age: 66 years; range: 38–87 years). Inclusion
criteria were inducible myocardial ischemia during stress (either
on echocardiography or single-photon computed tomography)
and ≥70% coronary luminal narrowing of one or more major
coronary artery or its major branch on subsequent coronary
angiography. Exclusion criteria were <70% coronary stenosis
on angiography, prior myocardial infarction, hemodynamically
significant valvular heart disease, prior revascularization, or
congestive heart failure. The CAD patients were classified as
having one-vessel (n = 31), two-vessel (n = 23), or three-vessel
(n = 20) CAD and were followed up until November 2019
(Figure 2) for a median of 60 months (range: 25–84 months)
for adverse events [i.e., coronary stent placement; coronary
artery bypass graft (CABG) surgery; death]. Ten CAD patients
were lost to follow-up (unable to contact: n = 8; declined to
follow-up: n= 2).

To establish ranges of plasma oxylipin concentrations in
low CAD risk populations, we established the Astoria cohort
and prospectively enrolled 220 individuals from Astoria, a rural
community within the same area as the CAD patients, from
July 2016 to February 2017 (IRB00011193). For the current
study, we selected individuals of the same age range (range:
38–71 years) that fulfilled all the exclusion criteria (n = 23).
Exclusion criteria were self-reported history of hyperlipidemia,
diabetes, myocardial infarction, ischemia, coronary artery
revascularization surgery, coronary atherosclerosis on coronary
angiography, active tobacco use, and family history of
CAD. Participants from the Astoria and Portland were
not age-matched.

Sample Collection and Preparation for
Oxylipin Analysis
All participants fasted for at least 6 h before 4.5mL blood was
collected in tubes containing 0.01M buffered sodium citrate and
immediately placed on ice. Blood samples were collected 1–4 h
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FIGURE 1 | Biosynthetic pathways of plasma oxylipins from omega-6 (A) and omega-3 (B) polyunsaturated fatty acids (PUFA). Normal text designates PUFA (yellow

rectangular boxes) and oxylipins. Italic text designates enzymes involved in the metabolic transformation [blue oval boxes for cyclo-oxygenases or aspirin, orange oval

boxes for lipoxygenases or CYP1B1, green oval boxes for cytochrome P450, and gray rectangular boxes for soluble epoxide hydrolase (sEH)] with their quantified

oxylipins in the same color and oxylipins below the limit of quantification (LOQ) in noncolored squares. See Abbreviation Index and Appendix for full names description.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 3 April 2021 | Volume 8 | Article 64578610

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


Le et al. Coronary Artery Disease and Oxylipins

FIGURE 2 | Study flow diagram of adults with diseased coronary arteries (≥70% stenosis) from the greater Portland area, Oregon.

prior to coronary angiography of participants with CAD. Whole
blood samples were then centrifuged at 3,000 rpm for 15min
in a refrigerated centrifuge at 4◦C, after which the plasma was
aliquoted into 1mL Eppendorf tubes and immediately stored at
−80◦C until analysis.

Oxylipins from plasma were extracted as described
in Pedersen et al. (22) with minor modifications. The
internal oxylipin standards used during the extraction
(Supplementary Table 1) were used to correct the recovery
of the quantified oxylipins (23).

Chromatographic and Mass Spectrometric
Analysis of Oxylipins
The high-performance liquid chromatography (HPLC) and
mass spectrometry methods used for the analysis of plasma
oxylipins was based on methods previously described for the
analysis of oxylipins in liver (24). The analysis was performed
using a Shimadzu Prominence HPLC system (Shimadzu,
Columbia, MD) coupled to an Applied Biosystems 4000
QTRAP (AB SCIEX, Framingham, MA). Employing dynamic
multireaction monitoring (dMRM), we evaluated 60 oxylipins
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in a targeted approach (Supplementary Figure 1). For each
compound, optimal transitions were determined by flow
injection of pure standards using the optimizer application, and
transitions were compared with literature when available. A
detailed list of MRM transitions and experimental conditions is
provided in Supplementary Table 2.

Compounds were separated using a Waters Acquity UPLC
CSH C18 column (100mm length × 2.1mm id; 1.7µm particle
size) with an additional Waters Acquity VanGuard CSH C18
pre-column (5mm × 2.1mm id; 1.7µm particle size). Column
oven was set to 60◦C. The mobile phase consisted of (A) water
containing 0.1% acetic acid and (B) acetonitrile/isopropanol
(ACN/IPA) (90/10, v/v) containing 0.1% acetic acid. Gradient
elution (22) was carried out for 22min at a flow rate of 0.15ml
min−1. Gradient conditions were as follows: 0–1.0min, 0.1–
25% B; 1.0–2.5min, 25–40% B; 2.5–4.5min, 40–42% B; 4.5–
10.5min, 42–50% B; 10.5–12.5min, 50–65% B; 12.5–14min, 65–
75% B; 14–14.5min, 75–85% B; 14.5–20min, 85–95% B; 20–
20.5min, 95–95% B; 20.5–22min, 95–25% B. A 5-µl aliquot
of each sample was injected. Limits of detection (LOD) and
quantification (LOQ) (Supplementary Table 1) were calculated
based on one concentration point (0.1 ng µl−1) for each oxylipin
and deuterated surrogate.

Data Processing and Statistical Analysis
Raw data from targeted oxylipin analyses were imported into
MultiQuant 3.0.2 software (AB SCIEX) in order to perform the
alignment and integration of the peaks (obtaining peak areas).
This software allows for the correction of metabolite intensity
with the intensity of the internal standards. Data obtained with
MultiQuant were imported into MarkerView 1.3.1 software (AB
SCIEX) for initial data visualization (25).

Data were analyzed using SAS version 9.2 (SAS Ins. Inc.,
Cary, NC). Demographic and clinical characteristics of groups
were compared using Fisher’s exact test for binary data and
t-test for nonbinary data. Concentrations of oxylipins were
compared using Wilcoxon rank sum test. To evaluate diagnostic
and predictive efficacy of oxylipins, we used logistic regression
analysis and calculated receiver operating characteristic (ROC)
values, including area under the curves (AUC). Our goal was
to identify oxylipin panels that could achieve an ROC of
0.90 or higher. To compare diagnostic and predictive efficacy
of oxylipins with current standard risk assessment tool, we
compared ROC values of our best oxylipin models with those
of the 10-year Framingham general CVD risk scores using the
ROCCONTRAST statement in PROC LOGISTIC. We were not
able to use the 10-year atherosclerotic CVD risk score of the
American College of Cardiology (ACC) because 41 of 74 CAD
patient scores could not be calculated. All statistical tests were
two sided. Significance was declared at P ≤ 0.05.

RESULTS

Analysis of Oxylipins
In order to achieve a representative coverage of LA-, ARA-,
EPA-, and DHA-derived oxylipins and the enzymatic and
nonenzymatic pathways involved in their production,

a library with 39 oxylipin standards was analyzed
(Supplementary Table 1). Our LC-MRM method detected
all 39 oxylipins in one 22-min run (Supplementary Figure 1).
Of the 39 oxylipins, 24 were consistently above the LOD
and 22 oxylipins were consistently above the LOQ. Oxylipin
concentrations below the LOQ were set at 80% of the lowest
quantifiable sample. The library included (i) four LA-derived
oxylipins (two each from CYP450 and LOX pathways), of
which three [CYP450: 12,13-DiHOME, LOX: 9(S) HODE,
13(S) HODE] were above the LOQ; (ii) 14 ARA-derived
oxylipins (five from COX, five from CYP450, and four from
LOX pathways), of which nine (COX: thromboxane B2;
CYP450: 11,12-EET, 14,15-EET, 20-HETE, 14,15-DiHET; LOX:
5-HETE, 12-HETE, 15-HETE, leukotriene B4) were above the
LOQ; (iii) 10 EPA-derived oxylipins (one from COX, eight
from CYP450, and one from ROS pathways), of which three
(CYP450: 11,12-DiHETE, 17,18-EpETE; ROS: 8-iso PGF3a)
were above the LOQ; (iv) 11 DHA-derived oxylipins (10
CYP450 and one from LOX pathways) of which seven (CYP450:
10,11-EpDPA, 19,20 EpDPA, 7,8-DiHDPA, 10,11-DiHDPA,
13,14-DiHDPA, 16,17-DiHDPA, 19,20-DiHDPA) were above
the LOQ.

Demographic, Clinical Characteristics, and
Levels of Oxylipins of Adults With Diseased
Coronary Arteries
Selected demographic and clinical characteristics of adults with
diseased coronary arteries stratified by number of diseased
arteries and adults of the same age range with a low CAD
risk are listed in Table 1. Sixty-nine of 74 adults with CAD
had multiple CVD risk factors (three CAD1 patients and one
CAD2 patient had one CVD risk factor and one CAD2 patient
had no CVD risk factor). Almost all adults with CAD had
hypertension and hypercholesterolemia. Most adults with CAD
were on aspirin, were overweight or obese, or had a history
of smoking. About half adults with CAD had diabetes or a
family history of CVD. Demographic and clinical characteristics
of adults with CAD had a limited efficacy to diagnose number
of diseased arteries. The 10-year Framingham general CVD
risk score and the number of CAD risk factors increased
with the number of diseased arteries; specifically, adults with
multiple diseased arteries were more likely to be male, were
overweight or obese, former smokers, or had lower plasma HDL
cholesterol concentrations.

Ten of 22 (45%) individual oxylipin concentrations decreased
with greater number of diseased arteries by at least 10%; six
individual oxylipins (27%) had significantly lower concentrations
in adults with three vs. one diseased artery (Table 2). For pattern
detection, oxylipins were grouped inTable 3 by (1) FA precursors
(i.e., LA, ARA, EPA, and DHA), oxylipin groups (i.e., mid-
chain HODE, EET, mid-chain HETE, EpDPA, DiHDPA), (2)
enzymes involved in their synthesis [i.e., oxygenation of PUFAs
by LOX followed by reduction or alternatively hydroxylation of
PUFAs by CYP1B1; oxidation of PUFAs by CYP450 followed by
hydroxylation of oxidized PUFAs by soluble epoxide hydrolase
(sEH)], and (3) based on enzymatic product to substrate
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TABLE 1 | Demographic and clinical characteristics of adults with diseased coronary arteries (≥70% stenosis) and adults of the same age range with a low coronary

artery disease (CAD) risk.

Characteristics Low Number of diseased arteries Contrast

CAD risk

(n = 23)

1

(n = 31)

2

(n = 23)

3

(n = 20)

CAD1/2 vs. CAD3

Mean ± STD Mean ± STD Mean ± STD Mean ± STD P-value

Age (year) 49 ± 10b 65 ± 9a 67 ± 12a 66 ± 1a 0.89

Male [n (%)] 4 (17)c 17 (55)b 19 (83)a 17 (85)a 0.15

BMI (kg/m2 ) 28.3 ± 6.7ab 28.1 ± 4.9b 31.0 ± 9.3ab 31.7 ± 6.1a 0.20

Overweight 3 (13)ab 15 (48)a 9 (39)ab 8 (40)ab 0.80

Obese 9 (39) 8 (26) 10 (43) 10 (50) 0.28

Blood pressure (mmHg)

Systolic 124 ± 9 131 ± 20 133 ± 17 129 ± 17 0.58

Diastolic 79 ± 6a 71 ± 13b 69 ± 11b 70 ± 11b 0.89

Plasma

Triacylglycerol (mg/dl) 88 ± 38b 136 ± 72a 165 ± 106a 218 ± 326ab 0.40

Total cholesterol (mg/dl) 195 ± 32 182 ± 49a 156 ± 33b 177 ± 60ab 0.62

HDL cholesterol (mg/dl) 65 ± 13a 52 ± 16b 46 ± 14b 40 ± 12c 0.03

LDL cholesterol (mg/dl) 126 ± 28a 101 ± 35b 76 ± 25b 104 ± 48ab 0.28

Hba1c (mmol/mol) 5.3 ± 0.4b 6.1 ± 1.1a 6.5 ± 1.3a 6.3 ± 1.1a 0.90

Medication 0b 30 (97)a 21 (91)a 18 (90)a 0.61

Blood pressure [total, n (%)] 0b 24 (77)b 21 (91)ab 20 (100)a 0.10

ACE inhibitor [n (%)] 0b 10 (32)a 8 (35)a 5 (25)a 0.58

Angiotension receptor blocker 0b 5 (16)ab 3 (13)ab 5 (25)a 0.32

Beta blocker [n (%)] 0b 18 (58)a 19 (83)a 13 (65)a 0.79

Calcium channel blocker [n (%)] 0b 7 (23)a 4 (17)ab 5 (25)a 0.75

Diabetes [total, n (%)] 0b 6 (19)a 6 (26)a 6 (30)a 0.55

Oral hyperglycemia [n (%)] 0b 3 (10)ab 3 (13)ab 4 (20)a 0.44

Insulin [n (%)] 0 3 (10) 3 (13) 2 (10) 1

Hyperlipidemia (total)

Statin [n (%)] 0b 24 (77)a 16 (70)a 13 (65)a 0.56

Aspirin [n (%)] 0b 23 (74)a 19 (83)a 15 (75)a 0.77

CVD risk factors

Tobacco use [n (%)]

Former 6 (26) 8 (26) 9 (39) 6 (30) 1

Active 0b 4 (13)ab 2 (9)ab 5 (25)a 0.15

History of [n (%)]

Hypertension 2 (9)b 25 (81)a 22 (96)a 20 (100)a 0.18

Diabetes 0b 8 (26)a 8 (49)a 9 (45)a 0.27

Hypercholesterolemia 0b 30 (97)a 21 (91)a 19 (95)a 1

CVD in family 0b 14 (45)a 12 (52)a 11 (55)a 0.79

Total risk (1–5) 0c 2.6 ± 0.9b 2.8 ± 0.9ab 3.2 ± 0.8a 0.04

Framingham 10-year CVD risk (%) 4.0 ± 2.3c 21.6 ± 16.2b 29.4 ± 17.5ab 35.7 ± 19.7a 0.04

ACC 10-year ASCVD risk (%) 1.8 ± 1.2b 15.6 ± 11.7a 18.6 ± 7.5a 25.7 ± 12.3a 0.05

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05. If none of the groups differed from each other, no superscripts are shown. If two groups

differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not significantly differ from the

higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly lower group got a superscript

b, and the group that was significantly lower than the group with a superscript b, got a, c. Quantitative data were compared using Student’s t-test. Proportions were compared using

Fisher’s exact test.

ACE, angiotension converting enzyme; ACC, American College of Cardiology; ASCVD, atherosclerotic cardiovascular disease.

ratio (i.e., hydroxylation of 10,11-EpDPA to 10,11-DiHDPA,
14,15-EET to 14,15-DiHET, or 19,20-EpDPA to 19,20-DiHDPA
by sEH).

Total oxylipin concentrations significantly declined with
number of diseased arteries, specifically omega-3 FA-derived
oxylipins and within those hydroxylated DHA-epoxide
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TABLE 2 | Plasma oxylipin concentrations of adults with diseased coronary arteries (≥70% stenosis) and adults of the same age range with a low coronary artery disease

(CAD) risk.

Oxylipins (nM) Low Number of diseased arteries Contrast

CAD risk

(n = 23)

1

(n = 31)

2

(n = 23)

3

(n = 20)

CAD1/2 vs. CAD3

Median

(IQR)

Median

(IQR)

Median

(IQR)

Median

(IQR)

P-value

12,13-DiHOME 8.71a

(5.27, 11.8)

6.97ab

(4.76, 8.85)

5.59bc

(4.07, 8.45)

5.11c

(4.17, 5.89)

0.07

13(S)-HODE 29.1b

(26.7, 33.8)

37.6a

(25.5, 49.9)

34.1ab

(23.4, 41.7)

31.0ab

(24.4, 43.2)

0.64

9(S)-HODE 19.0

(17.6, 21.6)

22.3

(16.8, 28.8)

20.3

(16.9, 25.0)

20.5

(14.9, 26.7)

0.64

Leukotriene B4 0.19ab

(0.15, 0.24)

0.23a

(0.18, 0.28)

0.24a

(0.16, 0.27)

0.18b

(0.15, 0.21)

0.01

Thromboxane B2 0.05

(0.03, 0.08)

0.03

(0.02, 0.05)

0.04

(0.02, 0.04)

0.04

(0.03, 0.06)

0.10

20-HETE 9.18

(7.04, 11.2)

8.60

(7.39, 10.4)

9.37

(7.35, 10.7)

8.43

(6.98, 9.52)

0.36

14,15-EET 0.27b

(0.18, 0.34)

0.34a

(0.28, 0.45)

0.22b

(0.18, 0.36)

0.35a

(0.23, 0.40)

0.70

11,12-EET 0.25b

(0.19, 0.30)

0.32a

(0.26, 0.41)

0.32a

(0.27, 0.37)

0.35a

(0.28, 0.46)

0.35

14,15-DiHET 0.98ab

(0.78, 1.13)

1.12a

(0.93, 1.23)

0.99ab

(0.84, 1.17)

0.90b

(0.78,1.09)

0.08

5-HETE 2.69b

(2.30, 3.14)

4.63a

(3.37, 7.29)

4.37a

(2.87, 6.86)

3.87ab

(2.21, 6.65)

0.38

12-HETE 2.41b

(1.13, 4.19)

8.14a

(5.60, 20.8)

11.2a

(6.51, 19.6)

7.92a

(2.78, 12.0)

0.10

15-HETE 1.18b

(1.02,1.53)

2.41a

(1.84, 3.29)

2.39a

(1.73, 3.49)

2.26a

(1.47, 3.11)

0.47

8-iso PGF3a 0.93a

(0.49, 1.58)

0.99a

(0.55, 1.95)

0.87ab

(0.40, 2.70)

0.58b

(0.37, 0.81)

0.02

17,18-EpETE 0.29

(0.23, 0.35)

0.26

(0.20, 0.35)

0.26

(0.21, 0.34)

0.29

(0.24, 0.33)

0.51

11,12-DiHETE 0.08

(0.04, 0.11)

0.06

(0.04, 0.12)

0.09

(0.06, 0.12)

0.05

(0.01, 0.09)

0.07

19,20-EpDPA 0.53

(0.32, 0.95)

0.59

(0.43, 0.91)

0.50

(0.40, 0.76)

0.60

(0.48, 0.83)

0.37

10,11-EpDPA 0.11

(0.05, 0.16)

0.11

(0.07, 0.14)

0.12

(0.09, 0.20)

0.11

(0.07, 0.15)

0.16

19,20-DiHDPA 2.22a

(1.40, 2.83)

1.92a

(1.19, 2.76)

1.69ab

(1.00, 2.63)

0.60b

(0.48, 0.83)

0.04

13,14-DiHDPA 0.14a

(0.07, 0.20)

0.11ab

(0.07, 0.14)

0.09ab

(0.07, 0.19)

0.09b

(0.06, 0.12)

0.39

16,17-DiHDPA 0.24ab

(0.15, 0.34)

0.24a

(0.16, 0.28)

0.19ab

(0.14, 0.27)

0.17b

(0.14, 0.21)

0.04

10,11-DiHDPA 0.09

(0.06, 0.15)

0.11

(0.08, 0.17)

0.09

(0.06, 0.18)

0.08

(0.05, 0.11)

0.06

7,8-DiHDPA 0.12

(0.08, 0.14)

0.13

(0.09, 0.16)

0.11

(0.09, 0.17)

0.12

(0.10, 0.18)

0.74

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05 using Kruskal–Wallis test. If none of the groups differed from each other, no superscripts

are shown. If two groups differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not

significantly differ from the higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly

lower group got a superscript b, and the group that was significantly lower than the group with a superscript b, got a, c.

DiHOME, dihydroxy-octadecenoic acid; HODE, hydroxy-octadecadienoic acid; HETE, hydroxy-eicosatetraenoic acid; EET, epoxy-eicosatrienoic acid; DiHET, dihydroxy-eicosatrienoic

acid; EpDPA, epoxy-docosapentaenoic acid; DiHDPA, dihydroxy-docosapentaenoic acid.
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TABLE 3 | Plasma concentrations of oxylipin groups in adults with diseased coronary arteries (≥70% stenosis) and adults of the same age range with a low coronary

artery disease (CAD) risk.

Oxylipins (nM) Low Number of diseased arteries Contrast

CAD risk

(n = 23)

1

(n = 31)

2

(n = 23)

3

(n = 20)

CAD1/2 vs. CAD3

Median

(IQR)

Median

(IQR)

Median

(IQR)

Median

(IQR)

P-value

Total 80.3b

(75.9, 102)

109a

(85.8, 171)

97.9ab

(82.0, 116)

85.4b

(74.4, 108)

0.05

Fatty acid precursor

C18:2 derived 47.7b

(43.9, 54.7)

59.7a

(41.7, 76.7)

54.1ab

(47.4, 63.0)

55.5ab

(45.0, 73.4)

0.64

C20:4 derived 18.5b

(14.8, 21.3)

28.0a

(22.0, 40.7)

28.6a

(22.6, 42.8)

24.4a

(18.5, 28.9)

0.11

C20:5 derived 1.35a

(0.91, 2.01)

1.41a

(0.83, 2.48)

1.14ab

(0.76, 3.08)

0.94b

(0.64, 1.24)

0.04

C22:6 derived 3.36a

(2.26, 5.06)

3.36ab

(2.16, 4.25)

3.14ab

(2.01, 4.03)

2.59b

(2.20, 3.19)

0.18

Oxylipin group

Mid-chain HODE 47.7b

(44.7, 54.7)

59.7a

(41.7, 76.7)

54.1ab

(47.4, 63.0)

51.2ab

(40.1, 68.7)

0.64

EET 1.45b

(1.28, 1.68)

1.77a

(1.45, 2.16)

1.63ab

(1.32, 1.87)

1.51ab

(1.39, 1.89)

0.47

Mid-chain HETE 6.34b

(5.06, 9.50)

17.1a

(12.1, 27.0)

19.0a

(10.6, 32.4)

13.2a

(8.07, 19.8)

0.11

EpDPA 0.67

(0.36, 1.06)

0.75

(0.51, 1.13)

0.66

(0.50, 0.94)

0.74

(0.57, 0.99)

0.72

DiHDPA 2.84a

(1.89, 3.70)

2.50a

(1.63, 3.45)

2.34ab

(1.37, 3.28)

1.89b

(1.37, 2.33)

0.04

Enzyme products

LOX/CYP1B1 products 55.8b

(53.0, 68.0)

78.9a

(60.7, 114)

79.1a

(59.3, 92.3)

68.8ab

(55.4, 89.4)

0.27

LOX12-15 products 32.9b

(19.7, 40.4)

47.9a

(37.2, 72.2)

53.8a

(31.5, 62.5)

43.5a

(31.6, 55.1)

0.26

LOX5 products 21.9b

(20.1, 25.6)

27.2a

(21.0, 37.3)

26.5ab

(19.9, 30.2)

25.1ab

(18.4, 31.4)

0.55

CYP epoxides 1.44

(1.19, 1.90)

1.70

(1.41, 2.19)

1.56

(1.22, 2.14)

1.94

(1.32, 2.11)

0.86

Hydroxylated CYP epoxides 11.8a

(8.61, 20.8)

10.0ab

(8.02, 14.1)

9.50bc (7.35, 11.9) 7.77c

(6.40, 9.21)

0.008

sEH product to substrate ratios

10,11-DiHDPA/10,11-EpDPA 0.90a

(0.78, 1.30)

0.81b

(0.63, 0.93)

0.79b

(0.59, 1.04)

0.71b

(0.52, 0.92)

0.21

14,15-DiHET/14,15-EET 4.03a

(2.91, 5.34)

2.88b

(2.39, 4.13)

3.76a

(2.63, 5.37)

2.56b

(2.29, 4.17)

0.08

19,20-DiHDPA/19,20-EpDPA 4.26a

(2.48, 6.55)

2.97a

(2.19, 3.92)

2.95a

(2.13, 4.77)

1.91b

(1.58, 2.98)

0.002

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05 using Kruskal–Wallis test. If none of the groups differed from each other, no superscripts

are shown. If two groups differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not

significantly differ from the higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly

lower group got a superscript b, and the group that was significantly lower than the group with a superscript b, got a, c.

HODE, hydroxy-octadecadienoic acid; HETE, hydroxy-eicosatetraenoic acid; EET, epoxy-eicosatrienoic acid; DiHET, dihydroxy-eicosatrienoic acid; EpDPA, epoxy-docosapentaenoic

acid; DiHDPA, dihydroxy-docosapentaenoic acid; LOX, lipoxygenase; CYP, cytochrome P450; sEH, soluble epoxide hydrolases.

DiHDPAs, which are generated by hydroxylation of oxidized
PUFAs by sEH (Table 3). The strongest decline was observed for
hydroxylation of 19,20-EpDPA to 19,20-DiHDPA.

Low CAD risk adults had lower total oxylipin concentrations
than adults with CAD, specifically omega-6 FA-derived oxylipins
and within those mid-chain HETEs (Tables 2, 3). These include
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FIGURE 3 | Diagnosis of a number of diseased coronary arteries in adults with diseased coronary arteries (≥70% stenosis; n = 74), as shown by receiver operating

characteristic (ROC) curves: (A) best single oxylipin model; (B) best single oxylipin group model; and (C) smallest oxylipin panel model achieving AUC ≥ 0.90.

the following three oxylipins that were significantly lower than in
each CAD group: 11,12-EET, 12-HETE, and 15-HETE. We also
observed less hydroxylation of 10,11-EpDPA to 10,11-DiHDPA,
which is generated by sEH. Concentrations of LA-derived
12,13-DiHOME and DHA-derived DiHDPAs, specifically 19,20-
DiHDPA and 16,17-DiHDPA, decreased gradually from adults
with low CAD risk to those with three diseased arteries.

Diagnostic Efficacy of Oxylipins
Differences in plasma oxylipin concentrations were noted
primarily between two and three diseased vessels. Among
individual oxylipins, ARA-derived leukotriene B4 discriminated
best three vs. less diseased arteries (AUC: 0.69; 95% CI: 0.57–0.81;
P = 0.003; Figure 3A). Leukotriene B4 concentrations≤0.21 nM
diagnosed three diseased arteries in 80% of CAD3 adults and less
diseased arteries in 65% CAD1 adults, 61% CAD2 adults, and
43% adults with low CAD risk.

Significant AUC values were also observed for EPA-derived
8-iso PGF3a (AUC: 0.67; 95% CI: 0.54–0.80; P = 0.009), three
DHA-derived DiHDPA 19,20-DiHDPA (AUC: 0.66; 95% CI:
0.54–0.78; P = 0.01), 16,17-DiHDPA (AUC: 0.65; 95% CI: 0.52–
0.79; P = 0.02), 10,11-DiHDPA (AUC: 0.64; 95% CI: 0.51–0.78;
P = 0.04), and LA-derived 12,13-DiHOME (AUC: 0.64; 95% CI:
0.51–0.77; P = 0.04).

Among oxylipin groups and ratios, three diseased arteries
were best diagnosed by the 19,20-DiHDPA fraction of the
sum of 19,20-EpDPA and 19,20-DiHDPA (AUC: 0.74; 95%
CI: 0.61–0.87; P = 0.0003; Figure 3B). A fraction of <72%
diagnosed three diseased arteries in 70% of CAD3 adults and
less diseased arteries in 74% CAD1 adults, 70% CAD2 adults,
and 78% adults with low CAD risk. Adding 8-iso PGF3a to the
fraction improved diagnosis of three diseased arteries to 80%
but decreased diagnosis of less diseased arteries to 60% in CAD2

adults. An oxylipin panel of leukotriene B4, 19,20-EpDPA, 19,20-
DiHDPA, 13,14-DiHDPA, and 10,11-DiHDPA diagnosed three
diseased arteries in all CAD3 adults and less diseased arteries in
70% CAD1 and CAD2 adults (AUC: 0.90; 95% CI: 0.84–0.97; P
< 0.0001; Figure 3C). The oxylipin panel improved (P = 0.02)
diagnosis of three diseased arteries compared with the 10-year
Framingham general CVD risk score (AUC: 0.68; 95% CI: 0.52–
0.83; P = 0.02).

Prediction of Outcomes in Adults With
Diseased Coronary Arteries
Adults with CAD were followed up until November 2019 for a
median of 5 years (range: 25–84months) and adverse events were
recorded (i.e., coronary stent placement; CABG surgery; death).
Ten participants (three women and seven men; median age:
61 years; range: 51–81 years) were lost to follow-up (Figure 2).
Given the degree of stenosis, 52 of 64 adults with CAD underwent
CABG surgery within 3 months of the angiography (CAD1: 19 of
28; CAD2: 16 of 19; CAD3: 17 of 17): 28 had a CABG surgery
(CAD1: 5 of 19; CAD2: 10 of 16; CAD3: 13 of 17) and 26 had
a coronary stent placement (CAD1: 16; CAD2: 6; CAD3: 4).
Adults with multiple diseased coronary arteries were more likely
to receive a CABG. Of the remaining 12 adults with CAD, seven
had no further event, two adults with one diseased artery received
a coronary artery stent during follow-up, and three died (CAD1:
2; CAD2: 1). In addition, four CAD adults that had undergone
open-heart surgery within 3 months (two stents and two CABG)
died during follow-up (CAD1: 1; CAD2: 0; CAD3: 3). Survival
was not linked to the number of diseased coronary arteries.

Table 4 lists selected demographic and clinical characteristics
of adults with diseased coronary arteries (≥70% stenosis)
based on outcomes during follow-up. Survival was linked
to lower systolic blood pressure or being a male, whereas
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TABLE 4 | Demographic and clinical characteristics of adults with diseased coronary arteries (≥70% stenosis) stratified by outcome during 5-year follow-up.

Characteristics Outcome during follow-up Contrasts

No event

(n = 7)

Stent

(n = 24)

CABG

(n = 26)

Death

(n = 7)

No event

vs. others

CABG/death

vs. others

Death

vs. Others

Mean ± STD Mean ± STD Mean ± STD Mean ± STD P-value P-value P-value

Age (year) 65 ± 8 68 ± 8 67 ± 10 60 ± 17 0.71 0.52 0.31

Male [n (%)] 3 (43)bc 19 (79)ab 22 (85)a 2 (29)c 0.08 1 0.02

BMI (kg/m2 ) 30.2 ± 8.5 29.9 ± 8.8 28.3 ± 3.3 29.9 ± 5.6 0.70 0.46 0.78

Overweight [n (%)] 1 (14)b 9 (38)ab 16 (62)a 4 (57)ab 0.11 0.03 0.70

Obese [n (%)] 3 (43) 9 (38) 7 (27) 2 (29) 0.67 0.43 1

Blood pressure (mmHg)

Systolic 130 ± 16ab 130 ± 16b 130 ± 19ab 147 ± 15a 0.81 0.42 0.02

Diastolic 65 ± 12 72 ± 10 70 ± 11 67 ± 8 0.20 0.63 0.42

Plasma

Triacylglycerol (mg/dl) 197 ± 131 167 ± 100 123 ± 59 89 ± 42 0.29 0.02 0.13

Total cholesterol (mg/dl) 174 ± 44 187 ± 50 162 ± 42 153 ± 46 0.91 0.06 0.29

HDL cholesterol (mg/dl) 48 ± 14 49 ± 12 44 ± 18 53 ± 14 0.94 0.51 0.39

LDL cholesterol (mg/dl) 92 ± 35 104 ± 37 94 ± 41 73 ± 39 0.79 0.29 0.17

Hba1c (mmol/mol) 5.9 ± 0.8 6.9 ± 0.4 6.2 ± 1.3 6.5 ± 2.5 0.61 0.74 0.95

Medication [n (%)] 7 (100) 23 (96) 25 (96) 7 (100) 1 1 1

Blood pressure (total) 6 (86) 22 (92) 22 (85) 6 (86) 1 0.71 1

ACE inhibitor 2 (29) 10 (42) 6 (23) 2 (29) 1 0.28 1

AR blocker 2 (29) 4 (17) 3 (12) 2 (29) 0.59 0.75 0.59

Beta blocker 3 (43)b 20 (83)a 17 (65)ab 4 (57)ab 0.19 0.43 0.67

Calcium channel blocker 3 (43) 4 (17) 6 (23) 1 (14) 0.17 1 1

Diabetes (total) 2 (29) 5 (21) 6 (23) 3 (43) 1 0.78 0.35

Oral hyperglycemia 2 (29) 3 (13) 3 (12) 1 (14) 0.25 0.73 1

Insulin 0 2 (8) 3 (12) 2 (29) 1 0.43 0.17

Hyperlipidemia (total)

Statin 6 (86) 19 (79) 20 (77) 5 (71) 1 0.77 0.64

Aspirin 6 (86) 20 (83) 21 (81) 5 (71) 1 0.75 0.61

CAD risk factors

Tobacco use [n (%)]

Former 0 9 (40) 8 (31) 1 (14) 0.18 1 0.12

Active 1 (14) 2 (8) 4 (15) 3 (43) 1 0.30 0.07

History of [n (%)]

Hypertension 6 (86) 22 (92) 22 (85) 7 (100) 0.57 1 1

Diabetes 3 (43) 6 (25) 8 (31) 4 (57) 0.67 0.60 0.20

Hypercholesterolemia 7 (100) 24 (100) 23 (88) 7 (100) 1 0.49 1

CVD in family 4 (57) 12 (50) 13 (50) 3 (43) 1 1 1

Total risk (1–5) 3.0 ± 0.8ab 2.8 ±0.7b 2.7 ± 1.0ab 3.4 ± 1.0a 0.60 0.85 0.06

Framingham 10-year CVD risk (%) 23.0 ± 18.8 28.0 ± 17.9 30.1 ± 18.3 28.4 ± 22.2 0.41 0.53 0.98

ACC 10-year ASCVD risk (%) 17.5 ± 11.9 18.9 ± 10.1 20.9 ± 13.8 9.0 0.77 0.77 ND

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05. If none of the groups differed from each other, no superscripts are shown. If two groups

differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not significantly differ from the

higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly lower group got a superscript

b, and the group that was significantly lower than the group with a superscript b, got a, c. Data were compared using Student’s t-test. Proportions were compared using Fisher’s

exact test.

CABG, coronary artery bypass grafting; ACE, angiotension converting enzyme; AR, angiotension receptor; ACC, American College of Cardiology; ASCVD, Atherosclerotic

Cardiovascular Disease.

survival without CABG was linked to higher plasma
triacylglycerol concentrations. Unfavorable outcomes were
linked to elevated oxylipin concentrations (Table 5), specifically

omega-6 FA-derived oxylipins and within those LA-derived
mid-chain HODEs and ARA-derived mid-chain HETEs,
which are either generated by oxygenation of lipoxygenases
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TABLE 5 | Plasma oxylipin concentrations of adults with diseased coronary arteries (≥70% stenosis) stratified by outcome during 5-year follow-up.

Oxylipins (nM) Outcome during follow-up Contrasts

No event

(n = 7)

Stent

(n = 24)

CABG

(n = 26)

Death

(n = 7)

No event

vs. others

CABG/death

vs. others

Death

vs. others

Median

(IQR)

Median

(IQR)

Median

(IQR)

Median

(IQR)

P-value P-value P-value

12,13-DiHOME 5.05

(3.81, 6.68)

5.71

(4.25, 7.64)

5.47

(4.29, 8.56)

5.69

(5.09, 6.93)

0.38 0.66 0.82

13(S)-HODE 33.9cb

(18.5, 37.8)

27.4b

(17.6, 40.2)

34.1b

(25.2, 42.2)

46.2a

(42.6, 58.9)

0.71 0.04 0.007

9(S)-HODE 19.4cb

(12.2, 25.8)

20.0b

(11.5, 22.4)

20.9b

(17.1, 25.8)

30.6a

(21.9, 56.9)

0.65 0.03 0.01

Leukotriene B4 0.22

(0.15, 0.24)

0.24

(0.17, 0.28)

0.22

(0.17, 0.25)

0.19

(0.16, 0.22)

0.47 0.36 0.14

Thromboxane B2 0.04ab

(0.02, 0.11)

0.03b

(0.02, 0.04)

0.04a

(0.02, 0.06)

0.04a

(0.04, 0.12)

0.89 0.04 0.08

20-HETE 8.03

(7.75, 9.93)

8.57

(6.88, 10.2)

8.62

(8.11, 10.4)

8.63

(5.66, 9.20)

0.54 0.44 0.58

14,15-EET 0.31

(0.22, 0.41)

0.28

(0.20, 0.38)

0.36

(0.22, 0.46)

0.29

(0.18, 0.38)

0.89 0.20 0.67

11,12-EET 0.35ab

(0.27, 0.41)

0.29b

(0.23, 0.38)

0.36a

(0.22, 0.46)

0.32ab

(0.24, 0.39)

0.72 0.08 0.92

14,15-DiHET 1.04

(0.87, 1.23)

0.97

(0.74, 1.13)

1.05

(0.89, 1.19)

1.03

(0.86, 1.18)

0.79 0.38 0.97

5-HETE 5.87a

(4.12, 11.08)

3.68b

(2.28, 5.00)

4.50ab

(2.89, 5.98)

5.00a

(4.43, 8.63)

0.07 0.31 0.04

12-HETE 8.14

(5.42, 11.2)

7.00

(4.60, 10.0)

10.9

(5.54, 20.8)

11.1

(5.48, 25.5)

0.97 0.09 0.38

15-HETE 2.92ab

(1.84, 2.97)

1.86b

(1.48, 2.34)

2.52a

(2.05, 3.19)

2.44a

(2.13, 4.17)

0.51 0.03 0.27

8-iso PGF3a 0.60b

(0.29, 0.99)

1.48a

(0.60, 14.6)

0.64ab

(0.43, 1.95)

0.39b

(0.34, 0.72)

0.28 0.08 0.06

17,18-EpETE 0.22

(0.19, 0.33)

0.28

(0.22, 0.35)

0.29

(0.19, 0.35)

0.31

(0.24, 0.39)

0.42 0.68 0.34

11,12-DiHETE 0.06

(0.04, 0.19)

0.05

(0.03, 0.13)

0.08

(0.04,0.12)

0.06

(0.04, 0.09)

0.67 0.81 0.57

19,20-EpDPA 0.70

(0.47, 1.04)

0.51

(0.28, 0.76)

0.64

(0.46, 0.83)

0.49

(0.40-0.56)

0.33 0.54 0.38

10,11-EpDPA 0.12

(0.10, 0.38)

0.10

(0.06, 0.19)

0.13

(0.06, 0.20)

0.09

(0.08, 0.11)

0.35 0.93 0.60

19,20-DiHDPA 1.61

(1.26, 2.81)

1.63

(0.91, 2.36)

1.44

(0.97, 2.18)

1.78

(1.19, 2.73)

0.63 0.64 0.45

13,14-DiHDPA 0.07

(0.06, 0.21)

0.10

(0.06, 0.15)

0.11

(0.08, 0.15)

0.08

(0.04, 0.12)

0.97 0.91 0.20

16,17-DiHDPA 0.20

(0.15, 0.41)

0.20

(0.13, 0.28)

0.18

(0.14, 0.24)

0.20

(0.15, 0.24)

0.43 0.43 0.99

10,11-DiHDPA 0.11

(0.04, 0.33)

0.09

(0.05, 0.13)

0.09

(0.06, 0.16)

0.08

(0.06, 0.11)

0.58 0.79 0.48

7,8-DiHDPA 0.15

(0.08, 0.20)

0.12

(0.08, 0.15)

0.12

(0.09, 0.17)

0.14

(0.11, 0.18)

0.48 0.82 0.67

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05 using Kruskal–Wallis test. If none of the groups differed from each other, no superscripts

are shown. If two groups differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not

significantly differ from the higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly

lower group got a superscript b, and the group that was significantly lower than the group with a superscript b, got a, c.

CABG, coronary artery bypass grafting; DiHOME, dihydroxy-octadecenoic acid; HODE, hydroxy-octadecadienoic acid; HETE, hydroxy-eicosatetraenoic acid; EET, epoxy-eicosatrienoic

acid; DiHET, dihydroxy-eicosatrienoic acid; EpDPA, epoxy-docosapentaenoic acid; DiHDPA, dihydroxy-docosapentaenoic acid.
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TABLE 6 | Plasma concentrations of oxylipin groups in adults with diseased coronary arteries (≥70% stenosis) stratified by outcome during 5-year follow-up.

Oxylipins (nM) Outcomes during follow-up Contrasts

No event

(n = 7)

Stent

(n = 24)

CABG

(n = 26)

Death

(n = 7)

No event

vs. others

CABG/death

vs. others

Death

vs. others

Median

(IQR)

Median

(IQR)

Median

(IQR)

Median

(IQR)

P-value P-value P-value

Total 97.8ab

(62.2, 112)

86.4b

(69.4, 132)

103ab

(81.4, 116)

119a

(97.4, 180)

0.71 0.16 0.05

Fatty acid precursor

C18:2 derived 59.7b

(30.7, 62.4)

47.6b

(28.9, 62.5)

54.9b

(45.9, 65.8)

76.7a

(64.5, 135)

0.76 0.04 0.004

C20:4 derived 28.0ab

(24.9, 35.6)

23.3b

(18.3, 30.5)

28.4a

(23.6, 41.1)

29.0a

(27.3, 44.9)

0.51 0.03 0.19

C20:5 derived 0.87ab

(0.67, 1.37)

1.95a

(0.87, 14.9)

0.97ab

(0.74, 2.48)

0.86b

(0.66, 1.07)

0.31 0.13 0.17

C22:6 derived 3.02

(2.25, 5.86)

2.95

(1.48, 4.21)

2.58

(2.13, 3.93)

2.96

(2.13, 3.66)

0.58 0.80 0.84

Oxylipin group

Mid-chain HODE 59.7b

(30.7, 62.4)

47.6b

(28.9, 62.5)

54.9b

(45.9, 65.8)

76.7a

(64.5, 135)

0.76 0.04 0.004

EET 1.71

(1.45, 1.80)

1.51

(1.37, 1.83)

1.75

(1.44, 2.25)

1.46

(1.32, 1.99)

0.84 0.20 0.76

Mid-chain HETE 17.4a

(15.2, 21.4)

12.9b

(10.1, 18.4)

18.0ab

(11.5, 30.8)

17.9a

(17.1, 34.1)

0.36 0.08 0.17

EpDPA 0.82

(0.53, 1.42)

0.63

(0.33, 0.92)

0.77

(0.57, 0.97)

0.56

(0.50, 0.75)

0.32 0.59 0.35

DiHDPA 2.07

(1.72, 4.05)

2.13

(1.24, 3.01)

1.89

(1.35, 2.83)

2.26

(1.58, 3.27)

0.64 0.67 0.61

Enzyme products

LOX/CYP1B1 products 77.7ab

(47.2, 89.7)

62.6b

(41.9, 89.6)

73.6b

(61.7, 92.3)

96.4a

(87.0, 154)

0.94 0.03 0.01

LOX12-15 products 46.2bc

(30.3, 48.9)

37.4c

(24.9, 58.4)

44.9b

(38.0, 62.5)

57.1a

(54.7, 72.2)

0.85 0.02 0.02

LOX5 products 26.7ab

(18.3, 37.3)

23.9b

(16.0, 28.7)

25.3b

(21.4, 30.7)

37.1a

(28.7, 64.8)

0.92 0.07 0.007

CYP epoxides 1.97

(1.41, 2.19)

1.57

(1.07, 1.95)

1.83

(1.34, 2.17)

1.56

(1.27, 1.97)

0.37 0.46 0.58

Hydroxylated CYP epoxides 10.0

(6.94, 10.4)

9.19

(7.50, 10.8)

9.22

(7.29, 12.0)

9.05

(7.96, 9.63)

0.89 0.91 0.94

sEH product to substrate ratios

10,11-DiHDPA/10,11-EpDPA 0.79

(0.64, 0.94)

0.79

(0.60, 0.96)

0.79

(0.57, 1.04)

0.78

(0.58, 0.93)

0.89 0.88 0.96

14,15-DiHET/14,15-EET 2.83

(2.39, 5.27)

3.31

(2.54, 4.39)

2.79

(2.31, 4.17)

2.96

(2.51, 5.95)

0.99 0.66 0.71

19,20-DiHDPA/19,20-EpDPA 2.85ab

(1.61, 3.11)

3.83a

(2.13, 4.39)

2.57b

(1.70, 3.31)

3.41ab

(2.69, 4.86)

0.22 0.25 0.23

The superscripts denote whether averages of specific groups in a row differed at P ≤ 0.05 using Kruskal–Wallis test. If none of the groups differed from each other, no superscripts

are shown. If two groups differed from each other, the significantly higher group got a superscript a, and the significantly lower group got a superscript b, and the group that did not

significantly differ from the higher or the lower group got a superscript ab. If three groups differed from each other, the significantly highest group got a superscript a, the significantly

lower group got a superscript b, and the group that was significantly lower than the group with a superscript b, got a, c.

CABG, coronary artery bypass grafting; HODE, hydroxy-octadecadienoic acid; HETE, hydroxy-eicosatetraenoic acid; EET, epoxy-eicosatrienoic acid; DiHET, dihydroxy-eicosatrienoic

acid; EpDPA, epoxy-docosapentaenoic acid; DiHDPA, dihydroxy-docosapentaenoic acid; LOX, lipoxygenase; CYP, cytochrome P450; sEH, soluble epoxide hydrolases.

or hydroxylation of CYP1B1 (Table 6). Concentrations
of LA-derived 9(S)-HODE and 13(S)-HODE and ARA-
derived thromboxane B2, 5-HETE, and 15-HETE increased

gradually from stent placement to CABG to death. In contrast,
concentrations of EPA-derived 8-iso PGF3α were lower with
unfavorable outcomes.
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FIGURE 4 | Prediction of survival during 5-year follow-up in adults with diseased coronary arteries (≥70% stenosis; n = 64), as shown by receiver operating

characteristic (ROC) curves: (A) best single oxylipin model; (B) best single oxylipin group model; and (C) smallest oxylipin panel model achieving AUC ≥ 0.90.

Predictive Efficacy of Oxylipins
Among individual oxylipins, survival was predicted best by
LA-derived 13(S)-HODE (AUC: 0.82; 95% CI: 0.67–0.96; P <

0.0001); concentrations of 13(S)-HODE >42.5 nM predicted
mortality in 86% nonsurviving adults with CAD and predicted
survival in 81% surviving adults with CAD and 91% Astoria
cohort adults (Figure 4A).

Adding 10,11-EpDPA concentrations <0.20 nM for
classification, improved survival prediction to 91% surviving
adults with CAD and 96% Astoria cohort adults (AUC: 0.90; 95%
CI: 0.81–0.99; P < 0.0001). The two-oxylipin panel improved
(P = 0.02) survival prediction compared with the 10-year
Framingham general CVD risk score (AUC: 0.49; 95% CI:
0.16–0.83; P = 0.97).

The four remaining individual oxylipins that could
significantly predict survival were ordered by P-value: EPA-
derived 9(S)-HODE (AUC: 0.79; 95% CI: 0.62–0.96; P = 0.0007),
ARA-derived 5-HETE (AUC: 0.73; 95% CI: 0.58–0.89; P = 0.01),
EPA-derived 8-iso PGF3α (AUC: 0.72; 95% CI: 0.54–0.89;
P = 0.02), and ARA-derived thromboxane B2 (AUC: 0.72;
95% CI: 0.54–0.89; P = 0.03). The best single predictor for
survival was the sum of LA-derived oxylipins (AUC: 0.83;
95% CI: 0.68–0.98; P < 0.0001; Figure 4B). The targeted AUC
value of at least 0.90 was achieved with a two-oxylipin panel of
9(S)-HODE and 10,11-EpDPA (AUC: 0.91; 95% CI: 0.84–0.99;
P < 0.0001; Figure 4C).

Among individual oxylipins, survival without requiring
CABG was best predicted by LA-derived 9(S)-HODE (AUC:
0.65; 95% CI: 0.52–0.79; P = 0.03; Figure 5A). The two-
remaining individual oxylipins that could significantly predict
survival without requiring CABGwere ordered by P-value: ARA-
derived 15-HETE (AUC: 0.65; 95% CI: 0.52–0.79; P = 0.03)
and ARA-derived thromboxane B2 (AUC: 0.65; 95% CI:
0.51–0.79; P = 0.03). The best single predictor was the sum of

LOX12/15-epoxygenated oxylipins (AUC: 0.67; 95% CI: 0.54–
0.81; P = 0.01; Figure 5B). The targeted AUC value of ≥0.85
was achieved with a linear combination of 9(S)-HODE, 5-
HETE, 14,15-DiHET, thromboxane B2, 19,20-EPDPA, and 16,17-
DiHDPA (AUC: 0.85; 95% CI: 0.75–0.94; P= 0.0001; Figure 5C).
The oxylipin panel improved predictive efficacy (P = 0.004)
compared with the 10-year Framingham general CVD risk score
(AUC: 0.55; 95% CI: 0.40–0.71; P = 0.51).

The only single oxylipin that could significantly predict no
events in CAD adults was ARA-derived 5-HETE (AUC: 0.71; 95%
CI: 0.52–0.91; P = 0.03). In general, patients without follow-up
events had oxylipin values similar to patients who died during
follow-up or had a surgery for a full blockage. The 10-year
Framingham general CVD risk score had an AUC of 0.62 (95%
CI: 0.38–0.87; P = 0.33).

DISCUSSION

In the current study, we provide evidence that in adults with
diseased coronary arteries (>70% stenosis), plasma oxylipin
panels may discriminate among the number of diseased coronary
arteries and predict median 5-year outcomes, which, to our
knowledge, has not been previously reported.

Analysis of Plasma Oxylipins
Novel analytical methods for extraction, detection, and data
processing allow for the separation of a large number of diverse
oxylipins in a short period of time (3, 12, 22, 23). In the present
study, we detected and verified with standards 39 oxylipins
of diverse origin and biosynthetic pathways in a 22-min LC-
MS/MS run. Similar to inflammatory cytokines, low abundance,
limited dynamic range, limited tissue specificity, very short half-
life, significant daily fluctuation, and high inter- and intra-assay
variation, limit the use of oxylipins as diagnostic biomarkers
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FIGURE 5 | Prediction of survival without coronary artery bypass graft (CABG) surgery during 5-year follow-up in adults with diseased coronary arteries (≥70%

stenosis; n = 64), as shown by receiver operating characteristic (ROC) curves: (A) best single oxylipin model; (B) best single oxylipin group model; and (C) smallest

oxylipin panel model achieving AUC ≥ 0.85.

(16). For diagnostic and prognostic research, a good biomarker
must have a large dynamic range within the population. In
the current study, 22 oxylipins had concentrations in the linear
quantification range in at least 98% of sampled adults, which
allowed us to evaluate the most abundant enzymatic oxylipin
pathways; however, excluded pathways generated by COX or
aspirin and ROS.

Diagnostic and Prognostic Efficacy of
Oxylipins in CAD
Currently used risk assessment scores of CAD, such as the 10-
year Framingham general CVD risk score, have been developed
for the general population and have shown limited efficacy in
high risk CAD adult management (4). In adults with significant
diseased coronary arteries, a five-oxylipin panel diagnosed three
diseased arteries with 100% sensitivity and 70% specificity.
During a median 5-year survival, a panel of two oxylipins
predicted survival with 86% sensitivity and 91% specificity.
The oxylipin panels improved three diseased artery diagnosis
and survival prognosis compared with the 10-year Framingham
general CVD risk score.

Clinical Relevance of Oxylipins in CAD
Coronary artery disease (CAD) limits nutrient and oxygen
supply to generate sufficient energy in cardiomyocytes, which
becomes an even bigger challenge as the number and severity
of diseased coronary arteries increase or plaques rupture with
subsequent thrombus formation (5). In the present study,
adults with more diseased coronary arteries (≥70% stenosis)
had lower plasma concentrations of hydroxylated omega-3
PUFA-derived epoxides, specifically we observed lower levels
of 19,20-DiHDPA (Figure 6). To our knowledge, the link
between oxylipin concentrations and number of diseased

coronary arteries has not been previously reported. The enzyme
responsible for hydroxylation of epoxides is sEH, which is
induced by hypoxia and has been proposed as potential
pharmacological target for CAD (26–28). However, we cannot
exclude the possibility that participants with CAD were already
on medication that inhibited soluble CYP450 epoxide hydrolase.
However, the gradual decrease in concentrations of LA-derived
12,13-DiHOME and DHA-derived DiHDPA with increasing
diseased artery number support the hypothesis that the lower
concentrations are a response to the hypoxia caused by arterial
occlusions (29).

Five-year survival and no CABG surgery was linked to
lower concentrations of oxygenated omega-6 PUFA LA and
ARA, specifically lower concentrations of LA-derived mid-
chain HODE and ARA-derived mid-chain HETE, which
are either generated by oxygenation of lipoxygenases or
hydroxylation of CYP1B1 (Figure 6). In support, elevated 15-
HETE concentrations and LOX-15 enzymatic activity have
been reported in ischemic heart disease and hypoxic human
cardiomyocytes and cardiac endothelial cells (15), supporting
our hypothesis that the elevated mid-chain HETE and HODE
concentrations are a response to the hypoxia caused by the
arterial occlusions. High concentrations of HETE, including 5-
HETE, 12-HETE, and 15-HETE, were reported in atherosclerotic
plaques, especially in those that were more likely to rupture
(14). Elevated circulating concentrations of 5-HETE and 12-
HETE were observed in individuals after cardiac surgery
(16). Elevated concentrations of 5-HETE, 12-HETE, and
15-HETE were reported in individuals with acute cardiac
syndrome (17). Elevated circulating concentrations of 5-
HETE, 12-HETE, and 15-HETE were reported in individuals
with CAD by Xu et al. (20), whereas only numerical
increases were reported by Shishebor et al. (19) and Auguet
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FIGURE 6 | The link between plasma oxylipins and coronary artery disease. Adults with more diseased coronary arteries (≥70% stenosis) had lower plasma

concentrations of hydroxylated omega-3 fatty acid-derived epoxygenated oxylipins, which was linked to decreased soluble epoxide hydrolase (sEH) activity.

Nonsurviving adults with diseased coronary arteries had higher plasma concentration of oxygenated omega-6 fatty acids, which was linked to increased lipoxygenase

or CYP1B1 activity.

et al. (21); the latter did not quantify 5-HETE. The role
of elevated mid-chain HETE in cardiovascular dysfunction
has been well documented, whereas less is known of the
role of mid-chain HODE (3, 30, 31). Inhibition of the
oxygenation step of the LOX pathway has been proposed
as treatment option for CAD management (30), suggesting
clinical relevance of the identified oxylipins as indicator of
chronic hypoxia.

Limitations of the Study
First, the number of adults with CAD were relatively small
and came from a high-risk group, which underwent coronary
angiography, but in whom the presence and extent of CAD was
clearly defined. Second, all but five adults with CAD were on
medical therapy for treatment for hypertension, hyperlipidemia,
and/or diabetes, which could have influenced the levels of
oxylipins. Third, differences in collateral blood flow may have
impacted oxylipin concentration, which was not assessed in
this cohort. Fourth, most adults with CAD had to undergo
revascularization shortly after angiography, which may impact
later outcomes. Fifth, follow-up time was limited to <6 years,
which impacted the number of outcomes. Sixth, diagnostic and
prognostic oxylipin panels could not be validated due to the
limited clearly defined population size.

SUMMARY AND CONCLUSION

In summary, we observed a link between plasma oxylipin
concentrations and CAD severity. Concentrations of six
oxylipins decreased with the number of diseased arteries; a
panel of five oxylipins diagnosed three diseased arteries with

100% sensitivity and 70% specificity. Concentrations of five
oxylipins were lower and one oxylipin was higher with survival;
a panel of two oxylipins predicted survival during follow-up
with 86% sensitivity and 91% specificity. Plasma oxylipins may
assist in diagnosis and prognosis of CAD in high-risk adults in
combination with standard risk assessment tools. Our promising
results require confirmation in larger unselected populations.
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APPENDIX

8-iso PGF3a, 9S,11R,15S-trihydroxy-5Z,13E,17Z-prostatrienoate;

thromboxane B2, 9S,11,15S-trihydroxy-thromboxa-5Z;

17,18-DiHETE, 17,18-dihydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid;

leukotriene B4, (5S,6Z,8E,10E,12R,14Z)-5,12-dihydroxyicosa-6,8,10,14-tetraenoic acid;

11,12-DiHETE, 11,12-dihydroxy-5Z,8Z,14Z,17Z-eicosatetraenoic acid;

12,13-DiHOME, 12,13-dihydroxy-9Z-octadecenoic acid;

5,6-DiHETE, 5,6-dihydroxy-8Z,11Z,14Z,17Z-eicosatetraenoic acid;

19,20-DiHDPA, 19,20-dihydroxy-4Z,7Z,10Z,13Z,16Z-docosapentaenoic acid;

14,15-DiHET or 14,15-DiHETrE, 14,15-dihydroxy-5Z,8Z,11Z-eicosatrienoic acid;

16,17-DiHDPA, 16,17-dihydroxy-4Z,7Z,10Z,13Z,19Z-docosapentaenoic acid;

13,14-DiHDPA, 13,14-dihydroxy-4Z,7Z,10Z,16Z,19Z-docosapentaenoic acid;

10,11-DiHDPA, 10,11-dihydroxy-4Z,7Z,13Z,16Z,19Z-docosapentaenoic acid;

7,8-DiHDPA, 7,8-dihydroxy-4Z,10Z,13Z,16Z,19Z-docosapentaenoic acid;

20-HETE, 20-hydroxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid;

13(S)-HODE, 13S-hydroxy-9Z,11E-octadecadienoic acid;

9(S)-HODE, 9S-hydroxy-10E,12Z-octadecadienoic acid;

15-HETE, 15-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid;

17,18-EpETE, 17,18-epoxy-5Z,8Z,11Z,14Z-eicosatetraenoic acid;

12-HETE, 12-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid;

5-HETE, 5-hydroxy-6E,8Z,11Z,14Z-eicosatetraenoic acid;

19,20-EpDPA or 19,20-EpDPE, 19,20-epoxy-4Z,7Z,10Z,13Z,16Z-docosapentaenoic acid;

14,15-EET or 14,15-EpETrE, 14(15)-epoxy-5Z,8Z,11Z-eicosatrienoic acid;

10,11-EpDPA or 10,11-EpDPE, (4Z,7Z)-9-[3-(2Z,5Z,8Z)-2,5,8-undecatrien-1-yl-2-oxiranyl]-4,7-nonadienoic acid;

11,12-EET or 11,12-EpETrE, 11(12)-epoxy-5Z,8Z,14Z-eicosatrienoic acid.
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Background: Right ventricular (RV) function is a great determination of the fate in

patients with pulmonary arterial hypertension (PAH). Monitoring RV structure back to

normal or improvement should be useful for evaluation of RV function. The aims of this

study were to assess the prognostic relevance of changed right heart (RH) dimensions

by echocardiography and attenuated RH remodeling (ARHR) in idiopathic PAH (IPAH).

Methods: We retrospectively analyzed 232 consecutive adult IPAH patients at baseline

assessment and included RH catheterization and echocardiography. ARHR at the

mean 20 ± 12 months’ follow-up was defined by a decreased right atrium area, RV

mid-diameter, and left ventricular end-diastolic eccentricity index. The follow-up end

point was all-cause mortality.

Results: At mean 20 ± 12 months’ follow-up, 33 of 232 patients (14.2%) presented

with ARHR. The remaining 199 surviving patients were monitored for another 25 ± 20

months. At the end of follow-up, the survival rates at 1, 3, and 5 years were 89, 89, and

68% in patients with ARHR, respectively, and 84, 65 and 41% in patients without ARHR

(log-rank p = 0.01). ARHR was an independent prognostic factor for mortality. Besides,

ARHR was available to further stratify patients’ risk assessment through the French PAH

non-invasive-risk criteria.

Conclusions: Echocardiographic ARHR is an independent determinant of prognosis in

IPAH at long-term follow-up. ARHRmight be a useful tool to indicate the RV morphologic

and functional improvement associated with better prognostic likelihood.

Keywords: pulmonary arterial hypertension, right heart remodeling, echocardiography, biomarkers, prognosis

INTRODUCTION

Pulmonary arterial hypertension (PAH) was a progressive disease that affected both pulmonary
vasculature and heart. Although the initial damage in PAHmay involve the pulmonary vasculature,
the prognosis of patients with PAH is closely related to the right ventricular (RV) function (1–3). RV
function is a great clinical determinant of the fate in patients with severe pulmonary hypertension
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(PH) (4, 5). The right heart (RH) failure may be a consequence
of increased afterload in PH. An adapted right ventricle showed
slightly dilated with preserved stroke volume and systolic
function, whereas a maladapted right ventricle is dilated with
reduced systolic function and increased dimensions (5, 6).
Therefore, the changes of RV dimensions were inevitable and
associated with pulmonary hemodynamics. Monitoring RV
dimension could predict clinical worsening even at apparent
clinical stability in PAH (7).

Echocardiography is an essential and non-invasive
component estimated the role of RV function in PAH. Imaging
modalities would be ideal to validate potential RV function
and allow the creation of prediction scores to identify risk of
mortality (8–10). Badagliacca et al. have reported the reversal
of RH remodeling (RHRR) was associated with an improved
outcome in idiopathic PAH (IPAH) patients by assessing right
atrium (RA) area, left ventricular systolic eccentricity index
(LV-EI), and RV end-diastolic area (11). Moreover, several
clinical common echocardiographic variables were associated
with mortality risk such as RV mid-diameter (RVMD) and
tricuspid annular plane systolic excursion (12–14).

In the present study, we try to reassess and recalculate the
efficacy of RH dimension’s changes through general clinical
echocardiographic parameters. Here, we defined a new model
of attenuated RH remodeling (ARHR) using a decrease in RA
area, RVMD, and left ventricular end-diastolic eccentricity index
(LV-EId). Each of these echocardiographic parameters has been
reported to be a determinant of prognosis in PAH (10, 11, 13).
We proposed a hypothesis that ARHR created by a decrease in
RA area, RVMD, and LV-EId would be associated with mortality
and clinic outcomes.

MATERIALS AND METHODS

Study Subjects and Design
Two hundred thirty-two consecutive treatment-naive adult IPAH
patients (≥18 years of age at diagnosis) were enrolled and
monitored at the time of their first right heart catheterization
(RHC) in Shanghai Pulmonary Hospital from November 2010
to January 2018. IPAH was diagnosed according to guideline
standard: a mean pulmonary artery pressure (mPAP)≥25mmHg
and pulmonary vascular resistance (PVR)>3Woods units at rest
in the presence of a normal pulmonary artery wedge pressure
(≤15 mmHg) on RHC (15, 16). In accordance with criteria,
the respiratory function tests, perfusion lung scan, computed

Abbreviations: BMI, body mass index; CI, cardiac index; IPAH, idiopathic

pulmonary arterial hypertension; LAESD, left atrium end-systolic diameter; LV

A wave PW, pulsed wave left ventricular A wave; LVEDD, left ventricular end-

diastolic diameter; LVEF, left ventricular ejection fraction; LV-EId, left ventricular

end-diastolic eccentricity index; LVESD, left ventricular end-systolic diameter; LV

E wave PW, pulsed wave left ventricular E wave; mPAP, mean pulmonary arterial

pressure; 6MWD, 6-min walking distance; NT-proBNP, N-terminal fragmental of

pro–brain natriuretic peptide; PAWP, pulmonary artery wedge pressure; PASP,

pulmonary arterial systolic pressure; PVR, pulmonary vascular resistance; RA area,

right atrium area; RAP, right atrial pressure; RVLD, right ventricular longitudinal

diameter; RVMD, right ventricular mid diameter; TAPSE, tricuspid annular plane

systolic excursion; SvO2, mixed venous oxygen saturation; WHO FC, World

Health Organization functional class.

FIGURE 1 | Study design flowchart. Echo, echocardiography; 6MWD, 6-min

walking distance; NT-proBNP, N-terminal fragmental of pro–brain natriuretic

peptide; RHC, right heart catheterization; WHO FC, World Health Organization

functional class.

tomography scan, and echocardiography were used. If patients
had definite causes of PAH, such as connective tissue disease and
congenital heart disease, portopulmonary hypertension, chronic
pulmonary thromboembolism, PH due to left heart diseases and
lung diseases, and/or hypoxemia, they could be excluded.

The baseline assessment at the time of diagnosis included
medical history, physical examination, 6-min walking distance
(6MWD), N-terminal fragmental of pro–brain natriuretic
peptide (NT-proBNP), RHC, and echocardiography. During the
first follow-up interval (mean follow-up time 20 ± 12 months),
33 patients died for all cause. The follow-up parameters included
physical examination, 6MWD, NT-proBNP, echocardiography,
and RHC (only 46 patients received RHC test). The 199
remaining survivors were reevaluated at a mean 25± 20 months
until December 2018 (Figure 1). The major end point was all-
cause mortality. The study was conformed according to the
principles of the Declaration of Helsinki and was approved by
the ethics committee of Shanghai Pulmonary Hospital (no. K16-
293). Written informed consent signatures were obtained from
all patients.

RHC and Echocardiographic Assessment
Pulmonary hemodynamics were examined in triplicate at end-
expiration using triple-lumen balloon-tipped thermodilution
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Swan–Ganz catheters. Cardiac output was detected by
thermodilution (15, 16). Baseline echocardiographic
measurements were performed within 24–48 h of the RHC.
All echocardiographic data were acquired using commercially
available equipment (Vivid 7, GE Healthcare) in standard views.
The results were reviewed by at least three echocardiographic
experts. Measurements were obtained from the mean of
three consecutive beats based on the American Society of
Echocardiography guidelines (17). The echo parameters and
derived assessments that we focused on common and widely
available for daily clinical practice, including RA area, RVMD,
RV longitudinal diameter (RVLD), right atrial pressure (RAP),
left atrium end-systolic diameter (LAESD), left ventricular end-
diastolic diameter (LVEDD), left ventricular ejection fraction
(LVEF), LV-EId, left ventricular end-systolic diameter (LVESD),
pulmonary arterial systolic pressure (PASP), tricuspid annular
plane systolic excursion (TAPSE), and presence of pericardial
effusion. Spectral continuous-wave Doppler signal of tricuspid
regurgitation corresponding to the RV-RA pressure gradient.
SPAP was calculated as the sum of the estimated RAP and
the peak pressure gradient between the peak RV and RA, as
estimated by application of the modified Bernoulli equation to
peak velocity represented by the tricuspid regurgitation Doppler
signal. Early diastolic transmitral flow velocity (E) and late
diastolic transmitral flow velocity (A) were measured by Doppler
echocardiography. ARHR was defined by echocardiographic
parameters of RA area, RVDM, and LV-EId, according to Cox
proportional hazards regression for mortality risk at follow-up.

RVMD was defined as transversal RV diameter in the middle
third of RV inflow, approximately hallway between the maximal
basal diameter and the apex, at the level of papillary muscles
at end-diastole (18). RA area is traced at the end of ventricular
systole from the lateral aspect of the tricuspid annulus to the
septal aspect, excluding the area between the leaflets and annulus,
as well as the inferior vena cava, superior vena cava, and RA
appendage (17). LV-EId was measured in the parasternal short-
axis view at end-diastole. This index was calculated as D2/D1,
where D2 is the minor-axis dimension of the left ventricle parallel
to the septum, and D1 is the minor-axis dimension perpendicular
to and bisecting the septum (3). TAPSE is measured by M-mode
echocardiography with the cursor optimally aligned along the
direction the tricuspid lateral annulus in the apical four-chamber
view (18).

Statistical Analysis
Continuous variables were expressed as means with
corresponding standard deviations, and categorical variables
were expressed as numbers and percentages. The proportions
were compared with the χ2 test. If the data were normally
distributed, two-group comparisons were performed with
unpaired or paired, two-tailed t-test for means. If the data
were not normally distributed, non-parametric two-sided
Mann–Whitney U test was used. Bivariate linear analysis was
to evaluate the correction between the change of NT-proBNP,
6MWD, and RA area, RVMD, and LV-EId during the follow-up,
fitting curve was used a quadratic model with mean value 95%
confidence interval.

Cox proportional hazards regression was used to determine
risk factors for mortality at follow-up and to identify the
association among patient characters and outcomes. For optimal
cutoff value for mortality, RA area, RVMD, and LV-EId were
generated by receiver operating characteristic (ROC) curves.
The Cox proportional hazards regression used to derive a
risk calculator assigning weighted for three echo parameters.
An integer score of RA area was assigned a value of 1
for the β-coefficient associated with a hazard ratio (HR) of
1.009. Integer scores of 1.621 for RVMD and 2.033 for LV-
EId were created assigning values of 1.5 and 2.0, respectively.
The total sum of three echo parameters was used for each
patient based on the number of the echo cutoff value.
Univariate and multivariate logistic regression analyses were
chosen to identify clinical and hemodynamic determinants
of ARHR. Multivariate analysis to WHO FC I–II, 6MWD,
and NT-proBNP for model 1 was created, and WHO FC
I–II plus ARHR for model 2. The C-statistic was calculated
for each model and model discrimination by R version
2.11.1 (19).

The French non-invasive low-risk criterion was calculated
based on the number of non-invasive criteria to derive the
original model 1, including WHO FC I–II, 6MWD >440m,
NT-proBNP <300 ng/L (20). The French non-invasive low-
risk criteria score was used for Cox regression analysis to
predict mortality (model 1), and model 2 was added the echo
score. Survival analyses were performed using the Kaplan–Meier
method and were compared by means of the log-rank test. For
all analyses, p < 0.05 was considered statistically significant.
All calculations were performed using the SPSS 14.0 statistical
software package (Statistical Package for the Social Sciences,
Chicago, IL, USA).

RESULTS

Baseline Clinical and Hemodynamic
Characteristics of Patients
The baseline clinical, hemodynamic, and echocardiographic
features of the IPAH patients are summarized in Table 1. Among
232 patients with IPAH, 147 (71%) were women, and 153
(66%) in WHO FC III and IV, with impaired exercise capacity
and severe PH hemodynamic status. The echocardiography
examination at baseline presented severe RV dilatation and
systolic function reduction. Most patients had mild to moderate
tricuspid regurgitation.

During mean 20 ± 12 follow-up interval, 33 patients (14%)
died, including 26 deaths directly related to RH failure, 5 sudden
deaths, and 2 cases not able to be ascertained. Compared with
the remaining 199 patients, these patient deaths at baseline were
more severe and had advanced disease, such as PVR (16 ± 10 vs.
13 ± 6 Woods unit, p = 0.01), RAP (9 ± 6 vs. 6 ± 5 mmHg, p =
0.03), SVO2 (60 ± 9 vs. 64 ± 9 %, p = 0.02), mPAP (62 ± 17 vs.
58 ± 15 mmHg, p = 0.24), CI (2.4 ± 0.8 vs. 2.7 ± 0.8 L/min per
m2, p = 0.16), NT-proBNP (1,341 ± 974 vs. 964 ± 1,092 ng/L, p
= 0.03), WHO FC (3.0± 0.6 vs. 2.6± 0.6, p= 0.04), and 6MWD
(356± 106 vs. 394± 110m, p= 0.09).
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TABLE 1 | Baseline clinical, hemodynamic, and echocardiographic characteristics

of patients with IPAH.

Variable Mean ± SD or no. (%)

(n = 232)

Age, years 40 ± 15

Female, n (%) 147 (71)

BMI, kg/m2 22 ± 4.7

WHO FC, n (%)

Class I–II 79 (34)

Class III 142 (61)

Class IV 11 (5)

6MWD, m 390 ± 107

NT-proBNP, ng/L 997± 1,088

Hemodynamics

RAP, mmHg 7 ± 4.9

mPAP, mmHg 59 ± 15

PAWP, mmHg 8 ± 3.1

CI, L/min per m2 2.6 ± 0.8

PVR, Woods units 14 ± 6.5

SVO2, % 62 ± 9.1

Echocardiography

RA area, cm2 25 ± 11

RVMD, cm 4.5 ± 0.8

LV-EId 1.6 ± 0.4

RVLD, cm 6.5 ± 0.9

RA major axis dimension, cm 5.3 ± 1.0

RA minor axis dimension, cm 4.9 ± 1.2

LVESD, cm 2.2 ± 0.5

LVEDD, cm 3.8 ± 0.6

LAESD, cm 3.1 ± 0.5

TAPSE, mm 17 ± 3.4

LV-E wave PW, cm/s 54.9 ± 18.7

LV-A wave PW, cm/s 58.9 ± 17.1

LVEF, % 74 ± 8.4

PASP, mmHg 86 ± 23

RAP, mmHg 7 ± 3

Pericardial effusion, n (%) 63 (27)

Initial specific therapies, n (%)

No specific/CCB therapy 16 (7)

Monotherapy 145 (63)

ERA 35 (15)

PDE5i 98 (42)

Prostanoid 12 (5)

Dual combination 71 (31)

Values are expressed as medians (interquartile range) or n (%), unless otherwise stated.

BMI, body mass index; CCB, calcium channel blocker; CI, cardiac index; ERA, endothelin

receptor antagonist; IPAH, idiopathic pulmonary arterial hypertension; LAESD, left atrium

end-systolic diameter; LV A wave PW, pulsed wave left ventricular A wave; LVEDD,

left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LV-EId, left

ventricular end-diastolic eccentricity index; LVESD, left ventricular end-systolic diameter;

LV E wave PW, pulsed wave left ventricular E wave; mPAP, mean pulmonary arterial

pressure; 6MWD, 6-min walking distance; NT-proBNP, N-terminal fragmental of pro–

brain natriuretic peptide; PAWP, pulmonary artery wedge pressure; PASP, pulmonary

arterial systolic pressure; PDE5i, phosphodiesterase type 5 inhibitor; PVR, pulmonary

vascular resistance; RA area, right atrium area; RAP, right atrial pressure; RVLD, right

ventricular longitudinal diameter; RVMD, right ventricular mid diameter; TAPSE, tricuspid

anular plane systolic excursion; SvO2, mixed venous oxygen saturation; WHO FC, World

Health Organization functional class.

Clinical and echocardiographic information was available for
199 survivors at the mean first follow-up interval.

Clinical and Echocardiographic Findings
at First Follow-Up
At the first follow-up reevaluation, the 199 surviving patients
had a relative improvement in clinical condition (6MWD,+37±
71m, p = 0.02; NT-proBNP, −361 ± 652 ng/L, p = 0.025; WHO
FC, −0.2 ± 0.1, p = 0.53) and hemodynamics (PVR, −3.3 ± 1.9
Woods unit, p= 0.004; mPAP,−10.6± 9.3 mmHg, p= 0.03; CI,
+0.5± 0.2 L/min per m2, p= 0.005; RAP,−2.0± 1.5 mmHg, p=
0.39; SVO2,+5.9± 4.0 %, p= 0.13; follow-up RHC samples were
from 46 patients). Importantly, these patients had a significant
improvement of most echocardiographic parameters (RA area,
−4.2 ± 3.8 cm2, p = 0.010; RVMD, −0.3 ± 0.1 cm, p = 0.015;
LV-EId, 0.09 ± 0.04, p = 0.03; TAPSE, +0.24 ± 0.49, p = 0.027;
RA major axis dimension, 0.17 ± 0.37 cm, p = 0.001; RA minor
axis dimension, 0.19 ± 0.33 cm, p = 0.011; LVEF, 6.0 ± 3.0 %, p
< 0.001; LV-E wave, 8.0 ± 3.4 cm/s, p = 0.001; LV-E wave, 2.2 ±
4.5 cm/s, p= 0.51; pericardial effusion 8% regression, p= 0.002)
compared with their baseline data.

ARHR and Determinants
At univariate analysis, absolute changes from baseline to the first
follow-up assessment in RA area (HR, 1.009; 95% confidence
interval, 0.991–1.027; p = 0.01), RVMD (HR, 1.621; 95%
confidence interval, 1.083–2.427; p = 0.01), and LV-EId (HR,
2.033; 95% confidence interval, 0.386–3.524; p = 0.02) were
predictive of all-cause death in the subsequent period. The
optimal cutoff points by ROC analysis protective against all-
cause death were −5.8 cm2 (sensitivity, 75%; specificity, 66%)
for RA area change, −0.7 cm (sensitivity, 77%; specificity, 68%)
for RVMD change, and −0.4 (sensitivity, 86%; specificity,
67%) for LV-EIs change.

A score was created deriving integers according to the HRs
of the latter echo variables. Based on the achievement of change
cutoff points of echo parameters, patients are categorized by
the echo score. One hundred thirty-four patients (67.3%) had
a score between 0 and 2.0 (0 or 1 protective changes cutoff
point of echo parameters), 30 (15.1%) had a score between
2.5 and 3.5 (achievement of 2-echo-parameters cutoff point),
and 35 (17.6%) had a score between 4.0 and 4.5 (achievement
of all 3-echo-parameters cutoff point). The score between 4.0
and 4.5 was selected as a comprehensive criterion for ARHR.
Conversely, a score <4.0 was defined as without ARHR. There
were no significant differences in clinical and echocardiographic
parameters between patients with or without subsequent ARHR
at the first follow-up interval (Table 2). At the first follow-up, a
significant correlation was present between the change of NT-
proBNP and improvement of RA area (r2 = 0.51, p = 0.009)
and RVMD (r2 = 0.45, p = 0.001) (Figure 2). Two examples
of patients with and without ARHR at the first follow-up are
demonstrated at Figure 3.

ARHR and Prognosis
After the first follow-up evaluation, the remaining 199 surviving
patients were monitored for a mean of 25 ± 20 months. During
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TABLE 2 | Clinical, hemodynamic, and echocardiographic characteristics of two

patient groups based on ameliorative right heart remodeling at first follow-up

interval.

Variable No ARHR

(n = 164)

ARHR

(n = 35)

p-value

Age, years 42 ± 17 37 ± 11 0.16

Female, n (%) 131 (75) 18 (75) 0.89

WHO FC, n (%) 0.22

Class I–II 56 (32) 9 (38)

Class III 108 (62) 14 (58)

Class IV 11 (6) 1 (4)

6MWD, m 415 ± 115 389 ± 131 0.92

NT-proBNP, ng/L 805 ± 1,141 1,023 ± 1,297 0.74

Echocardiography

RA area, cm2 28 ± 12 23 ± 13 0.06

RVMD, cm 5.1 ± 0.9 4.5 ± 0.8 0.28

LV-EId 1.6 ± 0.5 1.5 ± 0.3 0.24

RVLD, cm 6.6 ± 0.8 6.5 ±0.7 0.59

RA major axis dimension, cm 5.5 ± 1.4 6.2 ± 1.3 0.72

RA minor axis dimension, cm 5.0 ± 1.4 5.3 ± 1.4 0.79

LVESD, cm 2.0 ± 0.6 1.5 ± 0.4 0.14

LVEDD, cm 3.7 ± 0.7 3.2 ±0.2 0.13

LAESD, cm 3.1 ± 0.5 3.0 ± 0.3 0.34

TAPSE, mm 17 ±4.2 13 ± 6.6 0.46

LV-E wave PW, cm/s 61.6 ± 18.1 58.2 ± 21.1 0.44

LV-A wave PW, cm/s 61.7 ± 19.4 71.7 ± 10.7 0.86

LVEF, % 78 ± 9.6 81 ± 6.7 0.40

PASP, mmHg 83 ± 24 90 ± 12 0.49

RAP, mmHg 7 ±3 8 ± 5 0.21

Pericardial effusion, n (%) 53 (30) 13 (54) 0.22

Initial specific therapies, n (%)

No specific/CCB therapy 6 (3) 1 (4)

Monotherapy

ERA 25 (14) 4 (17)

PDE5i 47 (27) 5 (21)

Prostanoid 7 (4) 1 (4)

Dual combination 88 (50) 13 (54)

Values are expressed as medians (interquartile range) or n (%), unless otherwise stated.

ARHR, attenuated right heart remodeling; CCB, calcium channel blocker; ERA, endothelin

receptor antagonist; LAESD, left atrium end-systolic diameter; LV A wave PW, pulsed

wave left ventricular A wave; LVEDD, left ventricular end-diastolic diameter; LVEF, left

ventricular ejection fraction; LV-EId, left ventricular end-diastolic eccentricity index; LVESD,

left ventricular end-systolic diameter; LV E wave PW, pulsed wave left ventricular E wave;

6MWD, 6-min walking distance; NT-proBNP, N-terminal fragmental of pro–brain natriuretic

peptide; PASP, pulmonary arterial systolic pressure; PDE5i, phosphodiesterase type 5

inhibitor; RA area, right atrium area; RVLD, right ventricular longitudinal diameter; RVMD,

right ventricular mid diameter; TAPSE, tricuspid anular plane systolic excursion; WHO FC,

World Health Organization functional class.

this period, there were 55 patient deaths. The total survival rate
at the final follow-up assessment was 85, 70, and 53% at 1, 3, and
5 years of follow-up, respectively.

As shown in Table 3, we generated two Cox regression models
at the follow-up assessment. Model 1 demonstrated that WHO
FC I and II and NT-proBNP were independent predictors of

FIGURE 2 | Correlations between the changes in RA area, RVMD, and

NT-proBNP at the first follow-up assessment. (A) 1RA area vs. 1 NT-proBNP

(linear model: r2 = 0.51, p = 0.009); (B) 1RVMD vs. 1 NT-proBNP (linear

model: r2 = 0.45, p = 0.001). Green circles represent the patients with ARHR;

blue circles, without ARHR. NT-proBNP, N-terminal fragmental of pro–brain

natriuretic peptide; RA, right area; RVMD, right ventricular mid diameter.

death. Model 2 was created by adding the echo score according
to the 3 echo parameters, showing the ARHR and WHO I
and II were significantly protective factors independently from
other variables. Accordingly, there were a greater proportion
of patients attaining ARHR in WHO FC I–II group and
lesser proportion of ARHR patients in WHO FC III (p =

0.01) (Figure 4). No ARHR patients were in the WHO FC
IV group.

The survival curves at final follow-up of 199 surviving
patients classified according to ARHR are shown in Figure 5.
Patients with ARHR had a better long-term survival than others
(log-rank p = 0.01). The cumulative survival rates at 1, 3,
and 5 years of follow-up were 89, 89, and 68% in patients
with ARHR, respectively, and 84, 65, and 41% in patients
without ARHR.
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FIGURE 3 | Echocardiographic parasternal short-axis view and apical four-chamber view in 2 patients with IPAH. (A) 1. The characteristics at baseline. 2. Attenuated

right heart remodeling of the same patient at the first follow-up assessment. (B) 1. The characters at baseline. 2. Without attenuated right heart remodeling of the

same patient at the first follow-up assessment.
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TABLE 3 | Cox regression models for dead prediction at the first follow-up

evaluation: model 1 and model 2.

Variable Unit HR

(95% confidence

interval)

p-value C-statistic

(95% confidence

interval)

Model 1 0.60 (0.52–0.73)

WHO I–II 0.46 (0.21–0.97) 0.0001

6MWD 1 0.99 (0.98–1.02) 0.07

NT-proBNP 1 1.46 (1.27–3.14) 0.002

Model 2 0.75 (0.69–0.82)

WHO I–II 0.55 (0.21–0.98) 0.0001

Echo scorea

0-2 REF

2.5–3.5 0.80 (0.39–1.96) 0.45

4–4.5 (ARHR) 0.42 (0.21–0.88) 0.004

ARHR, attenuated right heart remodeling; CI, confidence interval; HR, hazard ratio;

6MWD, 6-min walking distance; NT-proBNP, N-terminal fragmental of pro–brain natriuretic

peptide; WHO FC, World Health Organization functional class.
aEcho score, score based on protective changes in echo parameters by ROC curve

analysis cutoff value.

FIGURE 4 | Echo score in different WHO FC group at the follow-up

assessment. ARHR, attenuated right heart remodeling; Echo,

echocardiography; WHO FC, World Health Organization functional class.

ARHR Combined With French Non-invasive
Low-Risk Criteria
To explore the adding value of ARHR on a well-generated
risk evaluation tool, we repeated the analysis building a first
model 1 according to the number of French non-invasive
low-risk criteria (WHO FC I–II; 6MWD >440m; NT-proBNP
<300 ng/L). The ARHR echo score was then added to model
2 was and showed prognostic strength power (Table 4). The
survival of the four groups are shown in Figure 6, based on the
combination of French non-invasive low-risk criteria (3 criteria
vs. 0–2 criteria) and ARHR (echo score 4.0–4.5 vs.<4.0). Patients
with ARHR and French non-invasive criterion 0 had the best
prognosis; 1-, 3-, and 5-year survival rates were all 100%. Patients
without ARHR (score <4) and French non-invasive criteria
0–2 presented worst survival, and 1-, 3-, and 5-year survival
rates were 78, 63, and 46%, respectively. However, we did not

FIGURE 5 | Survival estimates of patients with and without attenuated right

heart remodeling (ARHR). Green line (echo score, 4.0–4,5) represents the

survival of patients with ARHR; blue line (echo score, <4.0) represents the

survival of patients without ARHR.

TABLE 4 | Cox regression models for dead prediction according to the French

non-invasive risk assessment and echo.

Variable Unit HR

(95% confidence

interval)

p-value C-statistic

(95% confidence

interval)

Model 1 0.61 (0.53–0.73)

French non-invasive low-risk criteriaa

3 criteria REF

1–2 criteria 3.03 (1.10–4.28) 0.031

0 criteria 2.77 (0.84–3.15) 0.041

Model 2 0.72 (0.67–0.80)

French non-invasive low-risk criteria

3 criteria REF

1–2 criteria 2.77 (1.06–3.04) 0.092

0 criteria 2.97 (0.89–3.85) 0.042

Echo scoreb

0–2 REF

2.5–3.5 0.83 (0.22–1.79) 0.655

4–4.5 (ARHR) 0.39 (0.12–0.77) 0.012

aFrench non-invasive low-risk criteria: based on the number of non-invasive criteria (WHO

FC I–II; 6MWD >440m; NT-proBNP <300 ng/L).
bEcho score: score based on protective changes in echo parameters by ROC curve

analysis cutoff value.

find significant difference between the combination of ARHR
(score 4.0–4.5) and French non-invasive criterion 0–2 and those
of non-ARHR (score <4.0) and French non-invasive criteria 3
(Figure 6).

DISCUSSION

Echocardiographic RV imaging combined with pulmonary
hemodynamics was a good framework to interpret the prognosis
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FIGURE 6 | Survival estimates of the four groups of patients based on the

combination of French non-invasive low-risk criteria and attenuated right heart

remodeling (ARHR). Blue dashed line represents French non-invasive criterion

3 and echo score 4.0–4.5. Red solid line represents French non-invasive

criteria 0–2 and echo score 4.0–4.5. Blue solid line represents French

non-invasive criterion 3 and echo score <4.0. Red dashed line represents

French non-invasive criteria 0–2 and echo score <4.0.

of patients with IPAH (1, 4). Monitoring the change of RV
dimensions back to normal or improvement should be useful for
evaluation of the RV function. Therefore, it is noteworthy to find
a practical echocardiographic predictor tool to remind prognosis.
In our study, we defined an ARHR model and found that at
the first reevaluation (a) ARHR was an independent predictor
of mortality; and (b) ARHR combined with French non-invasive
criterion could better predict the outcome of death. The RHRR
might serve as a tool for pending prognosis in patients with IPAH.

RA area, RVMD, and LV-EId selected in this study were
conventional and important echocardiography indices (12, 17,
21–24). For example, RA area >18 cm2 was considered as one
of the preferred parameters for end-diastole RA enlargement
(17). RA enlargement reflected the severity of RH failure and
predicted adverse outcomes in patients with severe primary PH
(3). A study from Badagliacca’s team used RA area as one of
the determinants of RV reverse remodeling (10). Therefore, our
findings supposed the change of RA area was also a marker of RA
dilatation. If there is RV dilatation, RVMD should be measured
to respond the chronic volume and/or pressure overload (22).
In our study, RV size was measured from a four-chamber view,
where RVMD was easily obtained and markers of RV dilatation.
The third important parameter in this study is LV-EId, reflecting
the degree of septal shift in diastole (3, 10). Echocardiography
showed improved LV-EId in proportion to treatment-induced
decrease in PVR (24). Taken together, the shift in RV remodeling
during the development of PAH is not well elucidated. It is
challenging to determine the best parameters for reflecting RV
failure progression (25). ARHR in this study might be an
indication with reversal of RH dimensions.

It is recognized that the change of RV structure is the main
predictor of poor clinical outcomes in PAH (22). There was no

more than 18% of IPAH patients presented with ARHR after
a mean of 20 ± 12 months in our study, despite that more
than 93% of patients had received PAH-specific therapies. This
result is similar with the study on RHRR in IPAH patients after
1-year targeted treatment, which implies that the reversal of
RV remodeling is hard and complex (10). At first follow-up
time, both the disease severity and echocardiographic indicators
seemed to have no significant difference between ARHR and
no-ARHR group. However, the patients with ARHR had better
long-term survival, as longstanding increase of RV afterload will
overwhelm the compensatory mechanisms of the RV (26). Not
surprisingly, the patients’ hemodynamic status of pulmonary
circulation is not always consistent with the changes of RV
structure and function. Despite hemodynamics deterioration in
patients with PAH, RV contractility is usually increased and not
decreased (4, 27, 28). Consequently, the amount of work for the
RV remained unaltered, leading to a clinical improvement but
unchanged prognosis (29). Therefore, non-invasive imaging of
RV dimensions and function is important to the longitudinal
monitoring of patients with PAH and continued understanding
of the response of RV to pulmonary vascular remodeling (30).

French PH registry permitted to use three non-invasive
variables to assess the low-risk criteria score, such as WHO
FC, 6MWD, and BNP/NT-proBNP (20). However, it remained
unclear whether the addition of other non-invasive modes, such
as echocardiography, to the three non-invasive criteria could
further improve the prognostic utility (20, 31, 32). Notably,
in our study, echocardiography-determined ARHR was able to
further stratify patients assessed with French non-invasive low-
risk criteria score, suggesting a better prognosis for those patients
achieving ARHR. The 1-, 3-, and 5-year survival rates were all
100% in patients with ARHR and French non-invasive criterion
0, compared with 78%, 63%, and 46% in patients with no ARHR
(score <4) and French non-invasive criteria 1–4, respectively.
Therefore, our results indicated that non-invasive French low-
risk criteria combined with echocardiography ARHR would be
a preferable predictor model for mortality in patients with IPAH.

Certainly, several echocardiographic parameters were related
to long-term prognosis, such as TAPSE, PASP, etc. (12, 33, 34).
However, changes in TAPSE or PASP were not predictive of
mortality at univariate analysis in our first follow-up time. This
is attributable to the limitation of TAPSE assuming that the
displacement of a single segment represents the function of
a complex 3D, considering the RV shape is more “regular”
(35, 36). Indeed, patients in our study underwent more
pronounced increases in RV afterload (severe RV dilation),
especially for non-ARHR patients who did not have significant
improvement for systolic function. Thus, echocardiography
is still a comprehensive and multiple tool for non-invasive
assessment of the RH.

STUDY LIMITATIONS

There are several limitations to this study. First, this is a
retrospectively study in a single center, and the sample size is
not large enough with a potential selection bias. The follow-up
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intervals of PAH patients were not fixed and varied. Second,
the follow-up intervals of patients are not standardized and
lack of RHC hemodynamic testing. It is different to further
analyze the relationship between the change of hemodynamic
parameters and ARHR. Then, we did not select the best ROC
curve cutoff values for subsequent analysis to avoid the potential
risk of a type I error. Finally, there are limitations to the
quantification of RH morphology and function using two-
dimensional echocardiography. In the future, we need more and
accurate parameters to evaluate RV function.

CONCLUSIONS

In summary, our study demonstrated that echocardiographic
ARHR created by RA area, RVMD, and LV-EId was an
independent predictor of long-term prognosis in patients
with IPAH. Similarly, ARHR integrated with French non-
invasive criterion could better predict the risk for mortality.
ARHR might be a useful tool to indicate RV morphologic
and functional improvement associated with better prognostic
likelihood. Whether this increases the proportion of patients
with ARHR remained to be further confirmed in prospective and
multicenter assessments.
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Background: Although various biomarkers predict cardiovascular event (CVE) in

patients with diabetes, the relationship of urinary glycan profile with CVE in patients with

diabetes remains unclear.

Methods: Among 680 patients with type 2 diabetes, we examined the baseline urinary

glycan signals binding to 45 lectins with different specificities. Primary outcome was

defined as CVE including cardiovascular disease, stroke, and peripheral arterial disease.

Results: During approximately a 5-year follow-up period, 62 patients reached

the endpoint. Cox proportional hazards analysis revealed that urinary glycan signals

binding to two lectins were significantly associated with the outcome after adjustment

for known indicators of CVE and for false discovery rate, as well as increased

model fitness. Hazard ratios for these lectins (+1 SD for the glycan index) were

UDA (recognizing glycan: mixture of Man5 to Man9): 1.78 (95% CI: 1.24–2.55,

P = 0.002) and Calsepa [High-Man (Man2–6)]: 1.56 (1.19–2.04, P = 0.001).

Common glycan binding to these lectins was high-mannose type of N-glycans.

Moreover, adding glycan index for UDA to a model including known confounders

improved the outcome prediction [Difference of Harrel’s C-index: 0.028 (95% CI:

0.001–0.055, P = 0.044), net reclassification improvement at 5-year risk increased by

0.368 (0.045–0.692, P = 0.026), and the Akaike information criterion and Bayesian

information criterion decreased from 725.7 to 716.5, and 761.8 to 757.2, respectively].
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Conclusion: The urinary excretion of high-mannose glycanmay be a valuable biomarker

for improving prediction of CVE in patients with type 2 diabetes, and provides the rationale

to explore the mechanism underlying abnormal N-glycosylation occurring in patients with

diabetes at higher risk of CVE.

Trial Registration: This study was registered with the University Hospital

Medical Information Network on June 26, 2012 (Clinical trial number:

UMIN000011525, URL: https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?

recptno=R000013482).

Keywords: cardiovascular event, diabetes, lectins, N-glycans, urinary biomarkers

INTRODUCTION

Cardiovascular disease (CVD) is a global burden especially
in low- and middle-income countries and the leading cause
of disability and mortality (1). The understanding of CVD
risk factors is quite important to establish the cardiovascular
risk prediction models. The age, gender, body mass index
(BMI), systolic blood pressure (SBP), diabetes mellitus, smoking,
total cholesterol levels, and past cardiovascular events are
established and also traditional risk factors in middle-aged
and older individuals (2). Chronic kidney disease (CKD) is
an emerging global health burden with prevalence of ∼15%
of adult populations and is independently associated with
increased cardiovascular event (CVE) including stroke and
peripheral arterial disease (PAD) besides the traditional risk
factors (3, 4). The addition of albuminuria and estimated
glomerular filtration rate (eGFR) to traditional risk factors is
significantly associated with cardiovascular outcomes in meta-
analysis of general population cohort (5, 6). In type 2 diabetes,
the CVE risk prediction is potentially improved by novel
biomarkers involved in the biological process, not explained
by the traditional risk factors (7). The improvement of risk
prediction is statistically evaluated by discrimination ability
and reclassification. The area under the receiver operating
characteristic (AUROC) or c-index is a measurement for
discrimination capacity of classification model, while the net
reclassification improvement (NRI) is a commonly used measure
for the prediction increment by the addition of new biomarkers.
In the Second Manifestations of ARTertial disease (SMART)
and the European Prospective Investigation into Cancer and
Nutrition-NL (EPIC-NL) (8), Action in Diabetes and Vascular
Disease: Preterax and Diamicron Modified Release Controlled
Evaluation (ADVANCE) study (9), and the Outcome Reduction
With Initial Glargine Intervention (ORIGIN) trial (10), the
23, 16, and 284 serum or plasma biomarkers were evaluated
as to whether these biomarkers independently improve the
AUROC and NRI, respectively. The three biomarkers in
SMART/EPIC-NL, six in ADVANCE, and 10 in ORIGIN were
identified in the prediction of CVD composite outcomes. N-
terminal pro-B-type natriuretic peptide (NT-proBNP) was only
the common biomarker in two studies for the prediction of
composite CVE. In addition to the candidate approach for
the identification of biomarkers, non-biased screening using

metabolomic approach was also attempted such as amino acid
(11) and lipid profiles (12).

The vigorous attempts were made for the identification of
circulating biomarkers, and some of the urinary biomarkers
were independently associated with CVE in patients with type
2 diabetes; however, they have failed to achieve significant
incremental ability based on c-statistic and NRI (13–15). Urine
albumin creatinine ratio (UACR) and eGFR are now regarded as
the classical risk factors for CVE in type 2 diabetes; the concept of
“cardiorenal syndrome” suggests that the identification of urinary
biomarkers is promising approach. In the Urinary biomarker
for Continuous And Rapid progression of diabetic nEphropathy
(U-CARE) study, we performed urinary lectin microarray,
measured urinary glycan signals binding to 45 lectins, and
evaluated the potential for the prediction of 30% decline of
eGFR or end-stage renal disease (ESRD) in the patients with
type 2 diabetes (16). We found that the urinary glycan binding
signals to Sambucus nigra (SNA), Ricinus communis (RCA120),
Dolichos biflorus (DBA), Agaricus bisporus (ABA), Artocarpus
integrifolia (Jacalin), and Amaranthus caudatus (ACA) improved
the prediction of renal outcome in the models employing the
known risk factors (16). The U-CARE study suggested that
the global alterations of glycosylation of urinary protein are
valuable disease progression markers and may be linked to
disease mechanisms in diabetic kidney disease (DKD). The aim
of this study (U-CARE Study 2) is to investigate in patients
with type 2 diabetes the impact of urinary lectin microarray on
the prediction of CVE by adding the glycan binding signals in
the multivariate model containing the established risk factors
of CVE.

MATERIALS AND METHODS

Study Design and Participants
This is a second report of the U-CARE Study, a prospective
cohort study, which started in 2012. Precise study design was
described previously (16). In the current study, among 688
patients with type 2 diabetes admitted to multi-institutions in
Japan, 680 patients were enrolled. Eight patients were excluded
in this study since they were diagnosed with slowly progressive
type 1 diabetes during follow-up. The diagnosis of diabetes was
based on the Japanese Diabetes Society criteria (17). This study
was registered with the University Hospital Medical Information
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Network in June 2012 (UMIN000011525). Written informed
consent was obtained from all participants.

Laboratory Parameters and Definitions
Urinary glycans were measured by the evanescent-field
fluorescence-assisted lectin microarray (18). In brief, we
measured urinary levels of Cy3-labeled glycoprotein binding
to 45 lectins coated on microplates. In a previous study, we
demonstrated that net glycan intensity [Net-I; raw glycan
intensity (Raw-I)—background intensity] more accurately
predicted the 24-h urinary glycan in comparison with Net-I or
Raw-I/urinary creatinine ratios (16, 19). Based on the evidence,
we analyzed glycan indexes defined by Net-I and logarithmically
transformed Net-I when they did not follow normal distribution.

In this study, CVD was defined as events requiring admission
for treatment, excluding the events with arrhythmia, dilated
cardiomyopathy, and valvular heart disease to focus attention on
the atherosclerotic cardiovascular diseases. Stroke was defined
as cerebral bleeding and infarction requiring admission for
treatment, while PAD as an event requiring admission for open
surgery and/or endovascular intervention. CVE was defined as
any CVD, stroke, or PAD events. Mortality due to cardiovascular
death or other causes was also assessed. BMI was calculated as
weight divided by the square of height (kg/m2). Hypertension
was defined as a baseline blood pressure ≥140/90 mmHg or use
of antihypertensive drugs. GFR was estimated by the Japanese
coefficient-modified Chronic Kidney Disease Epidemiology
Collaboration equation. The baseline UACR (mg/gCr) was
measured in a spot urine specimen, and normoalbuminuria,
microalbuminuria, and macroalbuminuria were defined as
UACR <30 mg/gCr, 30 ≤ UACR < 300 mg/gCr, and
300 mg/gCr ≤ UACR, respectively. Hemoglobin A1c (HbA1c)
data are presented as National Glycohemoglobin Standardization
Program values according to the recommendations of the
Japanese Diabetes Society and the International Federation of
Clinical Chemistry (20). The grade of diabetic retinopathy
was determined by an ophthalmologist at baseline. The
average annual values of clinical parameters including HbA1c,
SBP, and diastolic blood pressure (DBP) were obtained. The
administration of statin, angiotensin-converting enzyme (ACE)
inhibitor or angiotensin II type I receptor blocker (ARB),
glucagon-like peptide-1 receptor agonists (GLP1), and sodium
glucose transporter 2 (SGLT2) inhibitor during follow-up were
also recorded. These data and previous CVE were compared
between patients with and without outcome.

Study Endpoint
The primary endpoint was defined as incidence of CVE, and
follow-up period was defined as the period from the initiation
of observation to the earliest CVE, death, or last observation of
clinical variables.

Statistical Analysis
Data were presented as percentages or the mean ± standard
deviation (SD), as appropriate. All skewed variables were
subjected to natural logarithmic transformation to improve
normality before analysis. Correlations among glycan indexes

were evaluated by Pearson correlation analysis. The cumulative
incidence rate of the primary outcome was estimated by Kaplan–
Meier curves for urinary glycan quartiles in all patients, and
incidence rates were compared with the log-rank test, including
trend test among quartile groups. The Cox proportional hazards
model was used to calculate the hazard ratio (HR) and 95%
confidence interval (CI) for the event-censored endpoint. HR and
95% CI for the 1 SD increase of glycan index were individually
calculated in each model. In the multivariate model, HRs were
adjusted for age, gender, BMI, SBP, low-density lipoprotein (LDL)
cholesterol, HbA1c, eGFR, and previous CVE at baseline. These
covariates were selected as potential confounders on the basis
of biological plausibility and previous reports (15, 21). False
discovery rates (FDRs) for 45 glycan indexes were calculated
by the Benjamini–Hochberg procedure in these Cox regression
analyses to control the expected proportion of false rejections
(22). The level of FDR was defined as 0.05. Time-dependent
area under curve (AUC) in multivariate Cox regression analysis
was obtained by integration of AUC in every 0.2 year from
0.5 year-observation calculated by 500 bootstrap sampling
(23). We also compared Harrell’s concordance index (c-index)
between multivariate Cox proportional hazards models with or
without glycan biomarkers. In addition, the Akaike information
criterion (AIC) and Bayesian information criterion (BIC) in the
multivariate Cox regression models were calculated to compare
the model fitness. Furthermore, improvement in discriminating
the 5-year risk of the study outcome was assessed by
analyses of AUROC, category-free NRI, and absolute integrated
discrimination improvement (IDI), as reported elsewhere (24,
25). The 95% CIs for the differences of the Harrell’s c-index
and AUROC, category-free NRI, and IDI were computed from
5,000 bootstrap samples to adjust for optimism bias. Two-
tailed P-values < 0.05 were considered as statistically significant.
Analyses and creation of graphs were performed with Stata
SE software (version 14.0, StataCorp LP) and Origin (version
2018, OriginLab).

RESULTS

Observation Period and Outcome
Incidence
The median follow-up period was 4.8 years [interquartile range
(IQR): 3.6–5.1 years]. During follow-up, the primary endpoint
(CVE) occurred in 62 patients (9%), and 21 patients (3%)
died. CVE was the cause of two patient deaths. Detailed
information of CVE and other causes of death are shown in
Supplementary Tables 1, 2.

Clinical Characteristics
The clinical characteristics of all participants at baseline
are displayed in Table 1. Their age was 63 ± 11 years
(mean ± SD), 61% of the patients were men, and 24% of
them had previous CVE. The median duration of diabetes was
11.1 years (IQR: 6.2–17.7), and baseline HbA1c was 7.1 ± 1.1%
(54.3 ± 12.0 mmol/mol). Under 56% of statin use, the baseline
LDL and non-high-density lipoprotein (non-HDL) cholesterol
levels were 100.1 ± 25.3 and 126.5 ± 30.6 mg/dl, respectively.
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TABLE 1 | Baseline clinical parameters.

Clinical parameters All patients (n = 680)

Age (years) 63 ± 11

Male (%) 61

BMI (kg/m2 ) 25.6 ± 4.6

Prior CVD/stroke/PAD (%) 17/9/1

Prior cardiovascular event (%) 24

Duration of DM (years)* 11.1 (6.2 > 17.7)

HbA1c (%) 7.1 ± 1.1

(mmol/mol) 54.3 ±12.0

Triglyceride (mg/dl)* 116 (81–163)

Total cholesterol (mg/dl) 180.5 ± 31.9

LDL cholesterol (mg/dl) 100.1 ± 25.3

Non-HDL cholesterol (mg/dl) 126.5 ± 30.6

Uric acid (mg/dl) 5.4 ± 1.4

SBP (mmHg) 131.0 ± 17.0

DBP (mmHg) 74.7 ± 10.9

Hypertension (%)† 70

Retinopathy (NDR/SDR/prePDR/PDR, %)‡ 67/17/6/10

eGFR (ml/min/1.73 m2) 71.0 ± 17.7

CKD GFR Categories (G1/G2/G3a/G3b/G4/G5, %) 10/69/11/6/3/1

UACR (mg/gCr)* 17.7 (7.8–74.1)

Normo/Micro/Macro (%) 63/25/12

Any type of antihypertensive agents (%) 62

ACE inihibitor or ARB (%) 53

Calcium channel blocker (%) 38

Number of antihypertensive agents* 1 (0–2)

Treatment for diabetes

(Diet only/OHA/Insulin, %) 4/64/32

Drug treatment for hyperglycemia 32/10/35/28/15/49/7

(SU/GLIN/BG/αGI/TZD/DPP4-I/GLP1, %)

Drug treatment for dyslipidemia/statin use (%) 64/56

BMI, body mass index; CVD, cardiovascular disease requiring admission for treatment;

Stroke, cerebral bleeding or infarction requiring admission for treatment; PAD, peripheral

arterial disease requiring admission for intervention or surgery; Cardiovasular event,

any event of CVD, Stroke, and PAD; HbA1c, hemoglobin A1c; Duration of DM,

estimated duration of diabetes mellitus; LDL cholesterol, low-density lipoprotein

cholesterol; non-HDL cholesterol, non high-density lipoprotein cholesterol; SBP, systolic

blood pressure; DBP, diastolic blood pressure; Retinopathy, diabetic retinopathy;

NDR/SDR/prePDR/PDR, non diabetic retinopathy, simple diabetic retinopathy, pre

proliferative diabetic retinopathy, and proliferative diabetic retinopathy, respectively; eGFR,

estimated glomerular filtration rate, CKD GFR Categories; G1: ≥90 ml/min/1.73 m2, G2:

60–90 ml/min/1.73 m2, G3a: 45–59 ml/min/1.73 m2, G3b: 30–44 ml/min/1.73 m2, G4:

15–29 ml/min/1.73 m2; UACR, urinary albumin creatinine ratio; Normo/Micro/Macro,

normoalbuminuria, microalbuminuria, and macroalbuminuria, respectively; ACE inhibitor

or ARB, treatment with an angiotensin-converting enzyme inhibitor or angiotensin

II type I receptor blocker, respectively; Diet only, diet regimen only; OHA, oral

hypoglycemic agent; Insulin therapy, treatment with insulin (including basal-supported oral

therapy); SU, sulfonylurea; GLIN, meglitinide anologs; BG, biguanide (Metformin); αGI,

alpha-glucosidase inhibitors; TZD, thiazolidinediones; DPP4-I, DPP-4 inhibitors; GLP1,

glucagon-like peptide 1 receptor agonists; SGLT2, sodium glucose transporter 2.

*Median (interquartile range).
†
Hypertension was defined as blood

pressure ≥140/90 mmHg or any antihypertensive drug treatment. ‡Data from

664 patients (98%) were available.

Similarly, 62% of the patients received antihypertensive agents,
average blood pressures were SBP (131.0 ± 17.0 mmHg)
and DBP (74.7 ± 10.9 mmHg). The mean baseline eGFR

was 71.0 ± 17.7 ml/min/1.73 m2 and median UACR was
17.7 mg/gCr (IQR: 7.8–74.1). The average annual HbA1c, SBP,
and DBP levels, and percentage of the use of ACE inhibitor or
ARB, and GLP-1 receptor agonist during follow-up were not
significantly different between the patients with and without
outcome. Statin use during observation was significantly higher,
and the use of SGLT2 inhibitor was significantly lower in
patients with outcome compared with those without outcome
(Supplementary Table 3).

Relation Between Primary Endpoint and
Glycan Binding to the Lectin Panel
Unadjusted and adjusted HRs for glycan binding to the panel of
45 lectins with different specificities and the reported structure
of the glycan binding to each lectin are shown in Figure 1

and Supplementary Table 4. The urinary glycan binding signals
to 13 lectins [Pisum sativum (PSA), Lens culinaris (LCA),
Aleuria aurantia (AAL), SNA, Tanthes japonica (TJAI), RCA120,
Narcissus pseudonarcissus (NPA), Canavalia ensiformis (ConA),
Galanthus nivalis (GNA), Hippeastrum hybrid (HHL), Tulipa
gesneriana (TxLCI), Urtica dioica (UDA), and Calystegia sepium
(Calsepa)] were significantly associated with the outcome in
either of the univariate and multivariate models. Among them,
both glycan binding signals to UDA and Calsepa were selected
based on the FDR <0.05 in the multivariate models. We
fitted a series of multivariate Cox regression models, which
include (i) only covariates, (ii) covariates + UACR, (iii)
covariates + glycan signals (binding to UDA or Capsela), and
(iv) covariates + UACR + glycan signal (Table 2). Then, the
improvement of model fitness was evaluated based on the
reduction of both AIC and BIC criteria. These criteria were
minimized at model (iii) for both of UDA and Capsela, which
were considered the best fitting model, that is, the two glycans
weremore substantially improvedmodel fitness, and the addition
of UACR did not exhibit improvement of model fitting. Glycan
signals for UDA and Calsepa were not incorporated into the
model at the same time to avoid multicolinearity because of the
high correlation with each other (r = 0.87).

The relationships between the glycan indexes and outcome
remained largely unchanged when treated of statin, ACE
inhibitor or ARB, and SGLT2 inhibitor during the follow-
up period, and the average annual HbA1c, average annual
SBP, and baseline non-HDL cholesterol were incorporated into
the multivariate model (Supplementary Table 5). As shown in
Supplementary Table 4, UDA and Calsepa are known to bind
to a mixture of Man5 to Man9 and to High-Man (Man2-6),
respectively. The common recognized glycans are classified into
intermediate and immature products of N-glycan synthesis (26).

Time-Dependent Area Under Curve and
Harrell’s C-Index in Cox Regression Model
With or Without Urinary Glycans
Time-dependent AUCs and Harrell’s C indexes in multivariate
Cox regression model with or without glycan binding signals
to UDA and Calsepa are displayed in Figures 2A,B. Overall,
AUCs during observation were higher in models with those
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FIGURE 1 | Univariate and multivariate Cox proportional hazard models for the outcome. (A) Univariate Cox proportional hazard models. (B) Multivariate Cox

proportional hazard models. HR per 1 SD increase in each glycan index is shown. In the multivariate model, HR was adjusted for age, gender, body mass index,

systolic blood pressure, hemoglobin A1c, low-density lipoprotein cholesterol, estimated glomerular filtration rate, past cardiovascular event at baseline. HR, hazard

ratio; 95% CI, 95% confidence interval.

TABLE 2 | Comparison of hazard ratio and model fitting between multivariate models with or without UACR and urinary glycans for UDA and Calsepa.

Markers Multivariate model Markers Multivariate model with UACR

HR 95% CI P-value AIC BIC HR 95% CI P-value AIC BIC

None – – – 725.7 761.8 UACR 1.32 0.99–1.75 0.058 724.1 764.8

UDA 1.78 1.24–2.55 0.002 716.5 757.2 UDA 1.70 1.16–2.49 0.006 718.0 763.2

Calsepa 1.56 1.19–2.04 0.001 718.0 758.7 Calsepa 1.50 1.11–2.02 0.009 719.6 764.8

Covariates in multivariate model: age, gender, body mass index, systolic blood pressure, hemoglobin A1c, low density cholesterol levels, estimated glomerular filtration rate, and past

cardiovascular event at baseline. Each glycan index was employed into the multivariate model with or without log transformed UACR. UACR, urinary albumin creatinine ratio; HR, hazard

ratio; 95% CI, 95% confidence interval; AIC, Akaike’s information criterion; BIC, Bayesian information criterion; UDA, Urtica dioica; Calsepa, Calystegia sepium.

glycan indexes than in model without them, while the Harrell’s
C-index was significantly higher only in the model containing
glycan binding signal to UDA than in model without the glycans
[Harrell’s C-index for model without UDA: 0.766 (95% CI:
0.705–0.828), Harrell’s C-index for model with UDA: 0.794
(0.739–0.850), and the difference in Harrell’s C-index: 0.028
(0.001–0.055, P = 0.044)].

Cumulative Incidence Rate of the Primary
Outcome in Urinary Glycan Quartiles
Kaplan–Meier curves stratified according to quartiles for baseline
urinary glycan binding to UDA and Calsepa are shown in

Figure 3. The cumulative incidence rate of the outcome was
significantly higher in the higher quartile for urinary glycan
binding to UDA and Calsepa than in the lower quartiles [P for
trend: <0.001 for UDA (Figure 3A) and <0.0001 for Calsepa
(Figure 3B)].

5-Year Risk Classification Ability of Urinary
Glycan Binding to Urtica Dioica and
Calystegia Sepium
The difference of AUROC between logistic regression models
with or without urinary markers, category-free NRI, absolute
IDI for predicting the primary outcome at 5-year follow-up time
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FIGURE 2 | Time-dependent area under curve (AUC) and Harrell’s C-index in Cox regression model with or without urinary glycans binding to UDA and Calsepa. (A)

AUC and Harrell’s C-index with or without urinary glycans binding to UDA. (B) AUC and Harrell’s C-index with or without urinary glycans binding to Calsepa. In the

multivariate Cox regression model without glycan, age, gender, body mass index, systolic blood pressure, hemoglobin A1c, low-density lipoprotein cholesterol,

estimated glomerular filtration rate, past cardiovascular event at baseline were incorporated as adjusted variables. On the other hand, multivariate model with glycan

includes the same covariates and any of two glycans binding to UDA and Calsepa. UDA, Urtica dioica; Calsepa, Calystegia sepium.

FIGURE 3 | Cumulative incidence rate of the outcome. (A) Cumulative incidence rate in patients stratified according to the quartiles of urinary glycan indexes for UDA.

(B) Cumulative incidence rate in patients stratified according to the quartiles of urinary glycan indexes for Calsepa. The cumulative incidence rate was significantly

higher in patients with higher glycan indexes than in those with lower glycan indexes (UDA: P for trend <0.001, Calsepa: P for trend <0.0001). Among quartile groups

for UDA, cumulative incidence rate was significantly higher in highest quartile group (Q4) compared with lower quartile groups (Q1–3) (P < 0.05). The log-rank test was

used for failure analysis. UDA, Urtica dioica; Calsepa, Calystegia sepium; Man, Mannose.

obtained by adding UACR and the glycan indexes for UDA and
Calsepa are summarized in Table 3. Adding of either glycan
indexes to the multivariate model significantly improved the
ability of discrimination and reclassification such as AUROC
and NRI [difference in AUROC: 0.031 (95% CI: 0.001–0.062,

P = 0.045) for UDA, 0.027 (0.001–0.053, P = 0.040) for Calsepa,
category-free NRI: 0.368 (0.045–0.692, P = 0.026) for UDA, and
0.388 (0.099–0.677, P = 0.008) for Calsepa], whereas either of
the two glycan indexes did not significantly improve integrated
discrimination [IDI: 0.024 (−0.009–0.056, P = 0.16) for UDA
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TABLE 3 | AUROC, category-free NRI, and IDI for predicting the 5-year outcome with UACR and urinary glycan binding to UDA and Calsepa.

AUROC Difference of AUROC P-value Category-free NRI P-value IDI P-value

(95% CI) (95% CI) (95% CI) (95% CI)

Only covariates 0.774

(0.711–0.837)

With UACR 0.790 0.017 0.083 0.269 0.075 0.005 0.59

(0.732–0.849) (−0.002–0.035) (−0.027–0.564) (−0.014–0.024)

With glycan to UDA 0.805 0.031 0.045 0.368 0.026 0.024 0.16

(Mixture of Man5 to Man9) (0.748–0.862) (0.001–0.062) (0.045–0.692) (−0.009–0.056)

With glycan to Calsepa 0.801 0.027 0.040 0.388 0.008 0.021 0.18

[High-Man (Man2-6)] (0.744–0.857) (0.001–0.053) (0.099–0.677) (−0.010–0.053)

Covariates: age, gender, body mass index, systolic blood pressure, hemoglobin A1c, low density cholesterol levels, estimated glomerular filtration rate, and past cardiovascular event

at baseline.

AUROC, The area under a receiver operating characteristic; NRI, net reclassification improvement; IDI, integrated discrimination improvement; UACR, urine albumin creatinine ratio;

95% CI, 95% confidence interval; UDA, Urtica dioica; Calsepa, Calystegia sepium; Man, Mannose.

and 0.021 (−0.010–0.053, P = 0.18) for Calsepa]. On the other
hand, adding UACR did not show any significance on the
incremental prediction [difference in AUROC: 0.017 (−0.002–
0.035, P = 0.083), category-free NRI: 0.269 (−0.027–0.564,
P = 0.075), and IDI: 0.005 (−0.014–0.024, P = 0.59)].

DISCUSSION

The urine glycan binding signals to UDA (mixture of Man5
to Man9) and Calsepa [High-Man (Man2-6)] improved model
fitness scores for discrimination ability (Harrell’s C index and
AUROC), reclassification (NRI), and log-likelihood/complexity
(AIC and BIC) when they were incorporated into themultivariate
Cox and logistic regression model employing traditional risk
factors. The strength of the current study was that the two
urinary glycan signals were the novel urinary markers, which
could provide the new mechanism of CVE in diabetes. They
demonstrated the incremental predictive power with statistical
significance, and they might be better markers than UACR.
In previous studies of patients with type 2 diabetes, several
urinary markers such as urinary kidney injury molecule 1,
urinary neutrophil gelatinase-associated lipocalin, urinary liver-
type fatty acid-binding protein, and urinary COOH-terminal
propeptide of collagen VI, have been investigated for predicting
CVE (13, 15, 27). However, none of them showed the statistical
significance of model discrimination or reclassification in the
multivariate model including known risk factors. Although it
has been shown that UACR is associated with CVE independent
of established confounders, its incremental predictive ability is
limited (21). In our study, UACR had a marginal impact on
the outcome in the multivariate Cox regression analysis [HR for
logUACR: 1.32 (95% CI: 0.99–1.75), P = 0.058, Table 2], while it
failed to demonstrate the significant values of AUROC, NRI, and
IDI (Table 3) in the multivariate models, which was compatible
with the previous results (21). In contrast to UACR, glycan
indexes for UDA and Calsepa showed statistical significance of
the incremental prediction as mentioned above. In addition,
model fitness scores, i.e., AIC and BIC, were clearly better than

that of UACR. Therefore, these novel glycan indexes might be
superior to UACR for predicting CVE in patients with type
2 diabetes.

Interestingly, UDA and Calsepa recognize the high mannose
glycan structures (Supplementary Figure 1). In endoplasmic
reticulum (ER), Glc3Man9GlcNAc2 is transferred to the
NXT/NXS sites of protein, Glc residues removed by glucosidases,
and Man9GlcNAc2 converted to Man8GlcNAc2 by ER
α-mannosidase I (MAN1B1). The glycoproteins are then
transferred to cis-Golgi; the additional Man residues are removed
until Man5GlcNAc2 is generated. Man5GlcNAc2 is a key
intermediate for the pathway to hybrid and complex N-glycans
in trans-Golgi and trans-Golgi network by the removal of
mannose residues by Golgi mannosidases, while some of
Man5GlcNAc2 also escapes further modification, and mature
membrane or secreted glycoprotein carries Man5-9GlcNAc2,
i.e., high mannose structures (Supplementary Figure 1A)
(26). In the glycan analysis by urine lectin microarray, the
elevation of high mannose and complex type of N-glycans in
urine glycoproteins are tightly linked to the development of
composite CVE.

The high-throughput plasma or serum N-glycan profiling
studies using hydrophilic interaction liquid chromatography
(HILIC) of peptide-N-glycosidase F digested and fluorescently
labeled N-glycans were reported, and 46 N-glycan peaks
(GP1-GP46) were demonstrated (28–32). In the patients with
normo- and hyperglycemia during acute inflammation,
the comparison of N-glycan profile demonstrated that
increased branched, galactosylated, and sialylated tri- and
tetraantennary N-glycans are associated with the development
of type 2 diabetes (28). In Ghanaian population, branched,
trigalactosylated, antennary fucosylated, and triantennary
N-glycans (Supplementary Figure 1B) were increased in the
patients with type 2 diabetes (29). A lower relative abundance
of simple biantennary N-glycans and a higher abundance of
branched, galactosylated, and sialylated complex N-glycans were
increased both in type 1 (31) and type 2 (30) diabetes, and similar
trends with increased levels of complex N-glycans (GP12, GP16,
and GP22) were seen for higher UACR and greater annual loss of
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eGFR (29, 31). Recently, in the prospective European Prospective
Investigation of Cancer (EPIC)—Potsdam cohort (n = 27,548),
the increased levels of complex N-glycans, GP5 in women, and
GP16, GP23, and GP29 in men, improved the accuracy of risk
prediction score for CVD (32).

Independent of serum or plasma N-glycan profiling, our
efforts to identify the biomarkers to improve the prediction of
DKD and CVD outcomes have been directed to the clinical
studies using urinary glycan profiling by lectin microarray in
the patients with type 2 diabetes (16, 33). Previously, we found
that urinary glycan profiling by lectin microarray demonstrated
the considerable changes in glycan binding signals during the
progression of DKD in urine samples rather than serum samples
(16, 33). The changes in glycan profile in urine samples may
reflect the glycosylation changes in glycoproteins produced in
kidney tissues or the changes in selective permeabilities of
blood-derived glycoproteins through glomerular capillaries. In
addition, the lectins are long-standing experimental tools to
identify the glycan structures, which enable lectin microarray
to detect the broad range of glycans compared with HILIC or
other methods using mass analysis. For instance, the capture
of O-glycans and neutral N-glycans such as high-mannose
type and hybrid type N-glycans (Supplementary Figure 1C) are
extremely difficult in HILIC (34). Furthermore, only 20 µl of
urine samples is required, and the single step of Cy3 labeling
without enzymatic treatments achieve the less-time consuming
and high-throughput analyses. By taking these advantages of
urine lectin microarray, we successfully identified that the
glycan binding signals to high mannose or mannose-recognizing
lectins, UDA and Calsepa, contributed the improvement of the
prediction models using established risk factors for CVE. In
the previous study, we identified that the glycan-binding signals
to SNA, RCA120, DBA, ABA, Jacalin, and ACA significantly
improved the prediction models for 30% decline in eGFR
or ESRD, and these lectins mainly recognized the O-glycan
structures, suggesting the specificity of the analyses with lectin
microarray (16). Furthermore, the application of those eight
lectins for the urine samples of the patients with type 2 diabetes
provides a useful diagnostic tool for the future risk of the CVD
and DKD progression.

Novel Mechanism of the Atherosclerotic
Cardiovascular Event in Diabetes
The current clinical study provides the insight into the
mechanism for the progression of atherosclerosis in type
2 diabetes. The detection of high mannose N-glycans, i.e.,
immature forms of N-glycans, in the urine samples in the
patients with type 2 diabetes suggests the abnormalities in the
processing and maturation of N-glycans in the ER and Golgi.
In the ER, Glc1Man9GlcNAc2 N-glycans are properly folded by
the assistance of calnexin and calreticulin, while the misfolded
Man9GlcNAc2 is recognized by ER-degradation-enhancing α

mannosidase I-like (EDEM) leading to ER degradation (26). The
inhibition of ER α-mannosidase I (MAN1B1), which mediates
the conversion of Man9GlcNAc2 toMan8GlcNAc2, was reported
to enhance high mannose intercellular adhesion molecule-1

expression on endothelial cell surface (35). The impairment of
quality control of glycoproteins and mannosidase activity in
ER may cause the accumulation of high mannose N-glycans
in ER. In addition, the knockout of the triple gene encoding
Golgi α1,2-mannosidases (MAN1A1, MAN1A2, and MAN1B1)
resulted in the production of high mannose N-glycans (36).
The defects in the Golgi α1,2-mannosidases are also candidate
mechanisms to produce high mannose N-glycans. The link
between high mannoseN-glycans and CVE further suggested the
new mechanism for the progression of atherosclerosis in type 2
diabetes. High mannose N-glycans induced on endothelial cells
by oscillatory shear stress, or tumor necrosis factor-α mediates
the monocytic recruitment (37), and hypercholesterolemic
patients exhibited higher plasma levels of a cluster of high-
mannose and complex/hybrid N-glycans (38).

Study Limitations
One of the key limitations in this study is that this was a
multi-center observational study, and the therapeutic strategy
of diabetes and its complications in each participant was not
exactly standardized, which might have affected the incidence of
the outcome. However, the sensitivity analyses revealed that the
impact of glycan indexes for UDA and Calsepa on the outcome
did not largely change even when the various treatment factors
during follow-up periods were incorporated into the multivariate
Cox regression models (Supplementary Table 5). In addition,
we might not be able to adjust for other possible confounders
in the multivariate models. Several blood biomarkers, such
as NT-proBNP and high-sensitivity troponin T, have been
established as useful markers for predicting CVE (9, 39). It
remains unknown whether glycan indexes for UDA and Calsepa
are significantly associated with the outcome independent of
those biomarkers. Nevertheless, we hope that these novel urinary
markers predict CVE independent of other confounders since
these glycan markers could reflect the novel mechanism of CVE
as mentioned above.

CONCLUSIONS

The glycan profiling by urine lectin microarray demonstrated
that the elevation of high mannose and complex type of
N-glycans in urine glycoproteins is tightly linked to the
development of CVE. UDA and Calsepa in lectin microarray
may be a useful diagnostic tool for the prediction of CVD
risk in patients with type 2 diabetes. The evidence linking the
increased high mannose and complex type of N-glycans to
the incidence of CVE in patients with diabetes suggests that
the disease mechanisms and therapeutic targets are related to
organellar dysfunction in the ER and Golgi, as well as to the
progression of atherosclerosis.
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Background: Neprilysin inhibition has demonstrated impressive benefits in heart failure

treatment, and is the current focus of interest in cardiovascular (CV) and kidney diseases.

However, the role of circulating neprilysin as a biomarker for CV events is unclear in

hemodialysis (HD) patients.

Methods: A total of 439 HD patients from the K-cohort were enrolled from June 2016 to

April 2019. The plasma neprilysin level and echocardiographic findings at baseline were

examined. The patients were prospectively followed up to assess the primary endpoint

(composite of CV events and cardiac events).

Results: Plasma neprilysin level was positively correlated with left ventricular (LV) mass

index, LV end-systolic volume, and LV end-diastolic volume. Multivariate linear regression

analysis revealed that neprilysin level was negatively correlated with LV ejection fraction

(β = −2.14; p = 0.013). The cumulative event rate of the composite of CV events

was significantly greater in neprilysin tertile 3 (p = 0.049). Neprilysin tertile 3 was also

associated with an increased cumulative event rate of cardiac events (p = 0.016). In

Cox regression analysis, neprilysin tertile 3 was associated with a 2.61-fold risk for the

composite of CV events [95% confidence interval (CI), 1.37–4.97] and a 2.72-fold risk

for cardiac events (95% CI, 1.33–5.56) after adjustment for multiple variables.

Conclusions: Higher circulating neprilysin levels independently predicted the composite

of CV events and cardiac events in HD patients. The results of this study suggest the

importance of future studies on the effect of neprilysin inhibition in reducing CV events.

Keywords: cardiovascular disease, hemodialysis, neprilysin, atherosclerosis, left ventricular systolic dysfunction

INTRODUCTION

Cardiovascular (CV) disease is a major cause of death in patients undergoing hemodialysis (HD)
treatment, and an extremely high rate of CV complications has been reported in these patients
(1, 2). HD patients are consistently exposed to risk factors for uremia, hemodynamic overload,
and sympathetic and neurohumoral activation (3, 4). Furthermore, HD treatment itself induces
metabolic derangement and electrolyte shift in cardiomyocytes, episodic cardiac ischemia, and
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fibrosis (5, 6). Therefore, HD patients experience repetitive
cardiac injuries, and these adverse processes induce cardiac
dysfunction, structural changes, and remodeling, which are key
factors for high CV morbidity and mortality rates.

Natriuretic peptides have been introduced into the dialysis
setting, based on their pathophysiologic role in heart failure, to
assess for myocardial ischemia, systolic dysfunction, and risk of
future cardiac events (7, 8). Natriuretic peptides have a wide
range of CV effects contributing to natriuresis, vasodilation,
and blood pressure regulation. Neprilysin is the key enzyme
responsible for their degradation, and its inhibition enhances the
effect of natriuretic peptides on the CV system (9, 10). Previous
reports have identified that neprilysin exists in soluble form in the
bloodstream, and demonstrated that circulating neprilysin plays
a central role in neurohormonal regulation, CV remodeling, and
CV dysfunction (11–13). The neprilysin is also anticipated to be
a promising biotarget for the reduction of CV risk in patients
with chronic kidney disease (CKD) and cross-sectional study
showed the usefulness of neprilysin for heart failure diagnosis
in dialysis patients (14–18). However, almost studies exploring
the neprilysin in patients with CKD enrolled the patients who
were not receiving dialysis, and no evidence exists on circulating
neprilysin as a pathologic surrogate to predict the incident CV
events in patients undergoing HD treatment.

Therefore, we performed this study to test the hypothesis
that plasma neprilysin levels are independently associated
with an increased risk for future CV events in HD patients.
We also investigated circulating neurohormonal markers and
echocardiographic parameters to determine their relationships
with neprilysin level.

MATERIALS AND METHODS

Study Population
All data in this study were obtained from the registry of the
K-cohort, which is a multicenter, prospective cohort of HD
patients in Korea. The inclusion and exclusion criteria have been
previously described (19). A total of 637 patients were recruited
between June 2016 and April 2019, and 439 patients with whole
plasma samples at the time of study enrollment were included in
this study.

The study protocol was approved by the local ethics
committee (KHNMC2016-04-039), and the study was conducted
in accordance with the principles of the Second Declaration of
Helsinki. All participants involved in the study signed written
informed consent forms before enrollment.

Data Collection and Definitions
Demographic factors, comorbid conditions, laboratory data,
dialysis information, and concomitant medication were collected
at the time of inclusion. Information on patient comorbidities
was derived to calculate the Charlson comorbidity index
score (20). Blood samples for laboratory test and biomarkers
were drawn before the start of HD in a mid-week dialysis
session. Laboratory data were collected, and delivered spKt/V
(K, dialyzer clearance; t, time; V, urea distribution volume)
was assessed using the conventional method (21). Body mass

index was calculated as body weight divided by the square of
body height.

The patients were classified into three groups based on the
circulating level of neprilysin: tertile 1, < 107.0 pg/ml; tertile
2, 107.0–237.5 pg/ml; and tertile 3, ≥ 237.5 pg/ml. All patients
were prospectively followed up after baseline assessments. The
patient follow-up was censored at the time of transfer to
peritoneal dialysis, kidney transplantation, follow-up loss, or
patient consent withdrawal.

Laboratory Measures
Plasma samples for neurohormonal assessment were collected
using ethylenediaminetetraacetic acid-treated tubes at the time
of study entry. After centrifugation for 15min at 1000 g at
room temperature, the samples were stored at −80◦C until
use. Enzyme-linked immunosorbent assay was performed
using Magnetic Luminex R© Screening Assay multiplex kits
(R&D Systems Inc., Minneapolis, MN, USA) to measure
B-type natriuretic peptide (BNP), N-terminal-pro-B-type
natriuretic peptide (NT-proBNP), interleukin-6 (IL-6), and
galectin-3. Neprilysin levels were measured using a modified
sandwich immunoassay (product no. SK00724-01; Aviscera
Biosciences, Santa Clara, CA, USA). All patient samples
were quantified for relevant markers; however, IL-6 was only
measured in a subset of patients due to sample availability. IL-
6 level was measured in 331 (75.4%) patients [128 (87.1%)
patients in neprilysin tertile 1, 115 (78.8%) patients in
neprilysin tertile 2, and 88 (60.3%) patients in neprilysin
tertile 3]. The proportion of IL-6-measured patients was
significantly lower in patients with neprilysin tertile 3 (p <

0.001). hsCRP was measured using immunoturbidimetric
method on Beckman Coulter AU5800 Analyzers (Brea,
CA, USA).

Echocardiographic Measures
Of all patients, 355 (80.1%) patients received echocardiographic
examination [123 (83.7%) in tertile 1, 113 (77.4%) in tertile 2,
and 119 (81.5%) in tertile 3]. The echocardiographic data was
collected from clinical report. M-mode and 2D measurements
were conducted by trained sonographers or cardiologist in
accord with methods recommended by the American Society
of Echocardiography (22). Echocardiographic examiners were
blinded to the clinical data and biomarker measurements
and cardiologists adjudicate and confirm all echocardiographic
findings. LV end-diastolic diameter (LVDd), LV end-systolic
diameter (LVDs), LV posterior wall thickness (PWT), and
interventricular septal thickness (IVST) was measured in M-
mode plane. LV mass was estimated using the Devereux formula
and body surface area was used to index the LV mass. LV end-
diastolic volume (LVEVd), LV end-systolic volume (LVEVs),
LV ejection fraction (LVEF), and left atrial dimensions were
determined in apical two- and four-chamber views. Peak early
diastolic flow velocity (E) and peak late diastolic flow velocity
(A) were determined from the mitral valve inflow velocity curve

in pulsed wave Doppler. Peak early diastolic tissue velocity (E
′

)
was measured from the septal aspect of the mitral annulus in
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tissue Doppler. The ratio of E to A wave (E/A) and E to E
′

(E/E
′

)
was calculated.

Outcome Measures
The primary study endpoint was a composite of incident CV
events, including cardiac and non-cardiac vascular events.
Cardiac events were defined as acute coronary syndrome,
heart failure, ventricular arrhythmia, cardiac arrest, and
sudden death. Non-cardiac events included cerebral infarction,
cerebral hemorrhage, and peripheral vascular occlusive diseases
requiring revascularization or surgical intervention. All
mortality events from any cause were recorded and carefully
reviewed. The secondary endpoints were levels of circulating
neurohormonal markers and echocardiographic parameters, and
their correlations with neprilysin level were analyzed.

Statistical Analysis
Data are expressed as mean ± standard deviation (SD) or
median [interquartile range (IQR)]. Kolmogorov-Smirnov test
was used to assess the normality of the distribution of the
variables. Differences among the three groups were identified
using analysis of variance or Kruskal-Wallis test. Tukey post
hoc test and Mann-Whitney U-test with Bonferroni correction
were used to identify differences between more than two
groups. Categorical variables were compared using the chi-
square test or Fisher’s exact test. Log-transformed values of
high-sensitivity C-reactive protein (hsCRP) levels were used
in regression analysis because of a skewed distribution. The
values of neprilysin levels were log-transformed for linear
regression analysis, and 1 SD was used for hazard ratio (HR)
calculations. Spearman’s analyses were used to evaluate the
correlation between neprilysin level and continuous variables.
The association between neprilysin level and LVEF was identified
using linear regression analysis. A Cox proportional hazard
model was constructed to identify independent variables related
to CV events or patient death. Multivariate models included
significantly associated parameters according to their weight
in univariate testing and clinically fundamental parameters.
Baseline characteristics and laboratory data was compared
between patients with and without incident cardiac event
to adjust the multivariate model (Supplementary Table 1).
Charlson comorbidity score, prevalence of CV event history,
hemoglobin level, and plasma NT-proBNP level was significantly
different between two groups. All of these parameters were
included in multivariate Cox model. We tried to adjust baseline
cardiac remodeling status using NT-proBNP or BNP, because
echocardiographic data is not fully investigated in this study.
Statistical analyses were performed using SPSS software (version
22.0; SPSS, IBM Corp., Armonk, NY, USA). p-values < 0.05 were
considered significant.

RESULTS

Baseline Demographic Characteristics and
Laboratory Data
The median neprilysin level was 155.2 (IQR 88.6, 304.2)
pg/ml in all studied patients. According to tertile, the median

TABLE 1 | Baseline demographic and laboratory data of the study population.

Tertiles of neprilysin level

Tertile 1

< 107.0 pg/ml

(n = 147)

Tertile 2

107.0–237.5

pg/ml (n = 146)

Tertile 3

≥ 237.5 pg/ml

(n = 146)

P-value

Age (years) 64.9 ± 12.1 61.5 ± 11.4* 58.7 ± 14.2* <0.001

Male (%) 109 (74.1) 92 (63.0) 91 (62.3) 0.055

Body mass

index (kg/m2)

23.43 ± 3.82 22.99 ± 3.90 23.43 ± 4.55 0.567

HD duration

(years)

4.66 ± 6.01 3.63 ± 5.07 2.91 ± 4.54* 0.017

Diabetes (%) 77 (52.4) 88 (60.3) 84 (57.5) 0.383

History of CV

event (%)

64 (43.5) 62(42.5) 59 (40.4) 0.859

Charlson

comorbidity

score

4.10 ± 1.71 4.13 ± 1.21 3.97 ± 1.55 0.616

Hemoglobin

(g/dl)

10.55 ± 1.28 10.46 ± 1.14 10.39 ± 1.26 0.529

Albumin (g/dl) 3.77 ± 0.33 3.82 ± 0.30 3.84 ± 0.34 0.156

LDL-cholesterol

(mg/dl)

76.08 ± 25.62 77.72 ± 28.50 75.46 ± 24.84 0.752

hsCRP (mg/dl) 1.42 (0.20, 3.49) 0.92 (0.19, 3.54) 0.70 (0.19, 2.80) 0.149

Predialysis SBP

(mmHg)

144.3 ± 18.9 141.3 ± 19.9 142.3 ± 21.8 0.421

Ultrafiltration (L) 2.25 ± 1.11 2.14 ± 1.07 2.29 ± 1.07 0.462

spKt/V 1.59 ± 0.46 1.55 ± 0.31 1.58 ± 0.25 0.634

ESA use (%) 131 (89.1) 132 (91.0) 136 (93.2) 0.479

BNP (pg/ml) 50.6 (16.3, 91.0) 37.3 (7.6, 86.6) 35.4 (7.6, 88.5) 0.384

NT-proBNP

(pg/ml)

286 (200, 442) 330 (189, 475) 317 (198, 477) 0.542

IL-6 (pg/ml) 3.3 (2.2, 5.8) 3.0 (1.9, 4.8) 2.7 (2.1, 4.2)* 0.032

Galectin-3

(ng/ml)

17.2 (15.0, 19.8) 17.5 (15.0, 20.5) 19.0 (15.4, 22.0)* 0.029

IL-6 was measured in 331 (75.4%) patients.
*p < 0.05 vs. tertile 1.

HD, hemodialysis; CV, cardiovascular; LDL, low-density lipoprotein; hsCRP,

high-sensitivity C-reactive protein; SBP, systolic blood pressure; spKt/V, single-pool

Kt/V; ESA, erythropoietin-stimulating agent; BNP, brain natriuretic peptide; NT-proBNP,

N-terminal-pro-B-type natriuretic peptide; MMP-2, matrix metalloproteinase-2.

neprilysin level was 68.4 (IQR 45.2, 89.2) pg/ml in tertile 1
(n = 147), 155.9 (IQR 127.2, 184.4) pg/ml in tertile 2 (n =

146), and 424.0 (IQR 303.4, 741.6) pg/ml in tertile 3 (n =

146). The baseline patient demographics, clinical characteristics,
and laboratory results are described in Table 1. Patients in
tertile 3 of neprilysin level were younger and had a shorter
duration of dialysis therapy than those in neprilysin tertile
1. Twenty (4.6%) patients with heart failure were enrolled in
this study. Heart failure with preserved LVEF was observed
in 6 (1.4%) patients and heart failure with reduced LVEF in
14 (3.2%) patients. Laboratory data and dialysis characteristics
did not show significant differences. Among the circulating
neurohormonal markers, galectin-3 showed a significantly higher
level in patients in neprilysin tertile 3 than in patients in the
other tertiles.
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TABLE 2 | Correlation of neprilysin level with circulating cardiac markers and

echocardiographic parameters.

Correlation coefficient P-value

Circulating neurohormonal marker

BNP (pg/ml) −0.092 0.055

NT-proBNP (pg/ml) 0.003 0.949

hsCRP (mg/dl) −0.105 0.029

IL-6 (pg/ml) −0.134 0.014

Galectin-3 (ng/ml) 0.124 0.009

Echocardiographic parameters

LV mass index (g/m2) 0.129 0.043

LVDs (mm) 0.068 0.235

LVDd (mm) 0.063 0.235

LVESV (ml) 0.137 0.035

LVEDV (ml) 0.137 0.035

LVEF (%) −0.185 < 0.001

IVST (mm) 0.046 0.470

PWT (mm) −0.023 0.690

E/E’ 0.019 0.778

E/A 0.024 0.731

LA dimension (mm) −0.048 0.445

Echocardiography was examined in 355 (80.9%) patients.

BNP, B-type natriuretic peptide; NT-proBNP, N-terminal-pro-B-type natriuretic peptide;

MMP-2, matrix metalloproteinase-2; LV, left ventricle; LVDs, left ventricular end-systolic

diameter; LVDd, left ventricular end-diastolic diameter; LVESV, left ventricular end-systolic

volume; LVEDV, left ventricular end-diastolic volume; IVST, interventricular septal thickness

in diastolic; PWT LV, posterior wall thickness in diastolic; LVEF, left ventricle ejection

fraction; LA, left atrium.

Correlation of Neprilysin Level With
Circulating Cardiac Markers and
Echocardiographic Parameters
The correlations between the levels of neprilysin and
circulating neurohormonal markers are shown in Table 2

and Supplementary Figure 1. The plasma levels of BNP and NT-
proBNP did not show a significant correlation with neprilysin
level. A significant positive correlation was found between
galectin-3 and neprilysin levels, and the circulating levels of
hsCRP and IL-6 were negatively correlated with neprilysin
level. However, all coefficient values and distribution patterns
suggested that the correlation power was not strong.

The baseline echocardiographic measurements are described
in Supplementary Table 2. LVEF was significantly different
across tertiles, and the lowest LVEF was observed in patients
in neprilysin tertile 3. Posterior wall thickness and the E/A
ratio showed different mean values among the neprilysin tertiles.
To investigate the relationship between neprilysin level and
cardiac structures, the correlation between neprilysin level
and echocardiographic parameters was evaluated (Table 2). LV
systolic and diastolic diameters, LV wall thickness, and diastolic
parameters were not correlated with circulating neprilysin level.
A significant negative correlation was observed between LVEF
and neprilysin level. LV mass index, LVESV, and LVEDV
were positively correlated with neprilysin level. However, the
coefficient values and distribution patterns of variables indicated
weak correlation power (Supplementary Figure 2).

TABLE 3 | Relationship between the baseline parameters and LVEF.

Unstandardized β 95% CI P-value

Age (years) 0.03 −0.40, 0.10 0.417

Male −0.57 −2.36, 1.22 0.531

History of CV event −2.93 −4.68, −1.18 0.002

Hemoglobin (g/dl) 0.56 −0.12, 1.24 0.107

NT-proBNP (pg/ml) −0.003 −0.007, 0.001 0.112

Ultrafiltration (L) −0.54 −1.35, 0.27 0.193

Neprilysin (pg/ml) −2.14 −3.83, −0.45 0.013

Of the all studied patients, 355 (80.9%) patients were examined with echocardiography.

CV, cardiovascular; NT-proBNP, N-terminal-pro-B-type natriuretic peptide.

Relationship Between Plasma Neprilysin
Level and Left Ventricular Ejection Fraction
in Hemodialysis Patients
Univariate and multivariate linear regression models were
constructed to determine the association between neprilysin
level and LV systolic function. In univariate analysis, LVEF was
significantly associated with history of CV events (β =−2.89; p=
0.001), NT-proBNP level (β = −0.01; p = 0.023), and neprilysin
level (β = −2.19; p = 0.011). Hemoglobin level (β = 0.50; p =

0.155) and ultrafiltration volume (β =−0.65; p= 0.115) showed
borderline significance in association with neprilysin level. The
multivariate linear regression model is shown in Table 3. History
of CV events (β = −2.93; p = 0.002) and neprilysin level (β =

−2.14; p = 0.013) were independent determinants of LVEF in
HD patients.

Prognostic Utility of Neprilysin Level in
Hemodialysis Patients
During a mean follow-up of 30.1 months, 61 deaths (13.9%) and
66 CV events (15.0%) occurred. Of the CV events, acute coronary
syndrome occurred in 27 patients, heart failure occurred in 6
patients, ventricular arrhythmia occurred in 4 patients, cardiac
arrest occurred in 9 patients, sudden death occurred in 6 patients,
cerebral vascular accidents occurred in 8 patients, and peripheral
vascular occlusive diseases occurred in 6 patients. The cumulative
event rate of the composite of CV events was significantly greater
in neprilysin tertile 3 (p = 0.049; Figure 1A). Neprilysin tertile
3 was associated with a greater cumulative event rate of cardiac
events (p = 0.016; Figure 1B). The cumulative event rate of
patient death did not differ among patients in the different
neprilysin tertiles (p= 0.127).

Univariable Cox regression analysis revealed that plasma
neprilysin tertile 3 was significantly associated with an increased
risk for the composite of CV events [HR, 2.10; 95% confidence
interval (CI), 1.14–3.88; p = 0.017; Table 4]. This association
remained significant after adjustment for multiple variables (HR,
2.61; 95% CI, 1.37–4.97; p = 0.004). Neprilysin increment per
1 SD also had an independent risk for composite events (HR,
1.40; 95% CI, 1.17–1.66; p < 0.001). To further investigate
the risk for the composite of CV events, the HRs for cardiac
events and non-cardiac vascular events were evaluated. Patients
in neprilysin tertile 3 had a significant risk for cardiac events
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FIGURE 1 | Cumulative event rates of the composite of (A) cardiovascular

events and (B) cardiac events according to neprilysin level.

after adjustment for multiple covariates (HR, 2.72; 95% CI, 1.33–
5.56; p = 0.006) and neprilysin increment per 1 SD was also
associated with the risk of cardiac events (HR, 1.44; 95% CI,
1.20–1.74; p < 0.001). However, neprilysin level per tertile or
per 1 SD increment did not show a significant risk for non-
cardiac events and patient death. We re-construct multivariate
Cox hazard model including BNP as covariates, instead of NT-
proBNP. Neprilysin tertile 3 and neprilysin increment per 1 SD
was significantly associated with higher risk of CV composite and
cardiac events (Supplementary Table 3).

DISCUSSION

Our prospective observational cohort study demonstrated that
an increased level of neprilysin was associated with a greater
cumulative event rate of CV composites and cardiac events. In
addition, higher levels of neprilysin increased the risk for incident
CV composites and cardiac events after adjustment for multiple
covariates. Plasma neprilysin level was positively correlated with
galectin-3 circulating level, LV dimension, and LV mass index.
In addition, an independent negative relationship was observed
between neprilysin level and LVEF. These findings suggest that
neprilysin is a novel biomarker for assessing the risk of CV events,
and that it is associated with cardiac structural and functional
changes in HD patients.

Interestingly, we found a weakly negative correlation between
neprilysin and the inflammatory markers hsCRP and IL-
6. Inflammatory substrates are known to be degradable by

TABLE 4 | Hazard ratios of neprilysin tertiles for cardiovascular events.

No. event (%) HR (95% CI), crude HR (95% CI),

adjusted

Composite of CVE

Neprilysin tertile 1 16 (10.9) Reference Reference

Neprilysin tertile 2 21 (14.4) 1.46 (0.76, 2.81) 1.77 (0.90, 3.49)

Neprilysin tertile 3 29 (19.9) 2.10* (1.14, 3.88) 2.61* (1.37, 4.97)

Neprilysin per SD 1.32* (1.11, 1.57) 1.40* (1.17, 1.66)

Cardiac event

Neprilysin tertile 1 12 (8.2) Reference Reference

Neprilysin tertile 2 16 (11.0) 1.45 (0.70, 2.98) 1.56 (0.72, 3.36)

Neprilysin tertile 3 26 (17.8) 2.54* (1.28, 5.05) 2.72* (1.33, 5.56)

Neprilysin per SD 1.37* (1.14, 1.64) 1.44* (1.20, 1.74)

Non-cardiac vascular event

Neprilysin tertile 1 4 (2.7) Reference Reference

Neprilysin tertile 2 7 (4.8) 1.84 (0.54, 6.27) 2.56 (0.68, 9.72)

Neprilysin tertile 3 4 (2.7) 1.00 (0.25, 4.02) 1.47 (0.34, 6.30)

Neprilysin per SD 1.26 (0.89, 1.78) 1.27 (0.90, 1.78)

Patient death

Neprilysin tertile 1 29 (19.7) Reference Reference

Neprilysin tertile 2 16 (11.0) 0.59 (0.32, 1.09) 0.75 (0.40, 1.42)

Neprilysin tertile 3 16 (11.0) 0.60 (0.33, 1.11) 0.81 (0.43, 1.55)

Neprilysin per SD 0.81 (0.52, 1.26) 0.88 (0.60, 1.29)

All analyses are adjusted for the following: age, sex, body mass index, Charlson

comorbidity index, hemoglobin, hsCRP, NT-proBNP, ESA use, HD duration, spKt/V.

hsCRP, high-sensitivity C-reactive protein; NT-proBNP, N-terminal-pro-B-type

natriuretic peptide; ESA, erythropoietin-stimulating agent; HD, hemodialysis; spKt/V,

single-pool Kt/V.
*p < 0.05.

neprilysin, and we presumed that higher levels of neprilysin
are associated with a reduced inflammatory state. However,
the correlation power between neprilysin and inflammatory
marker was weak, suggesting that the inhibitory interaction
was not substantial in HD patients (9, 23). The additional
incidental finding was negative correlation between neprilysin
levels and age (ρ = −0.167; p < 0.001). The reason of this
finding is not clear, but we presumed that the correlation
between circulating neprlysin level and age is dependent on
population characteristics, because the correlations coefficients
were changeable in different patient categories (11, 24, 25).

Galectin-3 is a contributing factor to cardiac fibrosis, and
a biomarker for LV remodeling and heart failure progression
(26–28). Our results showed that neprilysin level was positively
correlated with galectin-3 level. In addition, LV internal volume
and LV mass index increased as the plasma level of neprilysin
increased. These findings suggest that circulating neprilysin
level reflects the pathologic deformation of cardiac structures.
However, correlation power indicated the weak relationship
between neprilysin and echocardiographic parameters.
Therefore, we construct linear regression model to find out
independent relationship between neprilysin and LVEF. We
observed that neprilysin level was associated with lower LVEF
after multiple adjustment. These findings suggest that neprilysin
is a noticeable indicator of LV systolic dysfunction and cardiac
remodeling in HD patients.
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The use of cardiac biomarkers in clinical practice allows
clinicians to identify high-risk patients for incident CV events.
Although BNP and NT-proBNP have been widely used in
patients with heart failure, their use in HD patients is challenging
because of high individual variations, increased plasma levels
without any evidence of cardiac disease, more than normal
values in 90% of HD patients, and wide differences in cutoff
value for risk stratification in diverse studies (29–31). Therefore,
alternative cardiac biomarkers are required in dialysis care, and
neprilysin is of particular interest because it is a new biotarget
for innovative therapeutic strategies in heart failure (10, 32). Our
study revealed that plasma neprilysin levels were significantly
associated with increased rates of CV composites and cardiac
events. The association remained significant after adjustment
for multiple established CV risk factors, including NT-proBNP.
These findings suggest that higher neprilysin levels contribute to
incident CV risk independently of traditional CV risk factors and
that neprilysin is a valuable biomarker for CV risk prediction in
patients undergoing HD treatment.

Althoughwe found a significant predictive ability of neprilysin
for adverse CV outcomes in HD patients, recent studies on non-
dialysis-dependent CKD revealed that high neprilysin levels did
not predict poor CV outcomes (33). We presumed that these
divergent results might originate from the greater activation
of natriuretic peptide systems in HD patients. Because HD
patients usually have higher degrees of cardiac remodeling
than non-dialysis-dependent CKD patients, the activation of
natriuretic peptides is more pronounced in HD patients (34–
36). Therefore, the clinical importance of neprilysin in HD
patients may become larger with activated natriuretic peptides.
This explanatory assumption is also supported by the discrepant
results in different heart failure settings. Previous studies have
reported that circulating neprilysin level is predictive of CV
death in patients with heart failure with acute decompensation or
reduced LVEF, but is not associated with CV outcomes in patients
with heart failure with preserved LVEF (11, 12, 37, 38).

This study had some limitations. Echocardiographic
parameters and IL-6 levels were not measured in some patients.
The lower proportion of IL-6-measured patients in neprilysin
tertile 3 may be possible to cause the bias in correlation analysis.
Furthermore, given the limited number of events, we could
not perform individual analyses for heart failure, although HD
patients are at a higher risk for congestion (39). In addition, we
measured neprilysin concentration only, and neprilysin activity
was not measured. It was reported in a previous study that
neprilysin activity, but not concentration, provided diagnostic
information about heart failure in dialysis patients (18). Lower
neprilysin activity combining with multi-markers helped to

determine the presence of heart failure. Therefore, measurement
of neprilysin activity might provide additional data on the risk
of incident CV event. Further studies with neurohormonal
peptides, neprilysin concentration and activity may improve
predictability of CV complication in HD patients.

CONCLUSION

Circulating neprilysin level was correlated with pathologic
remodeling of echocardiographic structures and independently
associated with lower LVEF. Higher circulating neprilysin levels
were associated with a greater risk of the composite of CV
events and cardiac events in HD patients. Our results suggest
the importance of future studies on the implication of neprilysin
inhibition for HD patients.
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The high incidence and mortality of acute myocardial infarction (MI) drastically threaten

human life and health. In the past few decades, the rise of reperfusion therapy

has significantly reduced the mortality rate, but the MI diagnosis is still by means

of the identification of myocardial injury markers without highly specific biomarkers

of microcirculation disorders. Ferroptosis is a novel reported type of programmed

cell death, which plays an important role in cancer development. Maintaining iron

homeostasis in cells is essential for heart function, and its role in the pathological process

of ischemic organ damages remains unclear. Being quickly detected through blood

tests, circulating endothelial cells (CECs) have the potential for early judgment of early

microcirculation disorders. In order to explore the role of ferroptosis-related genes in

the early diagnosis of acute MI, we relied on two data sets from the GEO database

to first detect eight ferroptosis-related genes differentially expressed in CECs between

the MI and healthy groups in this study. After comparing different supervised learning

algorithms, we constructed a random forest diagnosis model for acute MI based on these

ferroptosis-related genes with a compelling diagnostic performance in both the validation

(AUC = 0.8550) and test set (AUC = 0.7308), respectively. These results suggest that

the ferroptosis-related genes might play an important role in the early stage of MI and

have the potential as specific diagnostic biomarkers for MI.

Keywords: ferroptosis, myocardial infarction, diagnostic model, random forest, supervised machine learning

INTRODUCTION

Myocardial infarction (MI), the most common and most precarious outcome of coronary heart
disease, endangers the health of the majority (1). With the progress of interventional and
reperfusion therapy in recent years, the mortality rate of acute MI has been significantly reduced.
However, it cannot be ignored that there is still a lack of efficient tools and biomarkers for the
early diagnosis of acute MI. Even in the early stage of acute MI, every hour of early diagnosis and
timely treatment could increase the survival rate by about 15% (2, 3). Specificmarkers ofmyocardial
injury, such as cardiac troponin T (cTnT) (4) and typical changes on an electrocardiogram (ECG)
(5) take the top priority for MI diagnosis in recent clinical guidelines (6). However, such diagnostic
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strategy still faces a lot of challenges. The cTnT in myocardial
cells lacks timeliness for the early diagnosis of acute MI because
it only reflects myocardial damage and even rupture caused by
ischemia, hypoxia, and other factors without characterizing the
early myocardial perfusion abnormalities. Moreover, the half-life
of cTnT in the blood is too long to identify the reinfarction (7).
What is more, typical changes on ECG of MI are not always
stable and could be interfered with by other cardiomyopathy.
Hence, measures should be taken immediately to explore novel
biomarkers for early diagnosis.

Circulating endothelial cells (CECs) are derived from the
metabolism of the vascular endothelium (8), which directly
reflects the contractile function of blood vessels, the perfusion
of capillaries, and the state of ischemia and hypoxia earlier than
cardiomyocytes (9). Meanwhile, ischemia and hypoxia directly
lead to abnormal metabolism and programmed death of vascular
endothelial cells, which could also be obtained from the state of
circulating endothelial cells through direct blood tests.

Ferroptosis is a newly discovered type of programmed cell
death in recent years. It is well-known for its iron-dependent
phospholipid peroxidation process to cause cell membrane
damage and even cell death (10). In fact, iron metabolism
is tightly regulated in the organism, and excessive Fe2+

could induce the production of active reactive oxygen species
(ROS), which would trigger the oxidative stress. Meanwhile,
glutathione peroxidase (GPX4) could reverse lipid peroxidation
and ferroptosis by consuming glutathione. Recent studies show
that the regulation of ferroptosis is associated with autophagy
in cancer (11). And CD8+ T cells activated by immunotherapy
can exert their antitumor effects by enhancing the ferroptosis of
tumor cells. Although this evidence demonstrates the importance
of ferroptosis in cancer, few studies focus on its role in ischemic
disease. In the field of cerebrovascular disease, it is reported that
activating the expression of GPX4 could protect neurons in the
ischemic stroke model (12). However, the underlying regulation
of ferroptosis is still in the veil in the field of cardiovascular
disease, especially in MI (13).

Here, we screened the differentially expressed genes in
CECs of acute MI patients from the GEO database. Then, the
ferroptosis-related genes collected from the FerrDb database
(http://zhounan.org/ferrdb) (14) and other previous literature
(15–18) were utilized to identify the differential ferroptosis-
related genes in acute MI. Finally, we established and evaluated a
random forest diagnostic model based on these genes and verified
it in another data set in GEO after comparing three different
supervised machine learning algorithms.

METHODS AND MATERIALS

Original Gene Expression Profiles
Acquisition and Data Preprocessing
Two related CEC databases, GSE66360 (19) and GSE48060 (20),
were selected and downloaded from the GEO database (https://
www.ncbi.nlm.nih.gov/GEO/). Both of these data sets were
updated onMarch 25, 2019. Although these two databases shared
the same supplementary microarray probe platform GPL570,

GSE66360 alone was selected as the training and validation
sets. Meanwhile, GSE66360 is confirmed to be matched by
both gender and age in the experimental and control groups
(19). GSE48060 was treated as the test set to avoid the
possible interference of a batch effect. Then, quality control
and normalization of these two gene expression profiles were
conducted through the scale function in R 4.0.3 software.

Differential Gene Expression
The latest version of the “stringr” and “limma” packages in R 4.0.3
software were used to perform differential expression analysis.
The fold change (FC) was calculated based on the average
gene expression of the acute MI and control groups, and the
differentially expressed genes were defined by the cutoff values
(FC > 1.5 and P < 0.05). Meanwhile, the gene probe IDs were
matched with the “Gene Symbol” through “Gene ID Conversion”
in the DAVID online database (http://david.ncifcrf.gov/) (21).

Functional Enrichment Analysis of
Differential Genes
The DAVID online database was also adopted for the gene
ontology (GO) enrichment analysis, including three aspects of
biological process (BP), cell composition (CC), and molecular
function (MF) for functional annotation (21). Meanwhile, the
KEGG online database (http://genome.jp/kegg/pathway.html)
(22) was used to analyze the KEGG signal pathway of those
differentially expressed genes. In addition, hierarchical clustering
of samples and differential genes were performed and visualized
through the “heatmap” R package.

Collection of Ferroptosis-Related Genes
Ferroptosis-related genes were collected and retrieved from the
FerrDb database (http://zhounan.org/ferrdb) (14), and other
previous literature (15–18) was referenced for proofreading and
completion. All the ferroptosis-related genes are provided in
Supplementary Table 1.

Analysis of Differential Ferroptosis-Related
Genes
The latest version of the “venneuler” package in R 4.0.3
software was applied to depict the intersection of differential and
ferroptosis-related genes, and the “seaborn” library in Python
3.90 was used to visualize the expression of different ferroptosis-
related genes between the MI and control groups, and Student’s
t-test was adopted as the statistical analysis by “scipy.stats”
Python library. The P-value < 0.05 was considered statistically
significant, and all P-values were two-tailed. Meanwhile, the
STRING database (http://string-db.org/) (23) was used to
perform a protein–protein interaction (PPI) network on the
differentially expressed proteins of those ferroptosis-related
genes. In addition, principal component analysis (PCA) was
performed on the differentially expressed ferroptosis-related
genes as a dimension-reduction strategy to distinguish the MI
and control groups through the “sklearn” Python library.
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Construction of Diagnostic Prediction
Model Through Machine Learning
Differential expressions of ferroptosis-related genes were treated
as independent variables to construct a prediction model for
the diagnosis of acute MI based on CECs. In this study, we
used the GSE66360 data set as the training and validation
set (4:1), and the GSE48060 data set was treated as the test
set. In order to prevent the overfitting phenomenon caused
by the complex model, K-fold cross-validation with cv =

15 was adopted in this study to improve the generalization
ability of the training set. Feature selection was implemented
through the “sklearn.model_selection” Python library. Then,
three different supervised machine learning algorithms were
used to initially explore the diagnostic prediction model.
The logistic regression, support vector classification, and
random forest models were, respectively, built through the
“sklearn.linear_model,” “sklearn.svm,” and “sklearn.ensemble”
Python libraries. After comparing the performance of different
models, the random forest algorithm was selected, and some
parameters and structures were adjusted to optimize this
algorithm. ROC curves were visualized through the “matplotlib”
Python library. Then, the validation set was used to verify the
prediction model, and the test set was applied to demonstrate the
generalization ability of this diagnostic model.

RESULTS

Research Flow and the Collection of
Ferroptosis-Related Genes
GSE66360, a CECs data set of acute MI with clinical information,
was downloaded from the GEO database for further differential
gene screening. This data set included 49 acute MI patients with
strict diagnostic criteria and 50 healthy controls. Meanwhile, all
the patient CECs were isolated from peripheral blood within 48 h
of acute MI and identified with a CD146+ specific antigen. Then,
differential expression and functional enrichment analyses were
performed after quality control and normalization of the gene
expression matrix.

In addition, 259 ferroptosis-related genes were confirmed
through the FerrDb database and other previous references after
deduplication. Subsequently, the intersection of differentially
expressed and ferroptosis-related genes were taken, and the
expression differences of these genes were tested in the two
groups. The PPI network of these differential ferroptosis-
related genes was also built. Then, the GSE66360 data set was
divided into the training and validation sets at a ratio of 4:1.
Finally, a diagnostic prediction model of acute MI based on
the random forest algorithm was constructed by those screened
differential ferroptosis-related genes after K-fold cross-validation
and algorithm comparison and verified on the test set GSE48060
including 26 acute MI patients with non-recurrent events and 21
normal controls (Figure 1).

Verification and Functional Analysis of
Differentially Expressed Genes in Acute MI
The 99 samples in the MI and control groups of GSE66360
were normalized and the FC calculated through the “limma” R

package. After setting the cutoff values (FC > 1.5 and P < 0.05),
256 differentially expressed genes of ECEs in the control and
MI groups were screened, including 37 upregulated genes and
219 downregulated genes (Figure 2A). Meanwhile, the top five
upregulated genes with huge significance were NR4A2, NLRP3,
EFEMP1, CLEC7A, and CLEC4D in the MI group. The top
five downregulated genes were XIST, TSIX, CTD-2528L19.6,
LPAR5, and DAB1 in the MI group. Some of these genes were
reported to be involved in various processes of the development
of cardiovascular diseases, including hypoxia, autophagy, and
oxidative stress (24–26).

In order to further explore the pathophysiology functions of
these differentially expressed genes in acute MI, GO analysis
according to the DAVID online database was adopted to cluster
the BP, CC, and MF among them. The results were that
most genes participated in the inflammatory response in BP,
followed by extracellular space in CC and receptor activity in MF
(Figure 2B).

In addition, the KEGG pathway analysis of these differentially
expressed genes showed that the top three signal pathways
with the largest number of enriched genes were the TNF
signaling pathway, osteoclast differentiation, and Toll-like
receptor signaling pathway (Figure 2B). All these pathway
enrichments were also supported and echoed by corresponding
literature (13, 27, 28).

What is more, hierarchical clustering was also applied to verify
the reliability of these differential genes, and the two groups
could be significantly distinguished according to a heat map
(Figure 2C).

Expression and Functional Analysis of
Differential Ferroptosis-Related Genes
By intersecting the collected ferroptosis-related genes with the
differentially expressed genes described above, eight differentially
expressed ferroptosis-related genes including C-X-C motif
chemokine ligand 2 (CXCL2), endothelial PAS domain protein
1 (EPAS1), Jun dimerization protein 2 (JDP2), activating
transcription factor 3 (ATF3), Toll-like receptor 4 (TLR4),
ferritin heavy chain 1 (FTH1), AP-1 transcription factor subunit
(JUN), and DNA damage-inducible transcript 3 (DDIT3) were
obtained (Figure 3A). The relevant information of all these genes
is demonstrated in Table 1. All these differentially expressed
ferroptosis-related genes were shown to be significantly highly
expressed in the acute MI group with P-values < 0.0001
(Figure 3B).

Although the specific mechanism of ferroptosis in
cardiovascular disease was not clear, our results first confirmed
the potential role of these ferroptosis-related genes in acute MI.
CXCL2 occupied the most obvious difference in expression,
which was thought to be associated with neutrophil-mediated
inflammation (29). However, it is also gradually recognized
as a key factor involved in cellular ferroptotic response in
recent years. Meanwhile, it is also shown that CXCL2 is
significantly highly expressed in the plaques and peripheral blood
mononuclear cells of patients with coronary atherosclerosis,
and it might be closely related to the prognosis (30). Another
significant difference was shown on EPAS1, which played a
critical role in ferroptosis through lipid peroxidation. It could
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FIGURE 1 | Flow chart of research design and analysis. GSE66360 was applied to analyze differentially expressed genes (DEGs) between acute myocardial infarction

(MI) and healthy controls. Ferroptosis-related genes were collected from the FerrDb database and other previous references. After checking the DEGs and the

ferroptosis-related genes, eight differential ferroptosis-related genes were selected to perform functional analysis and construct a clinical diagnosis model. Compared

with different supervised learning algorithms, including logistic regression and support vector classification, the random forest algorithm was determined to build the

acute MI diagnostic model and was confirmed with the external verification of GSE48060.
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FIGURE 2 | Verification and functional analysis of differentially expressed genes (DEGs) in acute myocardial infarction (MI). (A) DEGs in acute MI and control group by

the (FC > 1.5 and P < 0.05) cutoff value (top five upregulated genes are marked in red; top five downregulated genes are marked in green; the following differential

ferroptosis-related genes are marked in purple); (B) gene ontology (GO) enrichment analysis among these DEGs, including biological process (BP), cell composition

(CC), and molecular function (MF), and the KEGG pathway enriched by these DEGs; (C) the hierarchical clustering of all the DEGs and clinical status.

selectively enrich polyunsaturated lipids by upregulating hypoxia
and lipid droplet-related protein. In some tumors, such as clear-
cell carcinomas, EPAS1 may even promote the tumor-dependent
ferroptotic death procession by recruiting some specific
downstream factors (31). Another transcriptional regulator,

JDP2, could activate the expression of inflammatory genes
and promote fibrosis, which has been shown as a prognostic
marker for MI patients to develop heart failure (32). As a key
effector of ferroptosis, TLR4 plays an important role in reducing
cardiomyocyte death and improving left ventricular remodeling.
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FIGURE 3 | Expression and functional analysis of differential Ferroptosis-related genes in acute myocardial infarction (MI). (A) The intersection between the collected

ferroptosis-related genes and differentially expressed genes (DEGs) in acute MI; (B) the expression of different ferroptosis-related genes between the acute MI and

control groups with the two-tailed Student’s t-test (P < 0.05 as significance); (C) the protein–protein interaction (PPI) network on those ferroptosis-related genes.

After knocking down TLR4, autophagy and ferroptosis could
be alleviated through the TLR4 and NADPH oxidase 4 (NOX4)
pathway, which provides a potential treatment strategy for heart
failure (33).

At the same time, the STRING database was used to
construct the PPI interaction network of these differential
ferroptosis-related proteins (Figure 3C). It was revealed that JUN
might be the hub node in all eight differential ferroptosis-related
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TABLE 1 | Summary of all these differential expressed ferroptosis-related genes in acute myocardial infarction (MI).

Gene Full name Role in Ferroptosis logFC P-value

CXCL2 C-X-C motif chemokine ligand 2 Marker 1.019 1.51 × 10−11

EPAS1 Endothelial PAS domain protein 1 Driver 0.770 1.19 × 10−7

JDP2 Jun dimerization protein 2 Marker 0.736 4.39 × 10−13

ATF3 Activating transcription factor 3 Driver 0.722 1.33 × 10−11

TLR4 Toll-like receptor 4 Driver 0.659 2.46 × 10−10

FTH1 Ferritin heavy chain 1 (FTH1) Marker 0.614 5 × 10−7

JUN AP-1 transcription factor subunit Suppressor 0.606 4.27 × 10−12

DDIT3 DNA damage-inducible transcript 3 Marker 0.588 7.1 × 10−9

genes because it was related to almost all other genes except
FTH1. In previous studies, Jun is shown to regulate the
ferroptotic cell death with the help of hepatocyte nuclear factor
4 alpha (HNF4A) (16). Our results first report the potential
role of Jun in acute MI by mediating abnormal ferroptosis. The
following two key nodes are DDIT3 and ATF3, both of which
are related to four other differential ferroptosis-related genes. The
endoplasmic reticulum is an important organelle for maintaining
cell homeostasis. As a key regulator of endoplasmic reticulum
stress, DDIT3 is also reported to be involved in the ROS-
dependent ferroptotic process (34), but its role in the pathological
process of cardiovascular disease still remains unknown. In terms
of ATF3, this famous common stress sensor could accelerate the
progression of ferroptosis by inhibiting system Xc− (35). Some
studies also show that suppressing the expression of ATF3 could
improve the prognosis of cardiovascular and cerebrovascular
diseases through reducing cell death (36). Meanwhile, the
isolation of FTH1 did not make sense. As a regulatory element of
cellular iron storage, FTH1 is critical formaintaining intracellular
iron homeostasis. Knockout of FTH1 is shown to induce
ferroptosis through erastin, sorafenib, and other pathways in
various disease models (37) while overexpression of FTH1 could
restrain ferritinophagy to reduce ferroptosis (38). Moreover,
FTH1-mediated ironmetabolism disorder is shown to exacerbate
myocardial damage during MI and reduce heart function (39).

Establishment of the Diagnostic Model
Based on Differential Ferroptosis-Related
Genes
First, PCA was performed on the above differentially expressed
ferroptosis-related genes as a dimension reduction strategy.
The results demonstrate that the MI and the control groups
could be distinguished accurately (Figure 4A), which means that
these differential genes might be treated as independent feature
parameters for the diagnosis of acute MI. Then, the GSE66360
data set including 49 acute MI patients with strict diagnostic
criteria and 50 healthy controls was taken as the training and
validation sets (4:1), and the GSE48060 data set including 26
acute MI patients with non-recurrent events and 21 normal
controls was treated as the test set.

After utilizing the K-fold cross-validation with cv = 15,
the generalization ability of the training set was improved to

prevent overfitting. Then, three different supervised machine
learning algorithms, including logistic regression, support vector
classification, and random forest, were attempted to construct
the diagnostic prediction model of acute MI. The evaluating
results of all three algorithms is shown in Table 2. The
Kolmogorov–Smirnov (KS) values reflect the power of the binary
model to classify positive and negative samples. The random
forest algorithm is shown to take the leading advantage of
distinguishing the two groups with KS = 0.70 in this study, and
the KS values of the other two algorithms was 0.60. Admittedly,
we also found that the diagnostic accuracy of the random forest
model (accuracy = 0.75) was not as good as the other two
models (accuracy = 0.80). However, it was far from enough to
rely on accuracy to evaluate the diagnostic power, which was
easily affected by the bias caused by the imbalance of categories.
In other words, the recall rate was another evaluation feature
that could not be ignored for diagnosing acute MI. The recall
rate of the random forest algorithm (recall = 0.90) was higher
than the other two models (recall = 0.80). It was indicated that
the random forest model could minimize the missed cases of
acuteMI, whichmight provide a sufficient treatment window and
significantly improve the prognosis of patients.

In addition, the ROC curves of the validation set from

GSE66360 also described that the area under the curve (AUC)

of the random forest model was 0.8550, which was higher than

AUC= 0.80 and 0.81 of the other two groups (Figure 4B). Hence,

the random forest algorithm was selected to further construct the

acute MI diagnostic model after comprehensively analyzing all
these parameters.

Simultaneously, GSE48060 was used as a test set to externally

verify the diagnostic model based on the random forest

algorithm. Figure 4D shows the ROC curve verified by external

data, and its AUC is 0.7308 (Figure 4C), demonstrating a

compelling diagnostic performance. What’s more, the confusion
matrix was visualized to evaluate the classification model

(Figure 4D). Twenty-six patients with MI were correctly

classified, and three healthy volunteers were identified as the
control group. There was no misidentification of patients
with MI as healthy people, which meant that this method
could effectively reduce the false negative rate. Admittedly,
we also noticed that some healthy people were misclassified
as MI (n= 18).
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FIGURE 4 | Establishment of the random forest diagnostic model based on differential ferroptosis-related genes in acute myocardial infarction (MI). (A) Principal

component analysis (PCA) of these differentially expressed ferroptosis-related genes as dimension reduction; (B) the comparison of three different supervised learning

models (RF, random forest; LR, logistic regression; SVC, support vector classification); (C) the diagnostic performance of the predictive model in the test set; (D) the

confusion matrix of the test set.

TABLE 2 | Comparison of the diagnostic efficacy of three different supervised learning models.

Model Precision Recall F1-score Accuracy Error KS

Random forest 0.69 0.90 0.78 0.75 0.25 0.70

Logistic regression 0.80 0.80 0.80 0.80 0.20 0.60

Support vector classification 0.80 0.80 0.80 0.80 0.20 0.60

CONCLUSION

In this study, we first identified eight differentially expressed
ferroptosis-related genes in CECs of patients with acute
MI and analyzed their potential functions by means of
two GEO data sets. Compared with the performance of
different supervised learning models, we established a
random forest diagnostic models of MI based on these

ferroptosis-related genes in CECs (AUC = 0.8550) through
K-fold cross-validation and verified it with another data set
(AUC= 0.7308).

DISCUSSION

With the increase of global aging, how to deal with the
medical challenges brought about by aging is a topic of
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general concern (40). Age-related diseases such as cardiovascular
diseases, especially coronary artery diseases, continue to be
a major threat to human health in the future. Advances in
interventional technology and reperfusion therapy in recent
years have effectively improved the prognosis of MI. However,
there is still more attention that needs to be paid, and the
early diagnosis of MI is still a key factor restricting mortality
and prognosis.

As a kind of disease caused by insufficient myocardial
perfusion, MI mainly contributes to coronary atherosclerosis.
Although the current diagnostic methods are established on a
series of biomarkers based on myocardial injury, which cannot
give early warning when the myocardium has just appeared
insufficient without yet being damaged. Not being a specific
feature of MI, myocardial injury in many cardiomyopathies can
also interfere with diagnosis in addition to the delayed diagnosis.
Therefore, it is imperative to advance the diagnostic window
of acute MI and develop diagnostic biomarkers that reflect
myocardial hypoperfusion directly (9).

As a novel kind of iron-dependent programmed cell death,
ferroptosis was first proposed in 2012 (41). The decrease
in the activity of glutathione peroxidase (GPX4) and the
depletion of glutathione interrupt the metabolic reaction of
lipid oxides, which induces the Fe2+ to produce ROS, thereby
promoting ferroptosis. Its sensitivity involves a large number
of cellular metabolic processes, including amino acid, iron, and
polyunsaturated fatty acid metabolism. Hence, the induction
of ferroptosis leads to the increase of intracellular lipid
ROS, and this regulating process could be inhibited by lipid
antioxidants (17). As iron-rich and ROS production–based
organelles, mitochondria are considered to be the critical place
for ferroptosis with specific lipid precursors. Studies in recent
years show that ferroptosis is associated with tumors (42), stroke
(12), cerebral hemorrhage (43), and renal failure (44). However,
the relationship between MI, especially the vascular endothelium
and ferroptosis, still remains unknown.

Artificial intelligence and machine learning are important
productivity tools in the twenty-first century (45). Different
from traditional biomedical research, artificial intelligence, and
machine learning are dedicated to learning natural laws from
massive amounts of high-throughput data and then using the
natural learned laws to predict unknown data, which are widely
used in computer vision (46), natural language processing (47),
biological features identification (48), and other fields. In the
field of oncology research, a large number of machine learning
diagnostic models based on gene expression have been widely
developed and applied because samples of cancer can be obtained
more conveniently through pathology. However, a majority of
clinical prediction models are based on traditional risk factors
and biomarkers for model fitting in non-tumor research fields.
For example, a retrospective cohort study was used to construct a
random forest model for atrial fibrillation diagnosis (49).

By means of machine learning and bioinformatics technology,
our study first revealed the differential expression of ferroptosis
genes in CECs of patients with acute MI. Meanwhile, all the
results were verified in different data sets, which first implied
that ferroptosis may be involved in regulating the metabolism

of CECs in acute MI. On one hand, the eight ferroptosis-related
genes described in this article have been verified and functionally
confirmed through different bioinformatics technologies (GO
enrichment analysis, PPI interaction analysis). Among them,
CXCL2 (30), JDP2 (32), TLR4 (33), ATF3 (36), and FTH1 (39)
are reported to participate in the regulation of a variety of
cardiovascular diseases through different pathways, and Jun and
DDIT3 were first described to be related to acute MI. All these
results provide the direction and cornerstone for subsequent
basic experiments to explore the role of ferroptosis regulation
mechanism in the pathogenesis of acute MI.

On the other hand, this study constructed a random
forest diagnostic model of acute MI through the above eight
differentially expressed ferroptosis-related genes in CECs. The
AUC of some clinical prediction models is extremely high,
and their external verification has unsatisfactory results due
to the overfitting caused by the small sample data. In this
study, the K-fold cross-validation with cv = 15 was utilized
to improve the generalization power. Hence, the variability of
AUC between our validation and test sets was small enough
to be satisfying. Meanwhile, we compared the performance of
three supervised machine learning algorithms, including logistic
regression, support vector classification, and random forest. After
comprehensively evaluating KS, accuracy, recall, and AUC of
all these three algorithms, this random forest model showed
good diagnostic performance (AUC= 0.8550) and was validated
in different data sets (AUC = 0.7308), which provides new
ideas and directions for finding new MI-specific biomarkers in
advance of the diagnosis window. What is more, the results of
a confusion matrix indicate that this model has a strong ability
to eliminate false negative interference, which is critical for MI
with a very high fatality rate. Changes of gene expression level
are the first step in the occurrence and development of diseases.
The application of machine learning to analyze different gene
expression levels can help explain the original mechanism of the
disease and can build the first line of defense for disease diagnosis
and early warning at the same time, which plays a strong guiding
role of diseases such as acute MI with rapid disease development,
high fatality rate, and no obvious symptoms in the early stage.

Compared with the traditional diagnostic model based on
the detection of myocardial injury markers, the new model
in this article based on the ferroptosis-related genes of CECs
focuses more on reflecting the damage of endothelial function
and the non-invasive screening for high-risk populations.
Vascular endothelial injury is the key factor and initiating
link of atherosclerosis. Normally, the anti-inflammatory system
composed of cytokines and endothelial progenitor cells in
the body repairs damaged endothelium and blood vessels.
However, when the endothelial anti-inflammatory self-repair
system is exhausted, endothelial cells develop a series of
dysfunctions, including aging, autophagy, apoptosis, ferroptosis,
etc. (50, 51), which causes endothelial cells to leave the blood
vessel wall and enter circulation, which, in turn, leads to a
series of undesirable consequences, such as vascular plaque
formation, vascular remodeling, inflammation, vasoconstriction,
thrombosis formation, and even plaque rupture. In fact, changes
in CECs are important predictors of cardiovascular events before
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the development of atherosclerotic morphological changes (52).
At present, there have been a series of research on the evaluation
of CEC functions (53, 54). So far, there is no reliable and
recognized gold standard for the detection of functional changes
of CECs (55). The identification and integrated analysis of
ferroptosis-related genes in CECs in this model are helpful to
reflect the early functional changes of CECs, which is ready
for judging vascular endothelial function and predicting the
occurrence of cardiovascular events, especially for early non-
invasive detection of high-risk population screening.

It also cannot be ignored that coronary microcirculation
dysfunction, an important independent prognostic factor for
cardiovascular events, is inseparably related to functional changes
in endothelial cells (56), which can lead to a decrease in coronary
blood flow and myocardial perfusion. However, conventional
coronary angiography cannot detect microcirculation cracks.
At present, the methods for evaluating microcirculation
disorders are mainly based on invasive methods, such as
fractional flow reserve (FFR), and imaging detection, such as
cardiovascular magnetic resonance (CMR). Studies suggest that
microvascular occlusion (MVO) is inseparable from the swelling
of capillary endothelial cells. The lack of endothelial integrity and
functionality leads to the release of large amounts of cytokines,
which, in turn, activates neutrophils and platelets, contributing
to the formation of microthrombi. In this pathological process,
the functional changes of CECs are considered to be an
indispensable link. This model based on ferroptosis-related
genes in CECs can directly reflect the regulation of ferroptosis-
related networks in CECs, which may help determine whether
the patient is in the process of MVO and the degree of MVO.
In subsequent studies, the inclusion of more data related to
MVO patients, such as FFR and CMR data collection, can help
enhance the model’s advantages in judging microcirculation
lesions, which shows a large potential value in early non-
invasive and accurate identification of patients with coronary
microcirculation disorders.

Meanwhile, models based on CECs not only have important
clinical significance for the diagnosis of endothelial function
damage, but also play a crucial role in the risk stratification and
prognosis of coronary heart disease. Early research on CECs
focused on changes in their quantification, and the increase
of CEC counts was shown to predict cardiovascular event
risk to a large extent among patients with acute coronary
syndrome (57), which suggests CECs would be applied for
the judgment of long-term prognosis of MI. The development
of more biomarker clusters with clinical application potential
based on the internal genomics, transcriptomics, and secreted
cytokines of CECs is still in its infancy, which is yet an
unsolved mystery waiting for people to decipher. Due to
the limitation of public data sets, data on patient severity is
unfortunately not included in this model. However, according
to the model constructed in this article and the support of the
previous literature, it is very necessary in the subsequent cohort
studies to associate the severity of coronary occlusion or the
incidence of long-term cardiovascular events with ferroptosis-
related genes in CECs to expand the scope of application of
the model.

Of course, this study also has a few shortcomings. First,
the biological functions of co-expressed genes have not been
further explored through weighted gene co-expression network
analysis and other technologies due to the small number of
differentially expressed ferroptosis-related genes. Second, this
model is not compared with some traditional clinical risk
models because we cannot obtain individual specific clinical data
from public data sets. This undoubtedly reduces the reliability
of our results. However, every coin has two sides. Since the
Framingham Study (58) proposed risk stratification for coronary
heart disease, various risk scoring systems for coronary heart
disease have been quickly built. The GRACE (59) and TIMI
(60) risk scoring systems are two relatively representative scoring
systems released in recent years. Several independent clinical
predictive variables were screened out and applied to divide
patients with different risk levels in these scoring systems through
multivariate logistic regression analysis of large-scale clinical
trials. However, most of the clinical predictive variables screened
out rely on epidemiological evidence instead of the pathogenesis
of the disease. Therefore, these traditional models can only
perform macroscopic stratification without subtly reflecting the
real endothelial function status of patients, not to mention
achieving the purpose of precision medicine (61). In contrast,
this diagnostic model based on ferroptosis-related genes has
an irreplaceable advantage in reflecting the patient’s immediate
endothelial function status. It can provide diagnostic prediction
models with pathological progress from the perspective of genetic
and molecular pathology. In fact, these two kinds of diagnostic
models are absolutely not opposite, and there is no sense
comparing them in a single scale. On the contrary, they are
complementary to pool their experiences. On one hand, the
traditional model provides a macro-level risk assessment based
on the past average body state of the patients. On the other
hand, the novel gene–related score provides accurate evidence
such as immediate and subtle molecular pathological changes
for judging the pathological process of the patients. Under
this cooperative consensus, future research directions should
be to integrate traditional risk and novel gene–related scores
and jointly develop a new model in order to help evaluate
the patients and guide treatment in the mode of precision
medicine. In addition, high-quality data determines the pros
and cons of machine learning. The training and validation tests
were built on the data set that was matched in both gender
and age in the experimental and control groups so that the
interference of potential confounding factors on our model could
be eliminated. However, other data sources used in this study
all come from the GEO database without additional clinical
features. In future studies, traditional risk factors, such as age,
gender, and hypertension in the cohort could be added to the
existing models to construct new combined diagnostic model
tools. Meanwhile, this diagnostic model can be further compared
with myocardial markers such as cTnT, or a novel diagnostic
model could be constructed by these ferroptosis-related genes
in CECs combined with cTnT. What is more, there are different
subtypes of acute MI (62), and different subtypes need different
treatment measures. For example, acute ST-segment elevation
MI (STEMI) requires immediate interventional treatment, and
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some non-ST-segment elevation MI (NSTEMI) could choose
selective intervention. Whether ferroptosis-related genes are
differentially expressed in these different subtypes of MI and play
different regulatory roles remains to be revealed. As is known
to all, cardiovascular disease is a complex pathological process
involving multiple factors and multilevel biomarkers should be
established for different types or stages of the same disease to
precise classification and treatment through various machine
learning algorithms. In fact, the method of constructing clinical
prediction models based on differentially expressed genes related
to tumor incidence, metastasis, and prognosis risk via gene chip
screening has been widely used in the research of different tumors
(63–65). However, a model based on gene-related score in the
research of cardiovascular diseases is still in its infancy due to
the lack of traditional pathological specimens. Because CECs
stand for changes in endothelial cell function to a large extent,
enrichment and detection of differential genes may be helpful for
assessing vascular endothelial dysfunction, especially identifying
the risk of early coronary heart disease. Meanwhile, whether
the diagnostic model based on ferroptosis-related gene labels
could be practically accessible in clinical practice is worthy of
attention. At present, relatively mature CEC rapid enrichment
schemes have been constructed (66), and a rapid test kit based
on the eight ferroptosis-related genes included in this model
could be designed and produced with available test results
within 4–6 h. In the next study, the cohort can be expanded
to optimize and improve the model, which might reduce the
missed diagnosis of early coronary heart disease and acute MI
due to the heterogeneity of myocardial enzyme spectrum and the
limitations of invasive coronary angiography. It is believed that
integrating diverse molecular tags through machine learning can
guide clinicians to more reasonable management and treatment
of acute coronary syndromes in the future.

There is no doubt that the precision medicine bring
about a revolution in the medical world and change the
whole clinical practice. With the continuous development of
artificial intelligence and machine learning, the discovery and
confirmation of biomarker groups becomes possible under
the maturity of massive biological information data analysis

technology. Fully discovering and verifying the biomarker groups
of different types and stages of MI help to comprehensively
improve the prediction risk power of cardiovascular and
cerebrovascular diseases, thereby reducing the mortality rate and
improving the prognosis of MI.
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Objectives: Plasma osmolarity is a common marker used for evaluating the balance of

fluid and electrolyte in clinical practice, and it has been proven to be related to prognosis

of many diseases. The purpose of this study was to identify the association between

plasma osmolarity and in-hospital mortality in cardiac intensive care unit (CICU) patients.

Method: All of the patients were divided into seven groups stratified by plasma

osmolarity, and the group with 290–300 mmol/L osmolarity was used as a reference

group. Primary outcome was in-hospital mortality. The local weighted regression

(Lowess) smoothing curve was drawn to determine the “U”-shaped relationship between

plasma osmolarity and in-hospital mortality. Binary logistic regression analysis was

performed to determine the effect of plasma osmolarity on the risk of in-hospital mortality.

Result: Overall, 7,060 CICU patients were enrolled. A “U”-shaped relationship between

plasma osmolarity and in-hospital mortality was observed using the Lowess smoothing

curve. The lowest in-hospital mortality (7.2%) was observed in the reference group.

whereas hyposmolarity (<280 mmol/L vs. 290–300 mmol/L: 13.0 vs. 7.2%) and

hyperosmolarity (≥330 mmol/L vs. 290–300 mmol/L: 31.6 vs. 7.2%) had higher

in-hospital mortality. After adjusting for possible confounding variables with binary logistic

regression analysis, both hyposmolarity (<280 mmol/L vs. 290–300 mmol/L: OR, 95%

CI: 1.76, 1.08–2.85, P = 0.023) and hyperosmolarity (≥330 mmol/L vs. 290–300

mmol/L: OR, 95% CI: 1.65, 1.08–2.52, P = 0.021) were independently associated with

an increased risk of in-hospital mortality. Moreover, lengths of CICU and hospital stays

were prolonged in patients with hyposmolarity or hyperosmolarity.

Conclusion: A “U”-shaped relationship between plasma osmolarity and in-hospital

mortality was observed. Both hyposmolarity and hyperosmolarity were independently

associated with the increased risk of in-hospital mortality.

Keywords: cardiac care intensive unit, cardiovascular, in-hospital mortality, “U”-shaped, plasma osmolarity
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INTRODUCTION

Although the prognosis of cardiovascular diseases has greatly
improved due to technological advances and innovative drug use,
cardiovascular diseases still remain the leading cause of death and
disability worldwide (1). Much research is still needed in the field
of cardiovascular diseases, especially for severe cardiovascular
diseases with high mortality (2). Cardiac intensive care unit
(CICU) has been established to manage severe cardiovascular
diseases, and patients admitted to the CICU are usually at great
risk of adverse outcomes (3). For CICU patients, readily available
risk factors are always welcomed by clinicians, which will help
doctors in assessment of the patients’ condition and prognosis.

As a common marker used for evaluating the balance of fluid
and electrolyte in clinical practice (4–7), plasma osmolarity can
be calculated easily from serum sodium, potassium, glucose, and
blood nitrogen urea (8). Previous clinical studies have shown
that plasma osmolarity is associated with prognosis of many
diseases, such as stroke (9), intracerebral hemorrhage (10), and
gastrointestinal diseases (11). Plasma osmolarity is also tightly
related to a higher rate of mortality and adverse cardiac events
in patients with heart failure (12, 13). Likewise, in patients
with coronary artery disease undergoing percutaneous coronary
intervention (PCI), higher plasma osmolarity was shown to be
associated with higher mortality and acute kidney injury (14, 15).
Plasma osmolarity is also closely associated with the severity of
disease, in-hospital mortality, and other adverse outcomes in
critically ill patients (11). However, no research has been done
to explore the influence of plasma osmolarity on the prognosis
of CICU patients. Therefore, the purpose of this study was
to identify the association between plasma osmolarity and in-
hospital mortality in CICU patients.

METHOD

Population Selection Criteria and
Definition of Plasma Osmolarity
As shown in Figure 1, all adult CICU patients at their first
admission were eligible. Patients meeting the following criteria
were excluded: (1) age under 18 years; (2) hospital admission
for non-heart disease; (3) insufficient data to calculate plasma
osmolarity; and (4) Acute Physiology and Chronic Health
Evaluation IV (APACHE IV) data missing. A total of 7,060 CICU
patients were included.

Plasma osmolarity was calculated as follows: 2 × [serum
sodium concentration (mmol/L)] + 2 × [serum potassium
concentration (mmol/L)] + [blood glucose (mmol/L)] + [blood
nitrogen urea (mmol/L)] (8). Initial plasma osmolarity referred
to the plasma osmolarity obtained from the first blood test after
admission, while maximum osmolarity referred to the maximum
plasma osmolarity during hospitalization. Plasma osmolarity was
calculated from the serum sodium, potassium, glucose, and blood
nitrogen urea levels measured at the same time.

Data Extraction
The data used in this study were taken from eICU Collaborative
Research Database (16), which collected information on 200,859

FIGURE 1 | Flow chart of study population. CICU, cardiac intensive care unit;

APACHE IV, acute physiology and chronic health evaluation IV.

admissions from 208 hospitals in the United States between
2014 and 2015. This database is available at: https://doi.org/
10.13026/C2WM1R, and the author was granted access to the
database through Protecting Human Research Participants exam
(certificate number: 9,728,458).

The following data were collected: demographics (age,
gender, and race), vital signs (blood pressure, heart rate,
respiration rate, oxygen saturation), body mass index, diagnoses
and comorbidities [coronary artery disease, acute coronary
syndrome, ST-elevation myocardial infarction (STEMI), non-
ST-elevation myocardial infarction (NSTEMI), congestive heart
failure, arrhythmias, cardiac arrest, atrial fibrillation, ventricular
arrhythmias, atrioventricular block, cardiomyopathy, valve
disease, shock, pulmonary embolism, pulmonary hypertension,
hypertension, diabetes, chronic obstructive pulmonary disease
(COPD), respiratory failure, chronic kidney disease, acute kidney
injury, malignancy, stroke, sepsis], laboratory parameters (white
blood cells, red blood cells, platelets, hemoglobin, hematocrit,
glucose, creatinine, blood nitrogen urea, sodium, potassium),
medication use [antiplatelet, oral anticoagulants, beta-blockers,
angiotensin-converting enzyme inhibitor/angiotensin receptor
blocker (ACEI/ARB), statins], acute physiology score (APS), and
Acute Physiology and Chronic Health Evaluation IV (APACHE
IV) (17).

Grouping and Outcomes
In clinical practice, we usually consider 285–307 mmol/L as a
normal range of plasma osmolarity (8); however, according to the
Lowess smoothing curve (Figure 2), we found that in-hospital
mortality was the lowest when plasma osmolarity ranged from
290 to 300 mmol/L. Therefore, we decided to use osmolarity
of 290–300 mmol/L as the reference group in binary logistic
regression analysis. In order to better explore the association
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FIGURE 2 | Association between plasma osmolarity and in-hospital mortality

presented through Lowess smoothing. Lowess, local weighted regression.

between plasma osmolarity and in-hospital mortality of CICU
patients, all of the enrolled patients were divided into seven
groups according to their initial plasma osmolarity: group 1
(< 280 mmol/L), group 2 (280–290 mmol/L), group 3 (290–
300 mmol/L), group 4 (300–310 mmol/L), group 5 (310–
320 mmol/L), group 6 (320–330 mmol/L), and group 7 (≥
330 mmol/L).

The primary outcome was in-hospital mortality. Secondary
outcomes were length of CICU stay and length of hospital stay.

Statistical Analysis
Normally distributed continuous variables were expressed as
mean ± standard deviation (SD) and compared between the
groups using Student’s t-test. Skewed data were expressed as
median and interquartile range (IQR) and were compared
using the Kruskal–Wallis test or the Mann–Whitney U-test.
Categorical variables were expressed as a number (percentage)
and compared between the groups using the chi-square test.

The relationship between plasma osmolarity and in-hospital
mortality was identified by binary logistic regression analysis,
and the results were expressed as odds ratio (OR) with 95%
confidence interval (CI). Covariates were selected on basis of
statistical analysis and clinical suspicion that the factors may
modulate the result. The curve in line with overall trend was
drawn by local weighted regression (Lowess). All the tests were
two-sided, and P < 0.05 was considered statistically significant.
All of the data analyses were performed in Stata V.15.1.

RESULTS

Subjects and Baseline Characteristics
As shown in Figure 1, a total of 7,060 CICU patients were
enrolled after screening step by step; most of them were White
and male. Baseline characteristics of survivors and non-survivors
are shown in Table 1. Initial plasma osmolarity and maximum
plasma osmolarity of all the patients were 302.2 ± 14.4 and
308.4 ± 15.6 mmol/L, respectively. Non-survivors had higher

initial plasma osmolarity (308.1 ± 18.1 vs. 301.4 ± 13.7, P
< 0.001) and maximum plasma osmolarity (321.0 ± 19.9 vs.
306.7 ± 14.1, P < 0.001) than survivors. Non-survivors were
more likely to have lower blood pressure, oxygen saturation,
and body mass index, but higher heart rate and respiration rate.
Moreover, non-survivors more often presented congestive heart
failure, cardiac arrest, atrial fibrillation, ventricular arrhythmias,
shock, COPD, respiratory failure, chronic kidney disease, acute
kidney injury, malignancy, stroke, and sepsis, but less commonly
coronary artery disease, acute coronary syndrome, STEMI, and
hypertension. Non-survivors also had higher white blood cell
count, glucose, creatinine, blood nitrogen urea, sodium, and
potassium levels, but lower red blood cell and platelet counts,
hemoglobin, and hematocrit. Non-survivors less often received
oral anticoagulant, antiplatelet, beta-blocker, ACEI/ARB, and
statin therapy. APS and APACHE IV of non-survivors were
significantly higher than those of survivors.

Association Between Osmolarity and
Outcomes
The primary outcome was in-hospital mortality. Through
the Lowess smoothing curve shown in Figure 2, a “U”-
shaped relationship between in-hospital mortality and plasma
osmolarity was found. When plasma osmolarity ranged from
290 to 300 mmol/L, in-hospital mortality of CICU patients
was the lowest. Therefore, we decided to use osmolarity of
290–300 mmol/L as the reference group in binary logistic
regression analysis.

Table 2 shows crude outcomes by plasma osmolarity
categories. The lowest in-hospital mortality (7.2%) was observed
in the group with 290–300 mmol/L osmolarity. When plasma
osmolarity was >290 mmol/L, as plasma osmolarity increased,
in-hospital mortality increased significantly (≥330 vs. 290–300
mmol/L: 31.6 vs. 7.2%, respectively). When plasma osmolarity
was below 300 mmol/L, as plasma osmolarity decreased,
in-hospital mortality increased significantly (<280 vs. 290–
300 mmol/L: 13.0 vs. 7.2%, respectively). Higher in-hospital
mortality was confirmed in both lower and higher plasma
osmolarity group, which was similar with the conclusion drawn
by Lowess smoothing shown in Figure 2. Moreover, the lengths
of CICU and hospital stays were the lowest in the 290–300
mmol/L group; in contrast, the lengths of CICU and hospital
stays were prolonged in both hyposmolarity and hyperosmolarity
groups (Table 2).

As shown in Table 3, in unadjusted logistic regression model,
with the 290–300 mmol/L group serving as the reference group,
both hyposmolarity (<280 vs. 290–300 mmol/L: OR, 95% CI:
1.92, 1.27–2.90, P = 0.002) and hyperosmolarity (≥330 mmol/L
vs. 290–300 mmol/L: OR, 95% CI: 5.92, 4.33–8.09, P < 0.001)
were related to the increased risk of in-hospital mortality. When
plasma osmolarity was >290 mmol/L, the risk of in-hospital
mortality increased gradually as plasma osmolarity increased.
When plasma osmolarity was below 300 mmol/L, the risk of
in-hospital mortality increased gradually as plasma osmolarity
decreased. After adjusting for age, gender, and ethnicity in
the model 1, the conclusion was basically consistent with that
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TABLE 1 | Baseline characteristics between survivors and non-survivors.

Characteristics Total (n = 7,060) Survivors (n =

6,207)

Non-survivors (n

= 853)

P-value

Age (years) 65.6 ± 15.2 65.1 ± 15.3 69.4 ± 13.7 <0.001

Gender, n (%) 0.701

Male 3,958 (56.1) 3,485 (56.2) 473 (55.5)

Female 3,102 (43.9) 2,722 (43.9) 380 (44.6)

Ethnicity, n (%) <0.001

Caucasian 4,989 (70.7) 4,366 (70.3) 623 (73.0)

African American 1,185 (16.8) 1,022 (16.5) 163 (19.1)

Other 886 (12.6) 819 (13.2) 67 (7.9)

Vital signs

Systolic blood pressure (mmHg) 122.3 ± 19.7 123.7 ± 19.3 111.7 ± 19.4 <0.001

Diastolic blood pressure (mmHg) 66.1 ± 11.3 66.7 ± 11.2 61.3 ± 10.8 <0.001

Mean blood pressure (mmHg) 82.3 ± 13.0 83.1 ± 12.9 76.0 ± 12.3 <0.001

Heart rate (beats/min) 87.4 ± 22.4 86.4 ± 21.9 95.0 ± 24.1 <0.001

Respiration rate (beats/min) 21.0 ± 6.7 20.7 ± 6.5 22.9 ± 7.7 <0.001

Oxygen saturation (%) 96.3 ± 5.3 96.5 ± 4.4 94.4 ± 9.5 <0.001

Body mass index (kg/m2 ) 29.1 ± 7.5 29.2 ± 7.4 28.4 ± 8.1 0.006

Diagnoses and comorbidities, n (%)

Congestive heart failure 1,396 (19.8) 1,200 (19.3) 196 (23.0) 0.012

Coronary artery disease 2,619 (37.1) 2,417 (38.9) 202 (23.7) <0.001

Acute coronary syndrome 1,646 (23.3) 1,518 (24.5) 128 (15.0) <0.001

STEMI 688 (9.8) 641 (10.3) 47 (5.5) <0.001

NSTEMI 499 (7.1) 441 (7.1) 58 (6.8) 0.774

Arrhythmias 2,205 (31.2) 1,935 (31.2) 270(32.7) 0.777

Cardiac arrest 577 (8.2) 270 (4.4) 307 (36.0) <0.001

Atrial fibrillation 1,260 (17.9) 1,077 (17.4) 183 (21.5) 0.003

Ventricular arrhythmias 114 (1.6) 83 (1.3) 31 (3.6) <0.001

Atrioventricular block 176 (2.5) 161 (2.6) 15 (1.8) 0.142

Cardiomyopathy 419 (5.9) 370 (6.0) 49 (5.7) 0.802

Valve disease 182 (2.6) 157 (2.5) 25 (2.9) 0.488

Shock 1,951 (27.6) 1,534 (24.7) 417 (48.9) <0.001

Pulmonary embolism 143 (2.0) 122 (2.0) 21 (2.5) 0.335

Pulmonary hypertension 76 (1.1) 65 (1.1) 11 (1.3) 0.520

Hypertension 2,019 (28.6) 1,868 (30.1) 151 (17.7) <0.001

Diabetes 1,306 (18.5) 1,146 (18.5) 160 (18.8) 0.836

COPD 717 (10.2) 610 (9.8) 107 (12.5) 0.014

Respiratory failure 1,894 (26.8) 1,416 (22.8) 478 (56.0) <0.001

Chronic kidney disease 982 (13.9) 821 (13.2) 161 (18.9) <0.001

Acute kidney injury 1,178 (16.7) 895 (14.4) 283 (33.2) <0.001

Malignancy 371 (5.3) 294 (4.7) 77 (9.0) <0.001

Stroke 262 (3.7) 212 (3.4) 50 (5.9) <0.001

Sepsis 1,396 (19.8) 1,113 (17.9) 283 (33.2) <0.001

Laboratory parameters

White blood cell (109/L) 11.7 ± 8.4 11.3 ± 7.9 14.6 ± 11.1 <0.001

Red blood cell (109/L) 4.1 ± 0.8 4.1 ± 0.8 3.9 ± 0.8 <0.001

Platelet (109/L) 226.6 227.8 ± 96.4 217.4 ± 108.3 0.004

Hemoglobin (g/dL) 12.1 ± 2.5 12.2 ± 2.5 11.5 ± 2.5 <0.001

Hematocrit (%) 36.7 ± 7.0 36.9 ± 7.0 35.4 ± 7.4 <0.001

Glucose (mmol/L) 8.9 ± 5.1 8.7 ± 5.0 10.2 ± 6.0 <0.001

Creatinine (mg/dL) 1.69 ± 1.48 1.64 ± 1.48 2.02 ± 1.47 <0.001

(Continued)
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TABLE 1 | Continued

Characteristics Total (n = 7,060) Survivors (n =

6,207)

Non-survivors (n

= 853)

P-value

Blood nitrogen urea (mmol/L) 28.7 ± 21.7 27.4 ± 20.6 38.1 ± 26.3 <0.001

Sodium (mmol/L) 137.2 ± 5.3 137.2 ± 5.2 137.6 ± 6.4 0.043

Potassium (mmol/L) 4.2 ± 0.8 4.2 ± 0.7 4.4 ± 0.9 <0.001

Medication use, n (%)

Antiplatelet 3,396 (48.1) 3,078 (49.6) 318 (37.3) <0.001

Oral anticoagulants 767 (10.9) 710 (11.4) 57 (6.7) <0.001

Beta-blockers 3,034 (43.0) 2,795 (45.0) 239 (28.0) <0.001

ACEI/ARB 1,914 (27.1) 1,805 (29.1) 109 (12.8) <0.001

Statin 2,150 (30.5) 1,999 (32.2) 151(17.7) <0.001

APS 38 (27–55) 36 (25–49) 76 (52–106) <0.001

APACHE IV 52 (38–70) 49 (36–64) 92 (67–121) <0.001

Initial osmolarity (mmol/L) 302.2 ± 14.4 301.4 ± 13.7 308.1 ± 18.1 <0.001

Maximum osmolarity (mmol/L) 308.4 ± 15.6 306.7 ± 14.1 321.0 ± 19.9 <0.001

Normally distributed continuous variables were presented as mean± SD or median (IQR). Categorical variables were presented as number (percentage). STEMI, ST-elevation myocardial

infarction; NSTEMI, non-ST-elevation myocardial infarction; COPD, chronic obstructive pulmonary disease; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor

blocker; APS, acute physiology score; APACHE IV, acute physiology and chronic health evaluation IV.

TABLE 2 | Outcomes by osmolarity categories in CICU patients.

Outcome Osmolarity (mmol/L)

<280 280–290 290–300 300–310 310–320 320–330 ≥330 P-value

(n = 231) (n = 732) (n = 2,283) (n = 2290) (n = 917) (n = 363) (n = 244)

In-hospital

mortality, n (%)

30 (13.0) 71 (9.7) 165 (7.2) 243 (10.6) 173 (18.9) 94 (25.9) 77 (31.6) <0.001

Length of CICU

stay (days)

2.2 (1.4–4.6) 2.0 (1.1–3.9) 1.8 (1.0–3.1) 1.9 (1.1–3.4) 2.2 (1.2–4.1) 2.7 (1.5–5.0) 3.3 (1.6–6.0) <0.001

Length of hospital

stay (days)

5.7 (3.0–10.7) 5.2 (2.9–9.9) 4.6 (2.5–8.9) 5.0 (2.8–9.2) 5.9 (3.1–10.3) 7.4 (3.6–12.2) 7.9 (4.3–14.9) <0.001

Lengths of CICU and hospital stays were skewed. Therefore, they were presented as median (IQR). Categorical variables were presented as number (percentage). CICU, cardiac

intensive care unit.

of the unadjusted model. After adjusting for more possible
confounding variables in the model 2, the association between
osmolarity and in-hospital mortality was attenuated but still
remained statistically significant. Both hyposmolarity (<280 vs.
290–300 mmol/L: OR, 95% CI: 1.76, 1.08–2.85, P = 0.023) and
hyperosmolarity (≥330 mmol/L vs. 290–300 mmol/L: OR, 95%
CI: 1.65, 1.08–2.52, P = 0.021) were independently associated
with the increased risk of in-hospital mortality. OR values
increased gradually as plasma osmolarity increased when plasma
osmolarity was >290 mmol/L; when plasma osmolarity was
below 300 mmol/L, OR values increased gradually as plasma
osmolarity decreased. Figure 3 vividly presents the change of OR
with the change of osmolarity groups in the unadjusted model,
model 1, and model 2.

DISCUSSION

This study identified the association between plasma osmolarity
and in-hospital mortality in CICU patients. A “U”-shaped

relationship between plasma osmolarity and in-hospital
mortality was observed. With the group of 290–300 mmol/L
serving as the reference group, both hyposmolarity and
hyperosmolarity were associated with the increased risk of in-
hospital mortality, even after adjusting for possible confounding
variables. The lengths of CICU and hospital stays were prolonged
in both hyposmolarity and hyperosmolarity groups.

As a common clinical marker to evaluate the balance of

fluid and electrolytes (4–7), plasma osmolarity can be easily

calculated from the concentrations of serum sodium, potassium,

glucose, and blood nitrogen urea (8). Plasma osmolarity is
the most commonly used indicator of hydration (18), which
can influence cell size and function (19). Therefore, changes
in plasma osmolarity can reflect changes in cell function. A
great number of studies have been done on plasma osmolarity,
and there is sufficient evidence that plasma osmolarity is
associated with the prognosis of many diseases, such as stroke (9),
intracerebral hemorrhage (10), and acute pulmonary embolism
(20). Moreover, recent studies have shown a correlation between
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TABLE 3 | The association between in-hospital mortality and osmolarity (mmol/L).

Unadjusted Model 1 Model 2

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

Osmolarity (<280) 1.92 (1.27–2.90) 0.002 1.85 (1.22–2.80) 0.004 1.76 (1.08–2.85) 0.023

Osmolarity (280–290) 1.38 (1.03–1.85) 0.031 1.39 (1.04–1.87) 0.027 1.20 (0.85–1.69) 0.289

Osmolarity (290–300) 1.0 (reference) 1.0 (reference) 1.0 (reference)

Osmolarity (300–310) 1.52 (1.24–1.87) <0.001 1.45 (1.18–1.78) <0.001 1.13(0.88–1.45) 0.351

Osmolarity (310–320) 2.98 (2.37–3.75) <0.001 2.80 (2.22–3.53) <0.001 1.46 (1.09–1.96) 0.012

Osmolarity (320–330) 4.49 (3.38–5.95) <0.001 4.16 (3.13–5.53) <0.001 1.46 (1.00–2.13) 0.052

Osmolarity (≥330) 5.92 (4.33–8.09) <0.001 5.58 (4.07–7.65) <0.001 1.65 (1.08–2.52) 0.021

Models were derived from binary logistic regression analysis. Unadjusted model: unadjusted. Model 1: adjusted for age, gender, ethnicity. Model 2: adjusted for age, gender, ethnicity,

systolic blood pressure, diastolic blood pressure, mean blood pressure, heart rate, respiration rate, congestive heart failure, coronary artery disease, acute coronary syndrome, STEMI,

NSTEMI, cardiac arrest, ventricular arrhythmias, shock, hypertension, diabetes, respiratory failure, acute kidney injury, sepsis, stroke, malignancy, white blood cell, red blood cell,

hemoglobin, creatinine, ACEI/ARB, beta-blockers, statin, and oral anticoagulants, APS, APACHE IV. OR, odds ratio; CI, confidence interval.

FIGURE 3 | Line graphs reflecting the trend of change in OR of in-hospital mortality in unadjusted model, model 1, and model 2. OR, odds ratio; CI, confidence

interval.

plasma osmolarity and cardiovascular diseases. A single-center
retrospective study with 1,927 patients after PCI showed that
the rate of acute kidney injury and 1-year mortality increased
significantly as plasma osmolarity increased (14). Another study,
which enrolled 985 patients with acute coronary syndrome
undergoing PCI, confirmed higher mortality in the higher
osmolarity group (15). In patients with STEMI, higher rates
of all-cause mortality, recurrent myocardial infarction, and
revascularization were found in those with higher plasma
osmolarity (21). Previous studies also showed that both low
and high plasma osmolarity were related to more cardiovascular
deaths, deterioration of cardiac function, and rehospitalization
in patients with heart failure (12, 13). In this study exploring
the relationship between plasma osmolarity and in-hospital
mortality in CICU patients, we came to a similar conclusion
that plasma osmolarity was closely associated with in-hospital
mortality. Moreover, through Lowess smoothing, we found a
“U”-relationship between in-hospital mortality and osmolarity,
which provided a more graphic description of the overall trend.

Plasma osmolarity is mainly determined by serum sodium,
chloride, potassium, blood glucose, and blood nitrogen urea.
Hypernatremia, hyperchloremia, hyperkalemia, hyperglycemia,
and high urea contribute to high plasma osmolarity.

Hypernatremia was shown to be associated with higher
mortality and more cardiovascular diseases in older men (22).
Another study confirmed that increased hypernatremia was
associated with higher perioperative 30-day mortality (23).
For patients with intracranial hemorrhage, hypernatremia was
associated with more adverse cardiac events (24). Patel et al.
found that hyperchloremia was independently associated with
acute kidney injury in patients with STEMI undergoing PCI
(25). Hyperkalemia can lead to malignant arrhythmia and
increase mortality (26). Hyperglycemia is very common in
clinical practice and it is related to higher mortality and more
adverse cardiac events in patients with or without diabetes
(27). A prospective study with 1,667 patients diagnosed with
acute coronary syndrome showed that high blood nitrogen was
associated with more adverse cardiac events and higher mortality
(28). These studies can explain why high plasma osmolarity leads
to high mortality, which can also explain the results of our study.
The lengths of CICU and hospital stays were prolonged in both
the hyposmolarity and the hyperosmolarity groups, indicating
that patients with hyposmolarity or hyperosmolarity had a more
complex condition and therefore required a longer treatment.
The increased lengths of CICU and hospital stays imposed
not only the financial but also mental burden on patients. In
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exceptional cases, some patients may abandon treatment because
of financial problems. Therefore, more attention to plasma
osmolarity of CICU patients is needed.

Changes in plasma osmolarity can provide guidance for
clinical practice. Usually, the clinicians tend to pay more
attention to the outliers, but when all the variables are within
the normal range but close to the upper limit of the normal
value, plasma osmolarity will increase significantly. At this time,
plasma osmolarity can better reflect the patient’s condition and
give the clinician a hit. The independent association between in-
hospital mortality and plasma osmolarity was confirmed in this
study. As a readily accessible and inexpensive prognostic marker,
plasma osmolarity is clinically valuable for critically ill patients
admitted to CICU, especially in some cases that more complex
prognostic score can’t be calculated, for example, the patient is
unable to undergo complex examination or the patient is in a
remote area without the means to do so, plasma osmolarity may
alert the clinicians.

We confirmed the association between plasma osmolarity and
in-hospital mortality in CICU patients in this study, which is
convenient for clinical use. The multicenter and large sample size
makes the conclusion more reliable. However, some limitations
in this study should be noted. First, bias was inevitable due to
the retrospective nature of the study. Second, some important
information, such as left ventricular ejection fraction and
information about smoking and alcohol, could not be collected.
In general, the variables included in the model determine the
accuracy of the model; thus, the accuracy of the model was likely
affected by the missing variables. Third, we were not able to
dynamically observe plasma osmolarity. Fourth, although the
optimal equation was used, the calculated plasma osmolarity
cannot be the exactly the same as the real plasma osmolarity.

CONCLUSION

A “U”-shaped relationship between plasma osmolarity and in-
hospital mortality was observed. The lowest in-hospital mortality
was shown in the group with 290–300 mmol/L osmolarity;
patients with hyposmolarity or hyperosmolarity had higher

in-hospital mortality. With the group with 290–300 mmol/L
osmolarity serving as the reference group, both hyposmolarity
and hyperosmolarity were shown to be independently associated
with the increased risk of in-hospital mortality.
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Aims: Major adverse event (MAE) rates during left ventricular assist device (LVAD)

therapy in advanced heart failure (HF) patients are high, and impair quality of life and

survival. Prediction and risk stratification of MAEs in order to improve patient selection

and thereby outcome during LVAD therapy is therefore warranted. Circulating natriuretic

peptides (NPs) are strong predictors of MAEs and mortality in chronic HF patients.

However, whether NPs can identify patients who are at risk of MAEs and mortality or tend

toward myocardial recovery after LVAD implantation is unclear. The aim of this systematic

review is to analyze the prognostic value of circulating NP levels before LVAD implantation

for all-cause mortality, MAEs and myocardial recovery after LVAD implantation.

Methods and Results: Electronic databases were searched for studies analyzing

circulating NP in adults with advanced HF before LVAD implantation in relation to

mortality, MAEs, or myocardial recovery after LVAD implantation. Twenty-four studies

published between 2008 and 2021 were included. Follow-up duration ranged from 48

hours to 5 years. Study sample size ranged from 14 to 15,138 patients. Natriuretic

peptide levels were not predictive of all-cause mortality. However, NPs were predictive

of right ventricular failure (RVF) and MAEs such as ventricular arrhythmias, moderate or

severe aortic regurgitation, and all-cause rehospitalization. No relation between NPs and

myocardial recovery was found.

Conclusion: This systematic review found that NP levels before LVAD implantation are

not predictive of all-cause mortality after LVAD implantation. Thus, NP levels may be of

limited value in patient selection for LVAD therapy. However, NPs help in risk stratification

of MAEs and may be used to identify patients who are at risk for RVF, ventricular

arrhythmias, moderate or severe aortic regurgitation, and all-cause rehospitalization after

LVAD implantation.
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INTRODUCTION

The prognosis of advanced heart failure (HF) is poor, with annual
mortality rates over 50%, and limited treatment options (1).
Cardiac transplantation is the most effective treatment, although
its availability is limited due to insufficient number of donor
organs and strict eligibility criteria. Left ventricular assist devices
(LVADs) are an alternative treatment option through mechanical
unloading of the failing left ventricle (LV). To date, LVAD
therapy is increasingly used as destination therapy in patients not
eligible for transplantation. Patient selection and timing of LVAD
implantation is guided by the profiles of the Interagency Registry
for Mechanically Assisted Circulatory Support (INTERMACS)
classifying patients with advanced heart failure (2).

The most recent INTERMACS report has shown a 1-year
survival rate of 79–80% in patients receiving continuous flow
(CF)-LVAD therapy (3, 4). Major adverse event (MAE) and
rehospitalization rates are high, and impair quality of life
and survival (4, 5). These MAEs include neurologic event
(defined as stroke or transient ischemic attack), gastrointestinal
bleeding, major infection, and right heart failure (RVF) occurring
13–20, 20–25, 40–43, and 29–38% at 1 year after CF-LVAD
implantation, respectively (4). All-cause rehospitalization rates
were 21–23% (4). Device explantation for LV myocardial
recovery is rare with 3.1% at 3 years, and <5% at 5 years
follow-up (3, 6). It would be beneficial to identify patients
prone to myocardial recovery, and consider adjustments of
their pharmacological treatment (7). To identify patients at risk
of MAEs and early mortality would be of great importance.
Treatment options for MAEs are limited and often ineffective,
having corresponding high mortality rates. Thus, prediction
and risk stratification of MAEs before LVAD implantation
is warranted in order to improve patient selection, and
thereby outcome of LVAD therapy. Measurement of circulating
biomarkers such as natriuretic peptides (NPs) may help in
risk stratification.

Three subtypes of NP are known; atrial natriuretic peptide
(ANP), B-type natriuretic peptide (BNP), and C-type natriuretic
peptide (CNP) (8, 9). Natriuretic peptides mainly reflect the
hemodynamic burden of the failing heart, and are regulated by
volume overload and neuro-hormonal stimulation. Prehormone
pro-BNP is released by cardiomyocytes in reaction to mechanical
stretch and myocardial ischemia. Upon secretion into the
circulation it is cleaved in biologically active BNP and its
inactive remnant N-terminal proBNP (NT-proBNP) (Figure 1)
(8–12). Levels of NP are influenced by various factors including
age, gender, comorbidities, renal function, pulmonary disease,
and obesity (13–15). Heart failure medication, including beta-
blockers, diuretics, and inotropes affect NP levels, reflecting the
improvement in hemodynamic state induced by these therapies.
The novel HF drug sacubitril/valsartan influences BNP and NT-
proBNP levels differently, in particular during the first 8–10
weeks after initiation. Whereas, the use of sacubitril/valsartan, a
neprilysin inhibitor, may increase the circulating levels of BNP,
it does not affect the circulating levels of NT-proBNP since the
latter is not a substrate of neprilysin inhibition. Nonetheless, both
BNP and NT-proBNP have prognostic value during treatment

with sacubitril/valsartan (8, 16). Finally, it has been demonstrated
that a large percentage of measured circulating BNP or NT-
proBNP is in fact their prehormone proBNP. Therefore, BNP,
NT-proBNP, and proBNP measurements from different assays
are not reliably comparable due to their differences in cross-
reactivity (17, 18).

In the American College of Cardiology/American Heart
Association guideline, BNP and NT-proBNP have a class IA
recommendation to establish disease severity and prognosis
of patients with chronic HF (2). Hutfless et al. showed that
preoperative BNP levels are strong predictors of postoperative
need for intra-aortic balloon pump, longer postoperative hospital
stay, and higher 1-year mortality in patients undergoing
open heart surgery (19). Furthermore, the prognostic value
of NP levels related to all-cause mortality, adverse events,
and rehospitalization in chronic HF patients has been well-
established (20–24).

Whether preoperative NP levels can improve patient selection
for LVAD therapy by identifying patients who are at risk for
early all-cause mortality, right ventricular failure (RVF), or
MAEs, and can identify patients who tend toward myocardial
recovery after LVAD implantation, is not yet systematically
evaluated. In this review, we sought to systematically evaluate
the prognostic value of circulating NP levels in advanced HF
patients before LVAD implantation for all-cause mortality, RVF,
MAEs including rehospitalization, and myocardial recovery after
successful LVAD implantation.

METHODS

This systematic review is written in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-
analyses (PRISMA) guideline (Supplementary Material 1). Since
individual patient data are not included, institutional review
board approval was not required.

Literature Search and Selection
Seven electronic databases were searched: MEDLINE, Web of
Science Core Collection, Cochrane Reviews, Cochrane Trials,
PubMed, Factiva, and Embase. The following (MeSH) terms were
used: “left ventricular assist device,” “ventricular assist device,”
“mechanical circulatory support,” “biomarkers,” “natriuretic
peptide,” “B-type natriuretic peptide,” “brain natriuretic peptide,”
“pro B-type natriuretic peptide,” “pro brain natriuretic peptide,”
“NT-pro B-type natriuretic peptide,” “N-terminal pro B-type
natriuretic peptide,” and “N-terminal pro brain natriuretic
peptide.” The search was restricted to human studies published
in English up to January 1st, 2021. Study selection criteria were
predefined as described in Table 1.

The authors of this manuscript screened the titles and
abstracts of all studies retrieved from the literature search.
Potentially relevant studies, or studies whose relevance could not
be ascertained based on the abstract, were screened full text.
A single assessor screened each article full text for inclusion.
Corresponding authors were contacted to obtain full data not
covered in the publication.
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FIGURE 1 | Production and cleavage of proBNP. BNP, B-type natriuretic peptide; NT-proBNP, N-terminal pro-BNP.

TABLE 1 | Inclusion–and exclusion criteria.

Inclusion

Patient population: humans > 18 years with advanced HF who will receive left

ventricular assist device therapy

Outcome(s): all-cause mortality, right ventricular failure, major adverse events,

myocardial recovery

Prognostic factor: circulating natriuretic peptide levels measured before

LVAD implantation

Language: English

Exclusion

Reviews, editorials, case reports, abstracts

Data Collection
Extracted data included details of the patient population,
etiology of HF, type of VAD, device strategy, timing of blood
sampling for NPs measurement, type of NPs, cut-off points
of NPs (when available), type of statistical analysis, adjusted
variables for multivariate analysis, and duration of follow-up.

The outcomes all-cause mortality, RVF, MAEs (including all-
cause planned and unplanned rehospitalization) and myocardial
recovery, and their describing definitions were extracted.
Major adverse events were defined according to the “2020
Updated definitions of adverse events for trials and registries
of mechanical circulatory support” (25). In the current review,
the following MAEs were included: ventricular arrhythmia
(VA), aortic regurgitation (AR), “combined adverse events”
(including episode of VA, HF, chest pain, bleeding, infection,
thrombosis, pump-related problems, biliary disfunction,
elective procedures), complicated postoperative stay, and
all-cause rehospitalization.

Study Quality
The Newcastle–Ottawa Scale (NOS) for observational cohorts
was used to assess the quality of all included studies (26). The
NOS score was then converted into Agency for Healthcare
Research and Quality standards (AHRQ); good, fair, and
poor (27).
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FIGURE 2 | PRISMA flow diagram for literature search and study selection process. *Several articles contain multiple circulating NP or outcomes. ANP, atrial

natriuretic peptide; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; ECMO, extracorporeal membrane oxygenation; MAEs, major adverse events; NP,

natriuretic peptide; NT-proBNP, N-terminal pro-BNP; RVF, right ventricular failure; VAD, ventricular assist device.
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RESULTS

Literature Search
The literature search and selection process is presented in
the PRISMA flow diagram in Figure 2. The literature search
retrieved 1,321 citations from the seven electronic databases.
After duplicates were removed, 769 citations went through title
and abstract screening, of which 351 articles were screened full
text. A total of 745 citations were excluded; the majority did
not meet the inclusion criteria regarding advanced HF, reporting
any kind of endpoint, receiving LVAD therapy, or measurement
of circulating NPs prior to device implantation. Eventually,
24 articles passed full text screening and were included in
this review.

Study Characteristics
The included studies were published between 2008 and 2020, and
were from countries in Europe, the United States of America, and

Japan. Twenty-three of the included studies were retrospective
cohort studies. The 24 studies were fairly heterogenous reporting

on multiple subtypes of NP, and various and multiple outcomes.

This resulted in a total of 38 outcomes in all studies, where

predictive relations were studied in 13 and associative relations

in 25 (Figure 2). Follow-up duration ranged from 48 hours up to
5 years after LVAD implantation. Study sample sizes ranged from

14 to 15,138 patients. Natriuretic peptides were extracted from
various materials (blood or plasma), measured with different
assays, and presented in diverse measuring units. The upper

TABLE 2 | Baseline characteristics and outcomes of included studies for all-cause mortality.

References NP Timing

NP

days

Design

N

LVAD/CF

N (%)

DT/BTT

N (%)

Male

gender

N (%)

Age

years

ICM

N (%)

FU

days

Definition

outcome

mortality

Statistics Relation

NPs—mortality

Predictive relation

Papathanasiou

et al. (28)

BNP- Log

pg/ml

2 RS

103

103 (100)

103 (100)

69 (67)

34 (33)

82 (80) 59 (11)† 56 (54) 180 All-cause

mortality

HR, 95%CI

HR, 95%CI

1.27 (0.94–1.71)

p = 0.12

1.35 (0.92–1.96)‡

p = 0.12

All-cause

mortality or

rehospitalization

HR, 95%CI

HR, 95%CI

1.10 (0.87–1.37)

p = 0.45

1.00 (0.76–1.33)‡

p = 0.98

Sato et al.

(29)

BNP- Log

pg/ml

1 RS

83

83 (100)

18 (22)

83 (100)

0 (0)

63 (76) 39 ± 12 3 (4) 90 All-cause

mortality

HR, 95%CI 1.00 (0.99–1.00)

p = 0.673

Yoshioka et al.

(30)

BNP

pg/ml

- RS

41

41 (100)

6 (15)

0 (0)

41 (100)

29 (71) 39 ± 2 3 (7) 90 All-cause

mortality

OR, 95%CI 1.00 (0.99–1.00)

p = 0.246

Shiga et al.

(31)

BNP

pg/ml

- RS

47

47 (100)

0 (0)

0 (0)

47 (100)

35 (75) 39 ± 15 12 (26) 730 All-cause

mortality

OR, 95%CI 1.000 (1.000–1.001)

p = 0.576

BNP

≥1,000

pg/ml

OR, 95%CI 1.143 (0.382–3.421)

p = 0.812

Topilsky et al.

(32)

NT-proBNP

per 100

increase

pg/ml

1 R-

83

83 (100)

83 (100)

56 (67)

27 (23)

81 (98) 63 ± 12 45 (54) 30 Mortality OR, 95%CI 1.03 (1.01–1.06)

p = 0.003

Associative relation Survivors vs.

non-survivors

Median (range)

Cabiati et al.

(33)

NT-proBNP

pg/ml

Hospital

admission

RS

17

17 (100)

17 (100)

-

-

16 (94) 51

(47–63)†
5 (28) 28 All-cause

mortality

χ2 test 986.10 vs. 5721.00

p = 0.028

NT-proANP

nmol/l

Hospital

admission

RS

17

17 (100)

17 (100)

-

-

16 (94) 51

(47–63)†
5 (28) 28 All-cause

mortality

χ2 test 8.04 vs. 11.20

p = 0.832

NT-proCNP

pg/ml

Hospital

admission

RS

17

17 (100)

17 (100)

-

-

16 (94) 51

(47–63)†
5 (28) 28 All-cause

mortality

χ2 test 85.92 vs. 52.07

p = 0.322

Age in years is described in Mean ± SD, except for
†
Median (range).

‡
Adjusted for age, male gender, DT, EF, creatinine, CKD, ECLS, IABP, invasive ventilation, inotropes.

BNP, B-type natriuretic peptide; BTT, bridge to transplant; CKD, chronic kidney disease; CF, continuous flow; CI confidence interval; DT, destination therapy; ECLS, Extra Corporeal

Life Support; EF, ejection fraction; FU, follow up; HR, hazards ratio; IABP, intra-aortic balloon pump; ICM, ischemic cardiomyopathy; Log, log transformed, LVAD, left ventricular assist

device; NP, natriuretic peptide; NT-proBNP; N-terminal pro-B-type NP; N, number; OR, odds ratio; R, retrospective cohort; S, single center; SD, standard deviation; vs., versus.

The bold p-values indicate statistical significance.
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TABLE 3 | Baseline characteristics and outcomes of included studies for right ventricular failure.

References NP Timing

NP

days

Design

N

LVAD/CF

N (%)

DT/BTT

N (%)

Male

gender

N (%)

Age

years

ICM

N (%)

FU

Days

Definition outcome

RVF

Statistics Relation NPs—RVF

Predictive relation

Shiga et al.

(34)

BNP- Log

pg/ml

- RS

79

79 (100)

20 (25)

0 (0)

79 (100)

58 (73) 39 ± 14 14 (18) PO ECMO, or need for RVAD OR, 95%CI 1.001 (1.000–1.001)

p = 0.043

BNP ≥1,200

pg/ml

OR, 95%CI 8.409 (0.922–76.73)

p = 0.059

Kato et al.

(35)

BNP >1,232

ng/ml

≤5 RS

61

61 (100)

30 (49)

-

-

52 (85) 54 ± 13 25 (41) 2–14 NO inhalation >48 h, and/or

restarting/ inotropic support >14

days, or need for RVAD

OR, 95%CI 1.021 (1.000–1.042)

p = 0.035

OR, 95%CI 1.021(1.000–1.027)‡

p = 0.0357

Loghmanpour

et al. (36)

proBNP

-

- RM

10909

10909

(100)

10909

(100)

3811 (35)

6901 (63)

8,606 (78) (50–69)† 4,466

(41)

2–14 Pharmacological management of

RVF/PVR, or need for RVAD

Bayesian

model; 176

variables

6th most powerful

predictor out of 176

Potapov et al.

(37)

NT-proBNP

>10,000

pg/ml

1 R-

54

54 (100)

37 (69)

-

-

49 (91) 52

(32–69)†
6 (11) 2 In absence of cardiac tamponade 2

criteria, MAP ≤55 mmHg, CVP ≥16

mmHg, mixed VS ≤55%, CI <2

L/min/m2, IS >20 h, or need for

RVAD

OR, 95%CI 1 (1–1.002)

p = 0.1

Associative relation RVF vs. no RVF

Mean ± SD

Kapelios et al.

(38)

BNP

pg/ml

- RS

20

20 (100)

20 (100)

20 (100)

0 (100)

19 (95) 54 ± 10 12 (60) 1,241±

694*

>1 year: inotrope: iv or inhaled

vasodilator (>7days), tqo of the four

criteria; CVP >18 mmHg or mean

RAP >18 mmHg, CI <2.3 L/min/m2,

ascites/ peripheral edema, CVP>, or

need for RVAD

Paired t-test 1,819 ± 1,492 vs.

1,359 ± 1,611

p = 0.52

Kato et al.

(35)

BNP

pg/ml

≤5 RS

61

61 (100)

30 (49)

-

-

52 (85) 54 ± 13 25 (41) 2–14 NO inhalation >48 h, and/or

restarting/ inotropic support >14

days, or need for RVAD

Paired t-test 1895.1 ± 1551.1 vs.

1250.5 ± 1045.2

p = 0.0572

Shiga et al.

(34)

BNP- Log

pg/ml

- RS

79

79 (100)

20 (25)

0 (0)

79 (100)

58 (73) 39 ± 14 14 (18) PO ECMO, or need for RVAD χ2 test 7.55 ± 0.60 vs.

6.76 ± 0.90

p = 0.041

Deswarte et al.

(39)

BNP

pg/ml

- RM

14

14 (100)

14 (100)

14 (100)

0 (0)

- 63

(37–69)†
7 (50) 30 Inotropic support ≤14days, death

caused by RVF, or need for RVAD

Mann-Whitney

U-test

1,792 (992–8,500) vs.

1,710 (701–3,643)§

p > 0.05#

Pettinari et al.

(40)

proBNP

-

- R-

59

59 (100)

59 (100)

4 (7)

55 (93)

53 (90) 48 ± 15 31 (52) PO Need for RVAD Mann-Whitney

U-test

11,034 ± 9,620 vs.

4,667 ± 3,082

p = 0.06

(Continued)
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cut off levels for normal NP levels varied from one study to
the other. It should be pointed out that NP levels, unless log
transformed, are non-normal distributed. Nevertheless, several
studies included in this review chose to report NP levels non-
log transformed. Descriptive statistic, mean± standard deviation
(SD), was used for log transformed NP measurements. Median
and (interquartile) range was used for non-log transformed NP
measurements. Groups were compared using various analyses
depending on how continuous variables were expressed and how
many groups were compared. Univariate and multivariate Cox
regression was used for survival analyses expressed in hazard
ratio. Univariate and multivariate logistic regression was used
to estimate the strength of the effect of NPs expressed in odds
ratio. The quality assessed by the NOS was “good” in all studies
(Supplementary Material 2).

Study Results
The 24 studies assessing the relation between NP levels before
LVAD implantation and all-cause mortality, RVF, MAEs, and
myocardial recovery after implantation are summarized in
Tables 2–5.

All-Cause Mortality
Five studies analyzed the predictive value of NPs for all-cause
mortality, of which 4 studies included BNP and 1 study included
NT-proBNP (Table 2). None of the studies found BNP levels
before LVAD implantation predictive of all-cause mortality (28–
31). In contrast, NT-proBNP levels before LVAD implantation
were predictive of 30-days all-cause mortality (32). The study by
Cabiati et al. looked at an associative relation and found that NT-
proBNP was associated with 4-weeks all-cause mortality, while
NT-proANP and NT-proCNP were not (33).

Right Ventricular Failure
Four studies assessed the predictive value of NPs for RVF (two
studies BNP, one study proBNP, and one study NT-proBNP)
(Table 3) (34–37). All studies had at least the outcome “need
for right ventricular assist device (RVAD).” Study sample size
was 54–79, with the exception of the study by Loghmanpour
et al. with a large study population of N = 10,909 (34–37).
The two studies analyzing BNP demonstrated that BNP levels
before LVAD implantation were predictive of the need of RVAD
postoperatively up to 14 days (34, 35). In the study of Shiga
et al. it was demonstrated that BNP levels ≥1,200 pg/ml were
not predictive of RVF, while in the study by Kato et al. BNP
levels ≥1,232 ng/ml were an independent predictor of RVF after
2–14 days (34, 35). In a Bayesian prediction model, proBNP
levels had high predictive value for RVF in 2–14 days after LVAD
implantation (36). NT-proBNP levels before LVAD implantation
were not predictive of RVF within 48 hours post-operatively (37).
Importantly, this study by Potapov et al. used a cut-off value of
NT-proBNP >10,000 pg/ml (37). Of the seven studies analyzing
an associative relation, four analyzed BNP, one analyzed proBNP,
and two analyzed NT-proBNP (34, 35, 37–41). Shiga et al. found
that BNP levels were associated with “need for RVAD” within the
postoperative period (34). Both Hennig et al. and Potapov et al.
found that NT-proBNP was associated with RVF within 48 hours
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TABLE 4 | Baseline characteristics and outcomes of included studies for major adverse events.

References NP Timing

NP

days

Design

N

LVAD/CF

N (%)

DT/BTT

N (%)

Male

gender

N (%)

Age

years

ICM

N (%)

FU

Days

Definition outcome

MAEs

Statistics Relation NPs—MAEs

Predictive Relation

Truby et al.

(42)

BNP >500

ng/l

- RM

10603

10,279 (97)

10,603 (100)

4,474 (42)

6,047 (57)

8,246 (78) >60 (45)* 4,738

(45)

730 Moderate or severe AR HR, 95%CI 1.48 (1.23–1.77)

p < 0.001

Hellman et al.

(43)

BNP max.

pg/ml

122 RS

74

74 (100)

74 (100)

-

-

49 (66) 56 30 (41) 15 VA: VF, VT, or

asymptomatic NSVT

OR, 95%CI 1.5–5.1‡

p = 0.0008

Hasin et al.

(44)

NT-proBNP

per 1,000

increase

pg/ml

Hospital

admission

RS

88

115 (100)

115 (100)

73 (63)

42 (37)

96 (83) 62

(53–69)†
56 (49) 511 ± 329# Less rehospitalization: Cardiac (VA,

HF, chest pain), bleeding, infection,

thrombosis, pump related, biliary,

elective, other

HR, 95%CI

HR, 95%CI

0.98 (0.96–0.99)

p = 0.022

0.98 (0.96–1.00)§

p = 0.022

Associative Relation Outcome vs. no outcome

Median (range)

Truby et al.

(42)

BNP

ng/l

- RM

10603

10,279 (97)

10,603 (100)

4,474 (42)

6047 (57)

8,246 (78) >60 (45)* 4,738

(45)

730 Moderate or severe AR Kruskal-Wallis test 915 (489–1783) vs.

756 (382–1421)

p = 0.001

Hegarova et al.

(45)

BNP

ng/l

1 PS

136

136 (100)

136 (100)

0 (0)

136 (100)

121 (89) 51

(23–72)†
54 (40) 298

(159–456)†
Less adverse events; HF, infection,

pump thrombosis

Mann-Whitney

U-test

1440.4 vs. 2405.5#

p = 0.001

BNP

ng/l

1 PS

59

59 (100)

59 (100)

0 (0)

59 (100)

51 (86) 51

(23–72)†
23 (39) 298

(159–456)†
Rehospitalization Mann-Whitney

U-test

1118.7 vs. 1762.1#

p = 0.056

Hellman et al.

(43)

BNP

pg/ml

122 RS

74

74 (100)

74 (100)

-

-

49 (66) 56 30 (41) 15 VA: VF, VT, or asymptomatic NSVT Mann-Whitney

U-test

2,373 vs. 1,309

p = 0.0016

Hasin et al.

(46)

NT-proBNP

pg/ml

Hospital

admission

RS

72

72 (100)

72 (100)

-

21 (29)

63 (87) 63

(53–69)†
36 (50) 14 Complicated postoperative stay: IC >

5days, ventilator support > 2days,

total hospital stay >14 days

Mann-Whitney

U-test

4,786 (2,232–13,790) vs.

3,199 (869–11,803)

p = 0.224

NT-proBNP

Log

pg/ml

1.14 (0.46–2.16) vs.

1.09 (0.32–3.30)‡‡

p = 0.725

NT-proBNP

pg/ml

1 RS

72

72 (100)

72 (100)

-

21 (29)

63 (87) 63

(53–69)†
36 (50) 14 Complicated postoperative stay: IC

>5 days, ventilator support >2 days,

total hospital stay >14 days

Mann-Whitney

U-test

3,446 (1,801–8,101) vs.

3,431 (932–5,113)

p = 0.187

NT-proBNP

Log

pg/ml

1.11 (0.52–2.72) vs.

0.98 (0.49–2.16)‡‡

p = 0.410

Hasin et al.

(44)

NT-proBNP

Per 1,000

expressed

pg/ml

Hospital

admission

RS

115‡
115 (100)

115 (100)

73 (63)

42 (37)

96 (83) 62

(53–69)†
56 (49) 511 ± 329# Less rehospitalization: Cardiac (VA,

HF, chest pain), bleeding, infection,

thrombosis, pump related, biliary,

elective, other

Wilcoxon signed

rank test

4.3 (2.4–8.3) vs.

4.7 (3.0–8.1)

p = 0.022

Age in years is described in Mean ± SD, except for *Percentage with age > 60 years and
†
Median (range).

‡
Adjusted for VT in the past, ICD, CAD, and age.

§Adjusted for referral zone, neighboring states, and hemoglobin.
#Mean ± SD.
‡‡
Adjusted for age, gender, and glomerular filtration rate.

AR, aortic regurgitation; BNP, B-type natriuretic peptide; BTT, bridge to transplant; CAD, coronary artery disease; CF, continuous flow; CI confidence interval; DT, destination therapy; FU, follow up; HF, heart failure; HR, hazards ratio; IC,

intensive care; ICD, internal cardiac defibrillator; ICM, ischemic cardiomyopathy; Log, log transformed, LVAD, left ventricular assist device; M, multicenter; MAEs, major adverse events; Max, maximal level measured; NP, natriuretic peptide;

NT-proBNP; N-terminal pro-B-type NP; N, number; OR, odds ratio; P, prospective cohort; R, retrospective cohort; S, single center; SD, standard deviation; VA, ventricular arrhythmia; VF, ventricular fibrillation; (NS)VT, non-sustained

ventricular tachycardia; vs., versus.

The bold p-values indicate statistical significance.
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TABLE 5 | Baseline characteristics and outcomes of included studies for left ventricular (LV) myocardial recovery.

References NP Timing

NP

Days

Design

N

LVAD/CF

N (%)

DT/BTT

N (%)

Male

gender

N (%)

Age

Years

ICM

N (%)

FU

Days

Definition outcome

Myocardial

recovery

Statistics Relation NPs—Myocardial

recovery

Predictive relation

Imamura et al.

(47)

BNP- Log

pg/ml

1 RS

27

27 (100)

22 (81)

0 (0)

27 (100)

21 (78) 35 ± 14 0 (0) 183 LVRR (EF ≥35%) OR, 95%CI 0.753 (0.021–27.17)

p = 0.877

Associative relation Myocardial recovery vs.

no myocardial recovery

Mean ± SD

Topkara et al.

(6)

BNP

pg/ml

- RM

13454

13,454 (100)

13,454 (100)

5,257 (39)

3,714 (28)

10,567 (79) 51.5 ± 13 6,241 (46) 1,096 Device explant vs. no device

explant

Unpaired

t-test

926.7 ± 860.9 vs.

1169.9 ± 1097.6

p = 0.024

RM

8805

8,805 (100)

8,805 (100)

351 (46) 6,918 (79) 57.1 ± 14 3942 (29) 1,096 LVRR (EF ≥40%) vs. no LVRR

(EF <30%)

Unpaired

t-test

1240.9 ± 149.5 vs.

1157.4 ± 1086.1

p = 0.199

proBNP

pg/ml

- RM

13454

13,454 (100)

13,454 (100)

241 (32)

5,257(39)

10,567 (79) 51.5 ± 13 6241 (46) 1,096 Device explant vs. no device

explant

Unpaired

t-test

4642.4 ± 7323.3 vs.

6787.2 ± 7887.3

p = 0.153

RM

8805

8,805 (100)

8,805 (100)

3,714 (28)

351 (46) 241

(32)

6,918 (79) 57.1 ± 14 3942 (29) 1,096 LVRR (EF ≥40%) vs. no LVRR

(EF <30%)

Unpaired

t-test

9880.8 ± 11664.4 vs.

6617.3 ± 7737.5

p = 0.003

Wever-Pinzon

et al. (48)

BNP

pg/ml

- RM

15138

14,287 (94)

13,987 (92)

5601 (37)

4,284 (28)

11,877 (78) 50 27 (14) 1,826 Device explant or deactivation X2 test 742 (377-1090) vs. 825

(412-1565)*

p = 0.10

Imamura et al.

(47)

BNP- Log

pg/ml

1 RS

27

27 (100)

22 (81)

0 (0)

27 (100)

21 (78) 35 ± 14 0 (0) 183 LVRR (EF ≥35%) Unpaired

t-test

2.8 ± 0.2 vs. 2.8 ± 0.3

p = 0.882

Imamura et al.

(49)

BNP- Log

pg/ml

1 R-

60

60 (100)

34 (57)

0 (0)

60 (100)

48 (80.0) 40.1 ± 12 0 (0) 183 LVRR (EF ≥35%) or device

explant

Unpaired

t-test

2.92 ± 0.30 vs. 2.89 ± 0.36

p = 0.793

Mano et al.

(50)

BNP

pg/ml

– RS

41

41 (100)

0 (0)

0 (0)

41 (100)

28 (68) 30.1 ± 10 0 (0) 365 Device explant Unpaired

t-test

1140 ± 660 vs. 1282 ± 1074

p = 0.76

Age in years is described in Mean ± SD.

*Median (IRQ).

BNP, B-type natriuretic peptide; BTT, bridge to transplant; CF, continuous flow; CI confidence interval; DT, destination therapy; FU, follow up; HR, hazards ratio; IQR, inter quartile range; ICM, ischemic cardiomyopathy; Log, log

transformed, LVAD, left ventricular assist device; LVRR, left ventricular reverse remodeling; M, multicenter; NP, natriuretic peptide; NT-proBNP; N-terminal pro-B-type NP; N, number; OR, odds ratio; R, retrospective cohort; S, single

center; SD, standard deviation; vs., versus.

The bold p-values indicate statistical significance.
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postoperatively (37, 41). The remaining studies did not find an
association between NP levels and RVF, although in some studies
results were close to statistical significance (35, 38–40).

Major Adverse Events
A total of five studies assessed the predictive or associative
relation between NPs and MAEs. The following MAEs were
identified in these studies: VA, AR, “combined adverse events”
(including episode of VA, HF, chest pain, bleeding, infection,
thrombosis, pump-related problems, biliary disfunction, elective
procedures), complicated postoperative stay, and all-cause
rehospitalization. Three studies analyzed whether NPs were
predictive of MAEs, of which two studies assessed BNP and
one study assessed NT-proBNP (Table 4). All studies found
that BNP and NT-proBNP levels before LVAD implantation
were predictive of MAEs (42–44). Hellman et al. demonstrated
that BNP was an independent predictor for VA within 15
days post-operative (43). In a large study by Truby et al. BNP
>500 ng/l was predictive of the development of moderate or
severe AR (42). NT-proBNP measured at “hospital admission”
before LVAD implantation was an independent predictor for
rehospitalization due to cardiac, bleeding, infection, thrombosis,
pump related, biliary, or “elective” events (44). Of the studies
reporting on associative relations, three studies analyzed BNP
levels and two studies analyzed NT-proBNP levels (42, 44–
46). In these studies, BNP levels before LVAD implantation
were associated with MAEs between 2 weeks up to 2 years
(42, 43, 45). In a sub-analysis, Hegarova et al. demonstrated
that although BNP was associated with adverse events up to
1.5 years after initial discharge, it was not associated with
subsequent rehospitalizations (45). The two studies analyzing
NT-proBNP levels found that it was not associated with
complicated post-operative stay. However, it was associated with
less rehospitalization for combined adverse events (44, 46).

Myocardial Recovery
Only one study assessed the predictive value of NP formyocardial
recovery (Table 5). This study found that BNP levels before
LVAD implantation were not predictive of LV recovery after
6 months (47). Five studies reported on associative relations
between NP and myocardial recovery. All studies analyzed BNP
levels, whereas Topkara et al. additionally investigated proBNP
levels. Besides the large study by Topkara et al. none of the
included studies found an association between BNP and LV
recovery (6, 47–50).

DISCUSSION

To the best of our knowledge, this is the first systematic
review assessing the prognostic value of circulating NP levels
in advanced HF patients receiving LVAD therapy. The main
findings are as follows:

1. B-type natriuretic peptide is not predictive of all-
cause mortality at a follow-up of 3 months or longer.
Evidence regarding NT-proBNP is insufficient to draw a
reliable conclusion.

2. B-type natriuretic peptide is predictive of RVF in the
postoperative period after the first 48 hours. In contrast, NT-
proBNP seems associated with RVF within 48 hours after
LVAD implantation.

3. B-type natriuretic peptide and NT-proBNP levels appear to be
predictive of various MAEs, and related to rehospitalization
up to 1.5 years after LVAD implantation.

4. B-type natriuretic peptide is not predictive of, and most likely
not associated with, myocardial recovery.

All-Cause Mortality
None of the studies found that BNP levels before LVAD
implantation are predictive of all-cause mortality up to 2 years
after implantation. In contrast, Topilsky et al. demonstrated
that preoperative NT-proBNP levels are predictive of 1-
month mortality after LVAD implantation (32). The study by
Papathanasiou et al. analyzing BNP, had a similar study sample
size and baseline characteristics compared to the study by
Topilsky et al., but did not report a significant predictive relation
(28). The differences in type of NPs and length of follow-up may
have contributed to this contradictory finding. The follow-up
duration may be an important factor, as both studies analyzing
1-month mortality found a significant relation (32, 33). This may
suggest that NPs are related to early postoperative mortality,
but lose their prognostic value for all-cause mortality at longer
follow-up. Of note, both studies analyzed NT-proBNP, and to
date no studies are available analyzing BNP levels in relation to
1-month mortality after LVAD implantation. Whether BNP and
NT-proBNP have different prognostic power regarding all-cause
mortality after LVAD implantation needs to be investigated in
future prospective studies.

In the studies included in this review, BNP levels are not
predictive of all-cause mortality after LVAD implantation. This
is an interesting finding, since NPs (including BNP and NT-
proBNP) are strong predictors of all-cause mortality in HF
patients (2, 20–22). In addition, BNP levels are independent
predictors of mortality in advanced HF patients receiving cardiac
resynchronization defibrillator (CRT-D) therapy (51, 52). It may
well be that NPs are not somuch a predictor ofmortality risk after
LVAD implantation, but rather a reflection of disease severity.
Furthermore, the change in prognostic value of NPs may be
caused by several mechanisms related to the LVAD itself. The
device unloads the LV, thereby reducing pressure and stretch of
cardiomyocytes. Reduced myocardial stretch may lead to lower
NP levels. Decreased NP levels are related to a lower mortality
risk (53). In parallel with the improvements in hemodynamics
and prognosis provided by the LVAD, NT-proBNP levels
decrease after LVAD implantation (27, 49). However, they remain
abnormal and elevated compared to the levels in chronic HF
patients, suggesting that key pathological changes on cellular
myocardial level remain, despite LVAD support (49). This may
partly be explained by the fact that the flow mechanisms of the
devices, including lack of pulsatility and high rotation speed
of the LVAD disc or propeller, influence several physiological
processes connected to NPs, like neurohormonal changes and
sympathetic and renin-angiotensin-aldosterone activity (27, 49,
51). These processes may result in altered NP release. Therefore,
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the prognostic value of NP levels before LVAD implantation may
be changed by the therapy itself. Nonetheless, several studies
have shown that NP measurements and their fluctuations during
LVAD therapy are strongly related to adverse outcome including
mortality (28, 29, 45). These findings may suggest, that NP
levels before implantation and during LVAD support may not
have similar predictive value for all-cause mortality, as the
hemodynamic support provided by the LVAD may change NP
levels and the accompanied mortality risk.

Finally, another explanation for the lack of predictive value
of NPs regarding all-cause mortality could be the erratic course
of LVAD therapy. Major adverse event rates are high and
correspond to high mortality rates. The studies included in
this review that found no relation between NPs and all-cause
mortality had a follow-up duration of 90, 180, and 730 days
after LVAD implantation. Competing risk analyses should have
been performed to account for the effect of MAEs on mortality.
However, none of the studies included in this review provided
these analyses. This statistic error could explain why in the
included studies NPs are not predictive for mortality, but appear
to have predictive value for various MAEs.

Right Ventricular Failure
Four studies investigated whether NP levels were predictive
of RVF after LVAD implantation. Due to the large study by
Loghmanpour et al. the sample size of the studies (BNP, proBNP)
reporting a positive predictive value for RVF was 11.049 patients,
whereas the total sample size of the studies (NT-proBNP) which
reported no predictive value was 54 patients (34–37). All studies
analyzing BNP and proBNP were predictive, whereas the study
by Potapov et al. analyzing NT-proBNP was not. It should be
noted that this is only one study with a small study population
(37). Nevertheless, this finding may be linked to the type of NPs
that was investigated. In addition, this could be explained by
the follow-up duration. Potapov et al. investigated RVF within
48 hours postoperatively, whereas all other studies analyzed
RVF after the first 48 hours post LVAD implantation (34–37).
Furthermore, it should be noted that in all studies, the definition
of RVF included “need for RVAD.” Since the decision to use
an RVAD after LVAD implantation may vary based on clinical
practice, this may change the definition of outcome and thereby
the prognostic value of NPs for prediction of RVF.

It is well-known that RVF after LVAD implantation
severely impairs prognosis. In the INTERMACS registry,
RVF represented the specific cause of death in 4% of all patients
(4). The interaction between the LVAD, the right ventricle (RV),
and NP system is complex. Preoperative elevated NP levels,
inflammatory markers and cytokines may represent a worse
hemodynamic status and therefore a higher susceptibility to
RVF after LVAD implantation (41). At the same time, it has
been suggested that elevations in neurohumoral markers and
cytokines may directly influence RV function, contributing to
the development of RVF (41).

One study included in our review analyzed late RVF after
LVAD implantation, and found no relation of BNP levels before
LVAD implantation to late RVF (mean follow-up of 3.4 years)
(38). This may be explained by the fact that development of

RVF during long-term support is most likely multi-factorial.
Different from the LV, the RV does not exhibit significant reverse
structural remodeling despite reduced RV afterload during LVAD
support (54–56). Kato et al. demonstrated that the CF-LVAD
impairs the physiological contractility of cardiomyocytes by the
non-pulsatile mode of LV unloading, which over time could
lead to decreased RV compliance and contractility (40, 57).
Furthermore, interventricular septum displacement caused by
suction of the CF-LVAD may result in RV dysynchrony and also
reduced cooptation of the tricuspid valve. In long-term LVAD
therapy, this may gradually increase tricuspid regurgitation and
subsequent increase RV preload. Over time these factors could
contribute to the development of late RVF (38). Future studies
should address preoperative circulating NP levels in relation to
these different factors, in order to better predict RVF during
long-term LVAD support.

Major Adverse Events
In the INTERMACS registry, the most frequently reportedMAEs
after LVAD implantation are infection, neurologic events, RVF,
device malfunction including pump thrombosis, and multiple
system organ failure (4). However, apart from RVF, there were no
studies available that assessed the relation between NPs and these
specific MAEs. The studies included in this review assessed the
relation between NP levels before LVAD implantation and MAEs
including VA, AR, “combined adverse events,” complicated
postoperative stay, and all-cause rehospitalization. All studies
that were included found that NP (BNP and NT-proBNP)
levels before LVAD implantation are predictive of diverse MAEs
occurring in the postoperative period within 15 days up to 2 years
follow-up, and rehospitalizations within 1.5 year after LVAD
implantation (42–44).

Ventricular Arrhythmia
Hellman et al. demonstrated that high BNP levels before LVAD
implantation are a powerful predictor for VA up to 15 days (43).
Several mechanisms may explain this finding. BNP levels reflect
ventricular stretch and hypertrophy, which over time results in
tissue fibrosis and other changes of the myocardium that may
be a substrate for VA (58). The LVAD unloads the failing heart,
but cannot initiate reverse remodeling within 15 days. Thus,
the substrate for VA remains, as does the prognostic value of
BNP before LVAD implantation. Another possible explanation
may be that high BNP levels are associated with elevated
levels of cytokines and catecholamines, resulting in prolongation
of the action potential and enhanced calcium entry, causing
QTc prolongation and promoting arrhythmogenesis, eventually
triggering VA (43, 59).

Aortic Regurgitation
During CF-LVAD therapy, up to 15% of the patients may develop
moderate to severe AR, with significant impact on morbidity
and mortality (42). The study by Truby et al. identified BNP
levels >500 ng/L as a predictor in a univariate analysis of a
cox proportional hazard model for the development of moderate
or severe AR after 2 years of LVAD therapy. However, BNP
levels were not taken into account in the multivariate analysis
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of AR development (42). Factors like body mass index, sex, and
destination therapy strategy appear to be stronger predictors of
development of moderate or severe AR than BNP levels (42).
Nevertheless, this study points out that BNP identifies patients
who are vulnerable for adverse events. In patients with AR,
NPs are predictive of the development of HF and mortality
(60). However, no studies are available that assess the prognostic
value of NPs in relation to AR in (advanced) HF patients.
Therefore, more studies are needed to get mechanistic insights
into the relation between NPs and AR in HF patients receiving
LVAD therapy.

Rehospitalization and Combined Adverse Events
Two studies analyzed rehospitalization after initial discharge,
of which Hasin et al. found higher NT-proBNP before
LVAD implantation predictive for, and associated with, less
rehospitalization for anyMAE (44). Hegarova et al. demonstrated
that higher BNP levels were associated with less or no combined
adverse events that required outpatient care or rehospitalization.
In a sub-analysis, the authors found that BNP levels were not able
to differentiate between combined adverse events that required
rehospitalization and those that did not (45). Interestingly,
both studies demonstrated that higher NP levels before LVAD
implantation were related to less combined adverse events (44,
45). This finding may be related to the kind of MAE. Hasin
et al. found that cardiac events (30.4%) including VA, HF, and
chest pain, and bleeding events (29.6%) were the main reasons
for rehospitalization, whereas Hegarova et al. found that pump
thrombosis (29%) and decompensated HF (26%) were the most
frequent adverse events (44, 45). These findings suggest that NP
levels before LVAD implantation within a certain range may be
predictive for rehospitalization of specific MAEs.

Myocardial Recovery
Among the articles considered in this systematic review,
five studies investigated the relation of NPs with myocardial
recovery. Imamura et al. demonstrated that BNP before LVAD
implantation was not predictive for LV ejection fraction recovery
(47). The study by Topkara et al. demonstrated that NP levels
(BNP, proBNP) were associated with myocardial recovery, while
the other studies did not (6, 47–50). The total sample size in the
four studies that found no association was just slightly larger than
the sample size of the one study that did, mainly due to the large
studies by Topkara et al. (6) and Wever-Pinzon et al. (48). Both
authors extracted their data from the INTERMACS registry, had
comparable inclusion criteria, baseline characteristics, outcome
and median follow-up. Nevertheless, they found conflicting
results. This may be related to the fact that Wever-Pinzon
et al. additionally included patients implanted with pulsatile-flow
LVADs, and a relatively high number of INTERMACS level 1
patients, who were in critical cardiogenic shock at time of device
implantation (48). The higher number of INTERMACS level
1 patients may explain the higher levels of BNP found within
the recovery group, and may diminish the associative relation
between lower levels of BNP and myocardial recovery. Taken
together, these reports are indicative for the fact that NPs may
not be a specific marker for cardiac recovery, but rather reflect

the general physical condition and the severity of HF in advanced
HF patients receiving LVAD therapy.

Limitations
Although we systematically assessed the evidence for NP and
its role as prognostic biomarker in advanced HF patients who
receive LVAD therapy, our study is not devoid of its own
limitations. According to the NOS score, most studies included
in our review were of good quality. However, a number of
these studies had a small patient population and therefore
low statistical power. The heterogenous nature of the data in
terms of timing of NP measurements, subtypes of NP, follow-
up time, statistical analyses, and end-points pre-empted us from
performing a meta-analysis and derive definitive conclusions. In
addition, in a number of studies included in this review, the
predictive value of NPs in LVAD patients was not the main
hypothesis. We were not able to asses all end-points because of
limited literature, and several end-points had heterogenous and
subjective definitions, such as “need for RVAD” for the definition
of RVF. Although it is generally accepted that NP levels are
influenced by gender, age, BMI, comorbidities, kidney disease,
and HF medication, most studies did not take all variables into
account. In addition, some bias was created as the manuscripts
from the same authors, and several studies analyzing multiple
subtypes of NP or end-points, were included.

Future Perspective
Given the high incidence of MAEs after LVAD implantation,
optimization of patient selection is crucial in order to
improve outcome after LVAD implantation. Circulating NP
levels may have some power predicting MAEs, RVF and
rehospitalization during LVAD therapy. However, new, more
promising, circulating biomarkers have been identified for
prognostication of MAEs and mortality in HF patients
(15, 61–64). Multi-biomarker panels seem to improve the
prognostic power of these biomarkers. Emdin et al. compared
a multi-biomarker panel [NT-proBNP, soluble suppression of
tumorigenicity-2 (sST2), high-sensitive troponin T (hs-TnT)]
with a single biomarker (NT-proBNP). Relative risk for all-cause
mortality was higher among patients with elevated levels of all
multi-panel biomarkers compared to patients with elevated levels
of a single biomarker (NT-proBNP, sST2, hs-TnT; RR 9.5 vs.
NT-proBNP; RR 2.3, respectively) (65). Ahmad et al. showed
that novel biomarkers, such as galectin-3 (GAL-3), ST2, growth
differentiation factor-15 (GDF-15), high sensitive C-reactive
protein (hs-CRP), and copeptin, when stratified by baseline
NT-proBNP levels in their cohort of advanced HF patients,
were more sensitive of maladaptive processes than traditional
laboratory markers with established prognostic significance, such
as red blood cell distribution width, creatinine, blood urea
nitrogen, and sodium, which remained within normal limits
(66). These studies show that novel biomarkers and their multi-
biomarker panels may reflect disease severity more accurately
than currently used metrics (65–67). In addition, these novel
biomarkers provide a unique insight into the pathophysiologic
changes of HF as they reflect the different maladaptive processes
involved e.g., oxidative stress, fibrosis, and inflammation (68).
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Therefore, novel biomarkers may be considered for screening
of patients with advanced HF requiring CF-LVAD therapy,
and monitoring of LVAD patients. The present systematic
review demonstrates that in order to improve generalizability
and interpretation, large prospective studies with predefined
outcome, and follow-up duration analyzing preimplantation
NPs, multi-biomarker panels and their changes over time are
warranted. Validated assays in consecutive patients should be
used, and detailed cardiovascular profiles should be created to
systematically define pathologies contributing to the levels of NP
and other circulating biomarkers.

CONCLUSIONS

This systematic review demonstrates that BNP levels before
LVAD implantation are not predictive of all-cause mortality
after LVAD implantation. The implantation of an LVAD
appears to alter prognosis and NP levels to such an extent
that prognosis for mortality stratified by NP levels before
LVAD implantation is not applicable after LVAD implantation.
However, NP levels appear to identify advanced HF patients
who are at risk for postoperative RVF and MAEs, such
VA, AR, and rehospitalization. More studies regarding the
timing of NP measurements, using different subtypes of
NPs within prospective cohorts with predetermined end-
points and follow-up are needed to confirm the prognostic
value of NPs in advanced HF patients who will receive
LVAD therapy.
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Objective: The diagnostic performance of soluble suppression of tumorigenicity (sST2)

in heart failure (HF) had been investigated in multiple studies, but the results were

inconsistent. This meta-analysis evaluated the diagnostic value of sST2 in HF.

Methods: Pubmed, Web of Science, Embase, and Cochrane Library databases were

searched until March 2021. Cohort studies or case-control studies relevant to the

diagnostic value of sST2 in HF were screened, and true positive (TP), false positive (FP),

false negative (FN), and true negative (TN) data were extracted for calculating sensitivity,

specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), diagnostic odds

ratio (DOR), and area under the curve (AUC). The quality of the included studies was

evaluated using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS), the

threshold effect was determined by calculating Spearman correlation coefficients and

summary receiver operating characteristic (SROC) curve patterns, the heterogeneity was

evaluated using the I2 statistic and the Galbraith radial plot, and sensitivity analysis was

also performed. Deeks’ test was used to assess publication bias.

Results: A total of 11 studies from 10 articles were included in this meta-analysis.

The Spearman correlation coefficient was 0.114, p = 0.739, and the SROC curve

did not show a “shoulder-arm” shape, which suggests that there was no threshold

effect, but study heterogeneity existed because of non-threshold effects. The combined

sensitivity was 0.72 [95% confidence interval (CI): 0.65–0.78], specificity was 0.65 (95%

CI: 0.45–0.81), PLR was 1.75 (95% CI: 1.33–2.31), NLR was 0.48 (95% CI: 0.37–0.63),

DOR was 3.63 (95% CI: 2.29–5.74), and AUC was 0.75. The Deeks’ test suggested no

significant publication bias in the included studies (P = 0.94).

Conclusion: sST has some diagnostic value in HF, but this should be further evaluated

in additional studies with rigorous design and high homogeneity.

Keywords: soluble suppression of tumorigenicity, heart failure, diagnostic value, sensitivity, specificity, meta-

analysis

89

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.2021.685904
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.685904&domain=pdf&date_stamp=2021-07-13
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:yangjian@ctgu.edu.cn
mailto:yangjun@ctgu.edu.cn
https://doi.org/10.3389/fcvm.2021.685904
https://www.frontiersin.org/articles/10.3389/fcvm.2021.685904/full


Yang et al. Diagnostic Value of sST2 in HF

INTRODUCTION

Heart failure (HF) is a clinical syndrome of cardiac blood
flow impairment caused by ventricular systolic or diastolic
insufficiency. It is a global health concern with high morbidity
and mortality and has seriously endangered human health
(1). Currently, HF is diagnosed based on clinical symptoms,
medical history, echocardiography, B-type natriuretic peptide
(BNP), and N-terminal (NT)-proBNP (2). However, because
of the atypical symptoms and signs of HF, the ancillary tests
such as echocardiography and invasive hemodynamics are often
limited by factors such as medical condition, and BNP or NT-
proBNP levels are easily affected by age, sex, body size, and
renal function, which makes the diagnosis and management of
HF still a clinical challenge (3). Simple, sensitive, and specific
techniques are required to assist in the diagnosis of HF, and
HF-related biological markers are the current focus of HF
diagnosis (4). Soluble suppression of tumorigenicity 2 (sST2),
a marker associated with cardiomyocyte traction, is a potential
pathophysiological mediator of myocardial hypertrophy and
myocardial fibrosis and an important biomarker of HF (5).
Several trials have now confirmed that sST2 levels are
significantly elevated in patients with HF and that the elevated
levels of sST2 correlate significantly with the degree of HF
(6, 7). In recent years, more studies have been reported on the
diagnosis of HF using sST2, but the results of these studies vary
significantly. In this study, we intend to systematically evaluate
the diagnostic value of sST2 in HF using meta-analysis.

DATA AND METHODS

Literature Search Strategy
For English databases Pubmed, Web of Science, Embase, and
Cochrane Library, Heart failure, ST2, and diagnostic test were
searched as the key words by the combination of medical subject
headings (MeSH) and entry term. The literature search start
date was not restricted, and the search end date was March
2021. The search language was only English. The following
search strategy was used for pubmed and modified to suit other
databases (the detailed retrieval strategy of other databases in
Supplementary Documents):

#1 heart failure[MeSH Terms]
#2 ((((((((((((((Cardiac Failure[Title/Abstract]) OR (Heart
Decompensation[Title/Abstract])) OR (Decompensation,
Heart[Title/Abstract])) OR (Heart Failure, Right-
Sided[Title/Abstract])) OR (Heart Failure,
Right Sided[Title/Abstract])) OR (Right-Sided
Heart Failure[Title/Abstract])) OR (Right Sided
Heart Failure[Title/Abstract])) OR (Myocardial
Failure[Title/Abstract])) OR (Congestive Heart
Failure[Title/Abstract])) OR (Heart Failure,
Congestive[Title/Abstract])) OR (Heart Failure,
Left-Sided[Title/Abstract])) OR (Heart Failure,
Left Sided[Title/Abstract])) OR (Left-Sided Heart
Failure[Title/Abstract])) OR (Left Sided Heart
Failure[Title/Abstract]))) OR (HF)

#3 #1 OR #2
#4 ((((((Soluble suppression of tumorigenicity
2[Title/Abstract]) OR (Soluble suppression of tumorigenicity-
2[Title/Abstract])) OR (suppression of tumorigenicity
2[Title/Abstract])) OR (suppression of tumorigenicity-
2[Title/Abstract])) OR (sST2[Title/Abstract])) OR
(ST2[Title/Abstract])) OR (soluble ST2[Title/Abstract])
#5 “sensitiv∗”[Title/Abstract] OR “sensitivity and
specificity”[MeSH Terms] OR (“predictive”[Title/Abstract]
AND “value∗”[Title/Abstract]) OR (“predictive value of
tests”[MeSH Terms] OR (“predictive”[All Fields] AND
“value”[All Fields] AND “tests”[All Fields]) OR “predictive
value of tests”[All Fields]) OR “accuracy∗”[Title/Abstract]
#6 #3 AND #4 AND #5.

Literature Inclusion and Exclusion Criteria
Literature inclusion criteria: (1) cohort studies or case-control
studies investigating sST2 for the diagnosis of HF; (2) valid data
available in the literature for the calculation of true positives
(TPs), false positives (FPs), false negatives (FNs), and true
negatives (TNs) to obtain information for a four-grid table; and
(3) high quality studies using quality evaluation (see below).
Exclusion criteria: (1) reviews, conference papers, and letters; (2)
literature that cannot provide valid data for a four-grid table;
(3) literature with duplicate data; (4) literature reporting results
from animals or cellular models; (5) literature with too small
a sample size (n < 100); (6) literature of low quality using
quality evaluation. This systematic evaluation was performed by
two authors who independently judged whether the retrieved
literature could be included in the study, and the third author
made an independent judgment whether to include it in case
of disagreement.

Literature Quality Evaluation Criteria
The quality assessment of diagnostic accuracy studies (QUADAS)
tool provided by the Cochrane Collaboration system was used to
evaluate the quality of the literature. The QUADAS tool evaluates
the four biases in terms of case selection, trials to be evaluated,
gold standard, and flow, and it evaluates the quality of the
literature by assessing 11 landmark questions and three types
of clinical applicability questions. The 11 landmark issues were
evaluated as “Yes” for clear fit, “Unclear” for unclear, and “No”
for not meeting the conditions; the four biases were evaluated
as “High risk” for clear bias, “Unclear” for unclear bias, and
“Low risk” for no clear bias; and the three types of clinical
applicability were evaluated as “High concern” for good matches,
“Unclear” for unclear matches, and “Low concern” for poor
matches. For each included study, two authors evaluated the
quality independently, and the third authormade an independent
judgment in case of disagreement.

Data Extraction
The extracted information included the basic information of the
study and the four-grid table information. The basic information
included authors, year of publication, country, sample size, mean
age, sST2 detection method, sST2 cut-off, HF diagnostic criteria,
HF type, control population, and study type. TP, FP, TN, and
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FIGURE 1 | Flow diagram for study selection.
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TABLE 1 | Characteristics of the studies included in this meta-analysis.

No References Year Country Sample

size

Male Average age

(year)

sST2

ELISAS kit

source

Cut-off

value

HF

diagnostic

criteria

Type of HF Medical history

of HF

Treatment

history

Characteristics

of controls

Type of

research

HF/no HF

1 Dieplinger et al. (8) 2009 Australia 251 234 72.82 MBL 121 ng/L Framingham HF Arterial

hypertension,

diabetes mellitus

ACEI, ARB,

calcium

antagonist,

β-blockers,

digitalis,

diuretics,

amiodarone

ED patients with

dyspnea

Cohort

2 Aldous et al. (9) 2012 New Zealand 995 591 66.00 - 34.3 U/mL Chest

radiograph

evidence of

pulmonary

edema or

symptoms of

HF with

raised BNP

HF Ischemic heart

disease, lung

disease, stroke,

Hypertension,

dyslipidemia

- ED patients with

ischemic type pain

Cohort

3 Santhanakrishnan

et al. (10)

2012 Singapore 100 52 66.00 PresageTM 26.47 ng/mL Framingham HFPEF Diabetes

mellitus,

hypertension,

coronary artery

disease, stroke

ACEI/ARB,

Spironolactone,

β-blocker,

diuretics,

digoxin, statin,

aspirin,

Community adults Case-Control

4 Santhanakrishnan

et al. (10)

2012 Singapore 101 66 60.98 PresageTM 30.32 ng/mL Framingham HFREF Community adults Case-Control

5 Wang et al. (11) 2013 Taiwan 107 57 65.08 R&D 13.5 ng/mL Framingham HFPEF Diabetes,

dyslipidemia,

coronary artery

disease, atrial

fibrillation

Aspirin, nitrates,

calcium channel

blockers,

ACEI/ARB,

β-Blockers,

diuretics, statins,

antiarrythmic

agents

Outpatients with

hypertension

Cohort
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TABLE 1 | Continued

No References Year Country Sample

size

Male Average age

(year)

sST2

ELISAS kit

source

Cut-off

value

HF

diagnostic

criteria

Type of HF Medical history

of HF

Treatment

history

Characteristics

of controls

Type of

research

HF/no HF

6 Jakob et al. (12) 2016 Austria and

UK

203 7.5 PresageTM 44.4 pg/mL Presence of

HF symptoms

and abnormal

ventricular

systolic

function

HF Dilated

cardiomyopathy,

functional single

ventricle,

pulmonary/right-

sided

obstruction,

aortic/left-sided

obstruction,

ventricular septal

defect, tetralogy

of fallot,

atrioventricular

septal defect,

patent arterial

duct,

hypertrophic

cardiomyopathy,

restrictive

cardiomyopathy,

atrial septal

defect, mixed

lesion/other

- children without

heart disease

undergoing

phlebotomy prior

to an elective

procedure

Case-Control

7 Mueller et al. (13) 2016 Austria 251 234 76/69 PresageTM 26.5 ng/mL Framingham HF Arterial

hypertension,

diabetes

mellitus, atrial

fibrillation,

coronary artery

disease

ACEI/ARB,

calcium

antagonists,

β-blockers,

digitalis,

diuretics,

amiodarone

dyspnoea

attributed to other

reasons

Cohort

8 Sinning et al. (14) 2016 Germany 4,972 2,526 67/55 PresageTM - NYHA HF Diabetes,

hypertension,

dyslipidemi

- Recruitment with

no HF

Cohort

(Continued)
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TABLE 1 | Continued

No References Year Country Sample

size

Male Average age

(year)

sST2

ELISAS kit

source

Cut-off

value

HF

diagnostic

criteria

Type of HF Medical history

of HF

Treatment

history

Characteristics

of controls

Type of

research

HF/no HF

9 Jin et al. (15) 2017 China 303 200 61.89/60.31 Shanghai

Research

Institute for

Enzyme-

linked

Biology

- ESC

Guidelines

HF - - Healthy people Case-Control

10 Luo et al. (16) 2017 China 876 460 67.49/65.93 – 0.159 µg/L China

Guidelines

HFPEF Coronary heart

disease,

diabetes

mellitus,

hypertension,

fatty liver, carotid

plaque, gout

Antiplatelet

drugs,

ACEI/ARB,

β-blockers,

trimetazidine,

diuretics, statins,

digitalis

healthy individuals Case-Control

11 Cui et al. (17) 2018 China 202 135 73/67 Shanghai Qiyi

Biological Co.

68.6 pg/mL ESC

Guidelines

HFPEF Hypertension,

diabetes

mellitus,

coronary heart

disease, Atrial

fibrillation

β-blocker, ARB,

dioxin,

aldosterone

antagonist,

statin

Health examiner Case-Control
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TABLE 2 | Main findings of the included studies.

References TP FP FN TN SEN SPE

Dieplinger et al. (8) 123 89 14 25 0.90 0.22

Aldous et al. (9) 25 196 9 765 0.74 0.80

Santhanakrishnan et al.

(10)

35 26 15 24 0.70 0.48

Santhanakrishnan et al.

(10)

35 16 16 34 0.69 0.68

Wang et al. (11) 50 10 18 29 0.74 0.74

Jakob et al. (12) 65 39 49 50 0.57 0.56

Mueller et al. (13) 104 58 33 56 0.76 0.49

Sinning et al. (14) 81 2,882 27 1,982 0.75 0.41

Jin et al. (15) 154 0 43 106 0.78 1.00

Luo et al. (16) 267 166 109 334 0.71 0.67

Cui et al. (17) 83 13 89 17 0.48 0.57

TP, True positive; FP, False positive; FN, False negative; TN, True negative; SEN, Sensitivity; SPE, Specificity.

FN data were extracted from the included studies, and data
that could not be extracted directly could be obtained by data
transformation or by contacting the authors.

Statistical Methods
Statistical analysis of the data was performed using Stata 15
and Meta-Disc (version 14.0) software. First, threshold effects
were determined using Spearman correlation coefficient and the
pattern of the summary receiver operating characteristic cure
(SROC) curve. Then, the combined effect indicators—sensitivity,
specificity, positive likelihood ratio (PLR), negative likelihood
ratio (NLR), diagnostic odds ratio (DOR), and area under the
curve (AUC) of SROC—were calculated. Heterogeneity was
tested with the chi-square test using the I2 of Q statistic, and
I2 < 50% or P > 0.05 indicated no significant heterogeneity
among studies, and the effect indicators were combined using
the fixed effect model (FEM); I2 > 50% or P < 0.05 indicated a
significant heterogeneity among studies, so the effect indicators
were combined using the randomized effect model (REM), and
heterogeneity analysis and sensitivity analysis were conducted.
The Deeks’ test was used to assess publication bias. P < 0.05 was
considered a statistically significant difference.

RESULTS

Literature Search Results
Five hundred and twenty-seven articles were obtained by
searching with the proposed input, and a total of 407 articles
were retrieved after removing duplicates. By reading the titles and
abstracts, 389 articles were initially excluded (55 were not clincal
trial; 77 were not heart failure related; 257 were not diagnose
related) according to the inclusion and exclusion criteria. A
total of 18 articles was investigated, and eight of them were
excluded by reading full-text. For the eight excluded articles, one
was duplicate publication, one was testing for sST2, four were
prognosis related and two with no access to the four-grid table

information. Finally, 10 articles with 11 studies were included in
the meta-analysis (8–17) (Figure 1).

Basic Characteristics of the Included
Literature
A total of 11 studies were included. Santhanakrishnan et al. (9)
divided HF patients into HF with preserved ejection fraction
(HFPEF) and HF with reduced ejection fraction (HFREF) and
studied them separately, and thus this literature was considered
as two studies. The basic information of the included studies
is shown in Table 1. The total sample size of 8,361 patients
was included, involving cases from Australia, New Zealand,
Singapore, the United Kingdom, Germany, and China. Ten
studies investigated middle-aged and elderly populations, and
one study focused on children. There were five cohort studies and
six case-control studies. sST2 was detected using enzyme-linked
immunosorbent assays (ELISAs), and sST2 kits were available
from five manufacturers, including MBL, PresageTM, and R&D.
Regarding the type of HF, four studies included patients with
HFPEF, one included patients with HFREF, and the other six
studies did not distinguish between reduced and preserved
ejection fractions. The control population included people with
dyspnea unrelated to HF, children with hypertension unrelated to
HF, healthy populations, and community populations. TP, FP, FN,
and TN data were extracted from each study for themeta-analysis
(Table 2), and the quality evaluation of the included studies is
shown in Figure 2.

Threshold Effect Analysis
Meta-disc analysis showed that the Spearman correlation
coefficient between the log of sensitivity and the log of
(1-specificity) was 0.114, P = 0.739, and the SROC curve showed
no “shoulder-arm” pattern, which suggests that there was no
threshold effect in this study.
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FIGURE 2 | Quality evaluation of the included studies. (A) Review authors’ judgments presented as percentages for the included studies; (B) Review authors’

judgements for each included study.
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FIGURE 3 | The combined sensitivity and specificity of sST2 for the diagnosis of HF. sST2, soluble suppression of tumorigenicity; HF, heart failure.

Diagnostic Value of sST2 in Patients With
HF
The combined sensitivity of sST2 for the diagnosis of HF
was 0.72 (95% confidence interval (CI): 0.65–0.78) (Figure 3),
the combined specificity was 0.65 (95% CI: 0.45–0.81) (Figure 3),
the combined PLR was 1.75 (95% CI: 1.33–2.31) (Figure 4A), the
combined NLR was 0.48 (95% CI: 0.37–0.63) (Figure 4B), and
the combined DOR was 3.63 (95% CI: 2.29–5.74) (Figure 4C).
The AUC of the SROC curve was 0.75 (Figure 4D).

Heterogeneity Analysis
Heterogeneity tests showed that I2 = 88.78% (P < 0.0001)
for sensitivity, I2 = 98.98% (P < 0.0001) for specificity, I2

= 94.0% (P < 0.0001) for PLR, I2 = 84.7% (P < 0.0001)
for NLR, and I2 = 82.2% (P < 0.0001) for DOR, which
suggests the presence of heterogeneity unrelated to threshold
effects in this study, so the effect sizes were combined using
a randomized effect model and the source of heterogeneity
was analyzed. The Galbraith radial plot (Figure 5) showed that
four studies conducted by Dieplinger et al., Santhanakrishnan
et al., Jakob et al., and Cui et al. were the sources of
the heterogeneity.

Sensitivity Analysis
Sensitivity analysis of the data from this study showed that the
studies conducted by Santhanakrishnan et al. and Cui et al. had
the most impact on the calculation of the results of this study
(Figure 6A), while the other original studies had no impact on
the calculation of the study results. Taken together, the results of
this study were relatively stable. Sensitivity analysis of the impact
of individual studies showed that the exclusion of the study
conducted by Cui et al. had the most effect on the calculation of
results in this meta-analysis (Figure 6B).

Publication Bias
The Deeks’ test was performed using Stata software to assess
publication bias (Figure 7); it showed a P = 0.94, which
suggests that there was no significant publication bias in the
included studies.

DISCUSSION

HF is a common outcome of multiple cardiovascular diseases.
Cardiac overload and myocardial cell injury can lead to reduced
cardiac function, which results in compensatory changes
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FIGURE 4 | The forest plots of (A) PLR, (B) NLR, (C) DOR, and (D) AUC of SROC. PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds

ratio; AUC, area under curve; SROC, summary receiver operating characteristic.

FIGURE 5 | Heterogeneity analysis. Heterogeneity was evaluated by Galbraith radial plot.
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FIGURE 6 | Sensitivity analysis diagram. (A) Sensitivity analysis, (B) Individual study exclusion.

FIGURE 7 | Publication bias. The Deek’s test was established to evaluate publication bias.

such as ventricular hypertrophy and chamber enlargement,
as well as corresponding changes in cardiomyocytes,
extracellular matrix, and collagen fiber networks followed
by ventricular remodeling, leading to further deterioration
of cardiac function (18). Multiple factors are involved in the
progression of HF, such as myocardial necrosis, apoptosis,
autophagy, fibrosis, oxidative stress, inflammatory response,
and neurohumoral regulatory disorders, as well as changing

levels in a series of biomarkers (19). The American College
of Cardiology/American Heart Association/Heart Failure
Society of America (ACC/AHA/HFSA) guidelines released
in 2017 stated that BNP and NT-proBNP provide clear
diagnostic value in patients with chronic HF (20). BNP or
NT-proBNP has been used clinically as a routine test for HF,
but it is susceptible to various factors such as age, sex, and
disease condition. Among these biomarkers, the myocardial
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fibrosis marker sST2 is not affected by factors like age,
sex, renal function, and weight (21). Meanwhile, the 2017
ACC/AHA/HFSA guidelines recommend measuring sST2
for risk stratification of patients with chronic HF (20). This
suggests that sST2 has some value in the diagnosis and prognosis
of HF.

ST2 is a member of the interleukin-1 (IL-1) receptor
superfamily, which is encoded by the ST2 gene in cardiomyocytes
during myocardial stretch and under mechanical stress. The
ST2 gene is located on human chromosome 2q12 and can
encode two isoforms of sST2 and the transmembrane receptor
form of ST2 (ST2L). Interleukin-33 (IL-33) is a functional
ligand for ST2, and the ST2/IL-33 signaling pathway exerts
cardioprotective effects by activating ST2L receptors to reduce
myocardial fibrosis, inhibit cardiomyocyte hypertrophy, and
improve cardiac function, which does not require the sST2
receptor (22). During HF, the increased cardiac load exposes
the myocardium to excessive stretch stimulation, and the
overproduced sST2 can compete with ST2L for binding IL-
33, abrogating the cardioprotective effect of the ST2/IL-33
signaling pathway; this leads to apoptosis, hypertrophy and
fibrosis of cardiomyocytes, and further deterioration of cardiac
function, aggravating the HF process (23). This suggests that
sST2 plays an important role in the development of HF.
Clinical studies on the diagnostic value of sST2 in HF have
gradually increased in recent years (24). In this study, the
clinical diagnostic value of sST2 in HF was evaluated using
meta-analysis.

Meta-analysis showed that the combined sensitivity was 0.72,
specificity was 0.65, DOR was 3.63, and AUC was 0.75, which
indicates that sST2 has a good diagnostic value for HF. The meta-
analysis conducted by Huang et al. (24) included 10 original
studies, all of which were conducted before 2014 and published
in either Chinese or English, and their combined sensitivity was
0.84, specificity was 0.74, DOR was 8.49, and AUC was 0.81.
Both the sensitivity and specificity in this study were about 10%
lower than those in the Huang et al. (24), which may be related
to the inclusion of recent literature and more stringent quality
screening performed in this study, but both meta-analyses had
a high degree of heterogeneity. Diagnostic studies are generally
more heterogeneous than other types of clinical studies because
of a possible bias in case selection, trials to be evaluated,
gold standards, and flow. This study showed that four studies,
those conducted by Dieplinger et al., Santhanakrishnan et al.,
Jakob et al., and Cui et al. may be the source of heterogeneity
in this meta-analysis, and the study conducted by Cui et al.
had the most impact on the results of the meta-analysis. The
analysis revealed that Dieplinger et al. used a sST2 kit from
MBL, Santhanakrishnan et al. conducted a case-control study,
Jakob et al. focused on children, and Cui et al. performed a
case-control study on patients with HFPEF using a sST2 kit
from Shanghai Qiyi Biological Co.; thus, the above-mentioned
differences may have contributed to the large heterogeneity
observed in this study. In addition, the heterogeneity of this
study may have also been caused by the disease typing (different
degrees of HF in different studies), the composition of the
disease spectrum (the patient group may be combined with

other diseases, and the control group includes patients with
various cardiovascular diseases without HF), the diagnostic
thresholds (the thresholds were not uniform among studies), and
differences in the sST2 detection methods. Moreover, there was
also heterogeneity because of mixed bias caused by the HF type,
control population, sST2 kit, HF diagnostic criteria, study type,
and other biases.

Although this meta-analysis included a relatively
comprehensive literature search, there were still some
limitations. First, the heterogeneity of the included studies
was high, and the potential sources include HF type, control
population, sST2 kit, HF diagnostic criteria, and study type,
with possible heterogeneity between subgroups and from
other sources. Second, most of the included studies were
case-control studies, which could cause selection bias in
the selection of study subjects and increase diagnostic
sensitivity. Third, the diagnostic cut-off values of sST2
were not uniform, and the diagnostic cut-off values of sST2
varied among the 11 included studies, which may have
been related to factors such as kits, test conditions, and
sample-handling methods.

In general, sST2 has some diagnostic value for HF, but factors
such as HF type, control population, sST2 kits, HF diagnostic
criteria, and study type in the original studies may have affected
its diagnostic value. Therefore, we still need to design prospective
cohort studies with high quality, large sample sizes, uniform
study populations, uniform control populations, and uniform
test methods to further explore and validate the reliability of the
results of this analysis; we also need to establish an accurate cut-
off value for sST2 to provide clinical guidance for the diagnosis
of HF.
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Background: Emerging evidence has showed that serum carbohydrate antigen 125

(CA 125) levels are associated with the severity and prognosis of heart failure. However,

its role in pulmonary hypertension remains unclear. This study aimed to investigate the

clinical, echocardiographic, hemodynamic, and prognostic associations of CA 125 in

pulmonary hypertension.

Methods and Results: We conducted a retrospective cohort study of all idiopathic

pulmonary arterial hypertension and chronic thromboembolic pulmonary hypertension

patients receiving CA 125 measurement in Fuwai Hospital (January 1, 2014–December

31, 2018). The primary end-point was cumulative 1-year clinical worsening-free survival

rate. Linear regression was performed to assess the association between CA 125 and

clinical, echocardiographic, and hemodynamic parameters. Cox proportional hazards

models were used to assess the association between CA 125 and clinical worsening

events. Receiver operating characteristic (ROC) curve analysis was performed to

determine the predictive performance of CA 125. A total of 231 patients were included.

After adjustment, CA 125 still positively correlated with World Health Organization

functional class, NT-proBNP, right ventricular end-diastolic diameter, pericardial effusion,

mean right atrial pressure and pulmonary arterial wedge pressure; negatively correlated

with 6-min walk distance, left ventricular end-diastolic diameter, mixed venous oxygen

saturation, and cardiac index. After adjustment, CA 125 > 35 U/ml was associated with

over 2 folds increased risk of 1-year clinical worsening. Further, ROC analysis showed

that CA 125 provided additional predictive value in addition to the established pulmonary

hypertension biomarker NT-proBNP.

Conclusion: CA 125 was associated with functional status, echocardiography,

hemodynamics and prognosis of pulmonary hypertension.

Keywords: pulmonary hypertension, carbohydrate antigen 125, biomarkers, prognosis, severity
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INTRODUCTION

Carbohydrate antigen 125 (CA 125), also known as mucin 16,
is a glycoprotein synthesized by serosal cells in response to
mechanical stress (congestion) or inflammatory stimuli (1–3).
High serum CA 125 levels have been identified in malignancies
such as ovarian, lung and gastrointestinal cancer (4). Currently,
CA 125 is a widely used biomarker for the screening (5),
monitoring (6) and risk stratification (7) of ovarian cancer. In
addition, emerging evidence has linked serum CA 125 levels to
non-malignant conditions such as cardiovascular disease (e.g.,
heart failure, pericardial diseases, and coronary artery disease)
(8). More specifically, serum CA 125 levels were found to be
associated with functional class (9), echocardiography (10), and
hemodynamics (11) in heart failure. Furthermore, some studies
have demonstrated the diagnostic and prognostic value of CA
125 in heart failure (12, 13). The capability of CA 125 to serve
as a therapeutic target for heart failure has also been investigated,
and the results were promising (14, 15).

As the release of CA 125 is irrelevant to the etiology of cardiac
aggression, it should be considered a final organ damage marker
(8). Thus, it may also play a role in pulmonary hypertension
(PH). Unfortunately, there is still limited knowledge on this
topic. Rahimi-Rad et al. reported that patients with PH had
higher serum CA 125 levels than those without PH in chronic
obstructive pulmonary disease (16). A similar phenomenon was
also observed in congenital heart disease (17). Whether serum
CA 125 levels are correlated with the severity and prognosis
of PH remains unclear. In the present study, we aimed to
investigate the correlations between CA125 and the functional
status, echocardiography, hemodynamics, and prognosis of PH
in a retrospective cohort.

MATERIALS AND METHODS

Study Design and Participants
This observational retrospective cohort study was conducted at
Fuwai Hospital, Chinese Academy of Medical Sciences (Beijing,
China). We screened all patients with idiopathic pulmonary
arterial hypertension (IPAH) and chronic thromboembolic
pulmonary hypertension (CTEPH) who underwent right heart
catheterization (RHC) from January 1, 2014, to December
31, 2018. Patients with CA 125 data and multiple clinical
visit/hospitalization records were enrolled as long as they
had a minimum of 1 year of follow-up data for outcomes. In
addition, echocardiography-suspected PH patients with normal
invasive pulmonary arterial pressure and CA 125 data were
also recruited as the control group. The establishment of IPAH
and CTEPH was based on the 2009 (before January 2016) or
2015 European Society of Cardiology/European Respiratory
Society (ERS) guidelines (18, 19). Normal pulmonary arterial
pressure was defined as the mean pulmonary arterial pressure
(mPAP) <25mm Hg (18, 19). By design, patients were excluded
if they had (1) any malignancy, (2) inflammatory diseases, or
(3) active infection. The following clinical data were collected
via an electronic medical record system by two independent
reviewers: demographics, etiology of PH, 6-minute walk

distance (6MWD), N-terminal pro-brain natriuretic peptide
(NT-proBNP) levels, smoking history, alcohol consumption,
World Health Organization functional class (WHO-FC),
PH-specific medication, history of balloon pulmonary
angioplasty/pulmonary endarterectomy, comorbidities,
parameters derived from echocardiography and RHC, serum CA
125 levels, and follow-up data. The study protocol was approved
by the Ethics Committee of Fuwai Hospital. Written informed
consent was obtained from each patient.

CA 125 Measurement
Fasting venous blood samples were collected for CA 125
measurement on the first day of admission. Serum levels of
CA125 were measured using a chemiluminescent microparticle
immunoassay (product name: Access OV Monitor; Cat. No.
386357; Beckman Coulter Inc., Brea, CA, USA). Please refer
to the manufacturer’s website for the detailed methodology of
the Access OV Monitor (https://mms.mckesson.com/product/
586335/Beckman-Coulter-386357). The upper limit of normal
for CA 125 was 35 U/ml with the Access OV Monitor.
Accordingly, the included patients were divided into either the
CA 125 > 35 U/ml group or the CA 125 ≤ 35 U/ml group.

RHC and Echocardiographic Examination
The detailed protocol for RHC has been provided in our previous
publications (20–23). Briefly, with local anesthesia under
continuous electrocardiographic monitoring, a 6 French pigtail
catheter or 7 French Swan-Ganz catheter (Edwards Lifesciences
World Trade Co., Ltd, Irvine, CA, USA) was advanced into
the pulmonary artery through the right femoral vein or right
internal jugular vein by placement of a 6 or 7 French vascular
sheath. Correct catheter positioning was verified by fluoroscopy.
Transducers were positioned at the midaxillary line and zeroed
at atmospheric pressure. Transthoracic echocardiography was
performed by experienced ultrasonologists in the Department of
Echocardiography under the current guidelines (24).

Outcome
We considered the cumulative 1-year clinical worsening-free
survival rate as the primary endpoint. Clinical worsening was
defined as the occurrence of any of the following events:
deteriorated WHO-FC, escalation of PH-specific therapy and
rehospitalization due to heart failure or progression of PH. End-
point events were adjudicated by two senior clinicians. Any
discordance was resolved by the supervisors (QL and ZHL).

Statistical Analysis
Continuous variables are presented as the mean ± standard
deviation. Categorical variables are given as counts. Comparisons
between two groups were performed using an independent-
sample t-test, the Mann–Whitney U-test or the chi-square test,
as appropriate. Correlations between CA 125 and other variables
were examined using the Spearman correlation coefficient. To
adjust for potential confounding factors, associations with P <

0.100 were further assessed using multivariate linear regression
analysis (enter method).
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The Kaplan–Meier method was used to assess differences in
the rate of 1-year clinical worsening events between patients
with values above or below 35 U/ml; curves were compared
with the log-rank test. The association between serum CA
125 levels and clinical worsening events was evaluated by a
Cox proportional hazards model. Univariate Cox analysis was
first performed to screen all prognostic factors. Variables with
clinical significance or P < 0.100 in univariate analysis were
selected for multivariate Cox analysis (enter method). We tested
the Cox proportional hazards assumption for each covariate
using Schoenfeld residuals. The linearity assumption for CA
125 was evaluated by restricted cubic splines with four knots.
Collinearity diagnostics were examined for the potential presence
of collinearity between independent variables in multivariate
linear regression analysis and multivariate Cox analysis. Receiver
operating characteristic (ROC) curve analysis was performed to
assess the predictive performance of CA 125. Internal validation
was performed using 500 bootstrap resamples (25, 26).

Values of CA 125 and NT-proBNP were logarithmically
transformed (ln) and then used in correlation analysis, linear
regression and the Cox proportional hazards model. No single
missing value was replaced. A two-sided P < 0.05 was considered
indicative of statistical significance. Data analysis was performed
using SPSS (version 23.0), R-studio (version 1.4.1106), R (version
4.0.5), and MedCalc (version 19.7.2).

RESULTS

Patient Enrolment
We identified 231 (45.9%) eligible records for IPAH/CTEPH
patients from the 503 records assessed; of the patients, 164
were IPAH and 67 were CTEPH. Furthermore, 84 patients with
normal invasive pulmonary arterial pressure and CA 125 data
were included as controls. A flow chart displaying the enrolment
process is shown in Figure 1.

Baseline Characteristics
The baseline characteristics of all included patients are presented
in Table 1. Among 231 patients with PH, 191 were categorized
into the CA 125 ≤ 35 U/ml group and 40 into the CA 125 > 35
U/ml group. At baseline, 111 (48.1%) of 231 patients presented
with WHO-FC III/IV, and 40 (17.3%) patients did not receive
PH-specific medication. During the follow-up period, 73 (31.6%)
patients experienced clinical worsening events. More specifically,
20 patients had deteriorated WHO-FC, 16 patients escalated
their PH-specific therapy, and 37 patients were rehospitalized
due to heart failure or progression of pulmonary hypertension.
Among patients who experienced clinical worsening, 23 were in
the CA 125>35 U/ml group, and 50 were in the CA 125 ≤ 35
U/ml group.

Patients With PH vs. Control Group
Compared to those in the control group, patients with PH
were younger (40.0 ± 15.3 vs. 50.4 ± 16.2 years, P <

0.001), had worse WHO-FC, 6MWD, echocardiographic and
haemodynamic parameters, and had higher serum levels of

NT-proBNP and CA 125 [17.3 (11.3, 25.8) vs. 9.5 (6.1, 18.2)
U/ml, P < 0.001].

PH Patients With CA 125 > 35 U/ml vs.
Those With CA 125 ≤ 35 U/ml
Compared to those with CA 125 ≤ 35 U/ml, patients with
CA 125 > 35 U/ml had lower mixed venous oxygen saturation
(SVO2), lower cardiac index (CI) values, a larger right ventricular
end-diastolic diameter (RVED), higher prevalence rates of
hyperlipidaemia and pericardial effusion, highermean right atrial
pressure (mRAP), and higher serum levels of NT-proBNP and
CA 125 [55.9 (43.7, 83.0) vs. 14.5 (10.6, 21.1) U/ml, P < 0.001].
In addition, patients with CA 125 > 35 U/ml tended to have a
smaller left ventricular end-diastolic diameter (LVED) (36.2± 6.6
vs. 38.2± 6.2mm, P = 0.064).

CA 125 Is Weakly Associated With
Established Markers of PH Severity
As shown in Table 2, ln(CA 125) was weakly correlated
with 6MWD, WHO-FC, ln(NT-proBNP), echocardiographic
parameters (LVED, RVED, and pericardial effusion), and
haemodynamic parameters [SvO2, mRAP, CI and pulmonary
vascular resistance (PVR)]. In addition, ln(CA 125) tended to
correlate with pulmonary arterial wedge pressure (PAWP) (r
= 0.123, P = 0.062). However, no correlations were observed
between ln(CA 125) and left atrial dimension (r = −0.066,
P = 0.318), left ventricular ejection fraction (r = 0.034, P
= 0.605), systolic pulmonary arterial pressure (r = −0.037,
P = 0.585), or mPAP (r = 0.106, P = 0.109). Similar
results were observed in the CTEPH and IPAH subgroups
(Supplementary Tables 1, 2).

In multivariate linear regression analysis (enter method),
we further assessed correlations between CA 125 and
functional status (6MWD, WHO-FC, and NT-proBNP) and
echocardiographic (LVED, RVED and pericardial effusion) and
haemodynamic (SvO2, mRAP, CI, PVR, and PAWP) parameters
by adjusting for age, sex, and body mass index. The results
showed that ln(CA 125) was still positively correlated with
WHO-FC, ln(NT-proBNP), RVED, pericardial effusion, mRAP,
and PAWP and negatively correlated with 6MWD, LVED, SvO2,
and CI (Table 2). Similar results were observed in the CTEPH
and IPAH subgroups (Supplementary Tables 1, 2). No problems
with collinearity were detected in multivariate linear regression
analysis (variance inflation factor < 5).

CA 125 Is Associated With Prognosis of PH
Kaplan–Meier analysis showed that IPAH/CTEPH patients with
CA 125 > 35 U/ml had a lower cumulative one-year clinical
worsening-free survival rate than those with CA 125 ≤ 35 U/ml
(42.5 vs. 73.8%, P < 0.0001; Figure 2).

In univariate Cox analysis, 6MWD, ln(NT-proBNP), SVO2,
mRAP, PAWP, and CA 125 > 35 U/ml had a P < 0.100
(Table 3). Considering their clinical importance, age, WHO-
FC and pericardial effusion were also selected for multivariate
Cox analysis (enter method). Events per variable are often
used to estimate the sample size needed in multiple Cox
analyses, and the lowest acceptable number of events per
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FIGURE 1 | Flow diagram of patient enrollment and exclusion. CA 125, Carbohydrate antigen 125; CTEPH, Chronic thromboembolic pulmonary hypertension; IPAH,

Idiopathic pulmonary arterial hypertension.

variable is usually considered to be 10 (27). Given that 73
patients reached the primary endpoint in the present study,
it was relatively safe for us to include a maximum of 7
independent variables into multivariate Cox analysis. Model 1
was adjusted for SvO2, 6MWD, ln(NT-proBNP), mRAP, and
PAWP. Model 2 was adjusted for the variables in model 1
plus age. Model 3 was adjusted for the variables in model 1
plus hyperlipidemia. Model 4 was adjusted for the variables
in model 1 plus WHO-FC. Model 5 was adjusted for the
variables in model 1 plus pericardial effusion. In all 5 Cox
models, CA 125 was found to be an independent predictor
of clinical worsening (Table 4). The C statistic was 0.648
[95% CI: 0.577–0.718] for model 1, 0.652 [95% CI: 0.582–
0.722] for model 2, 0.649 [95% CI: 0.578–0.720] for model
3, 0.649 [95% CI: 0.579–0.720] for model 4 and 0.647 [95%
CI: 0.576–0.718] for model 5. Using bootstrap validation,
the optimism-corrected C statistic was 0.609 for model 1,

0.606 for model 2, 0.603 for model 3, 0.604 for model 4
and 0.602 for model 5, indicating that the predictive ability
of the models is relatively stable in future patients. We
did not observe statistically significant deviations from the
proportional hazards assumption in any of the Cox models
(Supplementary Table 3). When modeled as restricted cubic
splines, CA 125 showed a linear association with the HR for
clinical worsening (Supplementary Figure 1). No problems with
collinearity were detected in multivariate Cox analysis (variance
inflation factor < 5). Subgroup analysis also showed that CA 125
was an independent predictor of clinical worsening in CTEPH
and IPAH (Supplementary Tables 4–7).

CA 125 Provided Additional Predictive
Value in Combination With NT-proBNP
To provide better insight into the predictive value of CA 125
for clinical worsening, we benchmarked it against the established
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TABLE 1 | Basic characteristics of control group and patients with PH.

Variables Control (n = 84) IPAH/CTEPH P-value*

Total (n = 231) CA 125 ≤ 35 U/ml (n = 191) CA 125 > 35 U/ml (n = 40)

Age, years 50.4 ± 16.2 40.0 ± 15.30‡ 40.2 ± 15.2‡ 38.9 ± 16.0‡ 0.500

Female gender, no. 62 (73.8%) 158 (68.4%) 131 (68.6%) 27 (67.5%) 0.893

BMI, kg/m2 23.0 ± 3.9 23.2 ± 3.5 23.3 ± 3.5 22.8 ± 3.4 0.354

IPAH/CTEPH, no. – 164/67 136/55 28/12 0.879

6 MWD, m 454.4 ± 96.2 420.4 ± 100.4† 424.0 ± 101.0 398.3 ± 95.2‡ 0.259

NT-proBNP, pg/ml 135.0 (53.3, 314.9) 880.0 (170.3, 1908.0)‡ 712.9 (151.5, 1705.0)‡ 1,375.0 (888.7, 3206.5)‡ 0.002

Smoking, no. 12 (14.3%) 29 (12.6%) 21 (11.0%) 8 (20.0%) 0.118

Alcohol intake, no. 13 (15.5%) 22 (9.5%) 16 (8.4%) 6 (15.0%) 0.194

WHO-FC ‡ ‡ ‡ 0.007

I or II, no. 71 (84.5%) 120 (51.9%) 107 (56.0%) 13 (32.5%)

III or IV, no. 13 (15.5%) 111 (48.1%) 84 (44.0%) 27 (67.5%)

PH specific medication 0.376

None, no. – 40 (17.3%) 35 (18.3%) 5 (12.5%)

Mono or combination therapy, no. – 191 (82.7%) 156 (81.7%) 35 (87.5%)

PEA or BPA#, no. – 24 (10.4%) 23 (12.0%) 1 (2.5%) 0.044

Co-morbidities

Systemic hypertension, no. 25 (29.8%) 45 (19.5%) 40 (20.9%) 5 (12.5%)† 0.220

Diabetes mellitus, no. 4 (4.8%) 11 (4.8%) 9 (4.7%) 2 (5.0%) 1.000

Hyperlipidemia, no. 15 (17.9%) 22 (9.5%)† 22 (11.5%) 0† 0.017

Echocardiography

LVEF, % 63.4 ± 6.4 63.3 ± 5.8 63.3 ± 5.8 63.0 ± 5.7 0.785

LA, mm 34.3 ± 5.9 31.0 ± 5.5‡ 30.8 ± 5.0‡ 31.8 ± 7.5‡ 0.722

LVED, mm 44.5 ± 4.7 37.8 ± 6.3‡ 38.2 ± 6.2‡ 36.2 ± 6.6‡ 0.064

RVED, mm 25.6 ± 6.6 32.2 ± 6.6‡ 31.2 ± 6.4‡ 33.7 ± 6.5‡ <0.001

sPAP, mm Hg 47.0 ± 10.0 86.7 ± 26.0‡ 87.85 ± 27.2‡ 81.1 ± 18.9‡ 0.096

Pericardial effusion, no. 7 (8.3%) 32 (13.9%) 18 (9.4%) 14 (35.0%)‡ <0.001

Hemodynamics

SVO2, % 76.0 ± 5.8 67.1 ± 6.5‡ 67.8 ± 6.2‡ 63.9 ± 7.4‡ <0.001

mRAP, mm Hg 3.0 (1.0, 5.0) 5.0 (2.0, 8.0)‡ 4.0 (2.0, 7.0)‡ 7.0 (3.3, 13.8)‡ 0.001

mPAP, mm Hg 15.2 ± 3.2 51.2 ± 13.4‡ 51.3 ± 13.5‡ 50.9 ± 13.3‡ 0.791

CI, L/min/m2 3.7 ± 0.8 3.0 ± 1.0‡ 3.1 ± 1.0‡ 2.7 ± 0.9‡ 0.018

PVR, Wood units 1.2 ± 0.8 10.7 ± 5.1‡ 10.6 ± 5.2‡ 11.3 ± 4.4‡ 0.227

PAWP, mm Hg 8.3 ± 3.3 7.7 ± 3.4 7.6 ± 3.2 8.5 ± 4.2 0.138

CA125, U/ml 9.5 (6.1, 18.2) 17.3 (11.3, 25.8)‡ 14.5 (10.6, 21.1)‡ 55.9 (43.7, 83.0)‡ <0.001

Data are presented as mean ± standard deviation, median (range) or number (percentage). BMI, Body mass index; BPA, balloon pulmonary angioplasty; CA 125, Carbohydrate antigen

125; CI, Cardiac index; CTEPH, Chronic thromboembolic pulmonary hypertension; IPAH, Idiopathic pulmonary arterial hypertension; LA, Left atrium dimension; LVED, Left ventricular

end-diastolic diameter; LVEF, Left ventricular ejection fraction; mPAP, Mean pulmonary arterial pressure; mRAP, Mean right atrial pressure; NT-proBNP, N-terminal pro-brain natriuretic

peptide; PAWP, Pulmonary arterial wedge pressure; PAH, Pulmonary arterial hypertension; PEA, Pulmonary endarterectomy; PH, Pulmonary hypertension; PVR, Pulmonary vascular

resistance; RVED, Right ventricular end-diastolic diameter; 6MWD, 6-min walk distance; sPAP, Systolic pulmonary arterial pressure; SVO2, Mixed venous oxygen saturation; WHO-FC,

World Health Organization functional class. #Only for patients with CTEPH. *CA 125 > 35 U/ml compared with CA 125 ≤ 35 U/ml.
†
P < 0.05, compared with control group. ‡P <0.001,

compared with control group. Bold values means their P value < 0.100.

PH biomarker NT-proBNP (18). The areas under the curve
for CA 125, NT-proBNP, and combined CA 125 and NT-
proBNP were 0.604 (95% CI 0.537–0.667), 0.573 (95% CI 0.507–
0.638), and 0.637 (0.571–0.699), respectively. The area under
the curve of CA 125 + NT-proBNP was significantly higher
than that of NT-proBNP alone (P = 0.0233), as shown in
Figure 3. No significant differences were observed between CA
125 and NT-proBNP (P = 0.5108) or CA 125 and CA 125 +

NT-proBNP (P = 0.2710).

DISCUSSION

In the present study, we found that serum CA 125 levels were
weakly correlated with functional status (6MWD, WHO-FC,
and NT-proBNP) and echocardiographic (LVED, RVED, and
pericardial effusion) and haemodynamic (SvO2, mRAP, and CI)
parameters of PH after adjustment. Moreover, CA 125>35 U/ml
was found to be an independent predictor of 1-year clinical
worsening in PH.
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TABLE 2 | Correlations between carbohydrate antigen 125 and established

markers of PH severity.

Variables Coefficient (r) P-value Adjusted

coefficient (r)*

P-value

6MWD −0.168 0.018 −0.208 0.004

WHO-FC 0.277 <0.001 0.293 <0.001

ln (NT-proBNP) 0.309 <0.001 0.284 <0.001

Echocardiography

LVEF 0.034 0.605

LA −0.066 0.318

LVED 0.215 0.001 −0.173 0.017

RVED 0.306 <0.001 0.382 <0.001

sPAP −0.037 0.585

Pericardial effusion 0.251 <0.001 0.290 <0.001

Hemodynamics

SvO2 −0.230 <0.001 −0.312 <0.001

mRAP 0.244 0.001 0.372 <0.001

mPAP 0.106 0.109

Cardiac index −0.243 <0.001 −0.208 0.002

PVR 0.198 0.003 0.127 0.068

PAWP 0.123 0.062 0.157 0.018

ln, Logarithmically transformed; LA, Left atrium dimension; LVED, Left ventricular end-

diastolic diameter; LVEF, Left ventricular ejection fraction; mRAP, Mean right atrial

pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; PAWP, Pulmonary arterial

wedge pressure; PH, Pulmonary hypertension; PVR, Pulmonary vascular resistance;

RVED, Right ventricular end-diastolic diameter; 6MWD, 6-min walk distance; SVO2,

Mixed venous oxygen saturation; WHO-FC, World Health Organization functional class.

*Each variable is adjusted for age, gender, body mass index by multivariate linear

regression analysis. Bold values means their P value < 0.100.

CA 125 Is Weakly Associated With
Established Markers of PH Severity
Compared to patients with normal invasive pulmonary arterial
pressure, patients with PH had higher serum CA 125 levels,
which was consistent with the results seen in chronic obstructive
pulmonary disease (16) and congenital heart disease (17).

WHO-FC, 6MWD, NT-proBNP, pericardial effusion, mRAP,
CI, and SvO2 are well-established prognostic markers of IPAH
(18). We demonstrated that CA 125 was positively correlated
with WHO-FC (9), NT-proBNP (28), RVED (10), pericardial
effusion (10), mRAP (9, 11), and PAWP (9, 11) in PH, which was
consistent with the results seen in heart failure. Additionally, we
also found that CA 125 was negatively correlated with 6MWD,
LVED, SvO2, and CI in PH. Therefore, CA 125 may serve as a
novel biomarker of severity in PH.

To date, it remains unclear what leads to CA125
overproduction in heart failure (29, 30). It has been hypothesized
to correlate with so-called “stressed” mesothelial cells: (1)
mesothelial cells are stimulated by tissue stretching/mechanical
stress induced by fluid overload due to heart failure. (2)
mesothelial cells are stimulated by inflammatory cytokine
network activation (interleukin-1, tumor necrosis factor-α,
lipopolysaccharides) (29, 31). PH is characterized by increased
mPAP and high PVR, which cause right ventricular hypertrophy,
and finally result in right-sided heart failure. Based on our

results, we hereby offered a hypothesis to explain the relationship
between CA 125 elevation and right heart failure. Elevated PVR
increased the afterload of right ventricle, which would further
cause right ventricular dilation and elevation of right atrial filling
pressure, leading to elevated hydrostatic pressure and congestion,
which would further cause both serosal mechanical stretch and
third space fluid retention with resultant inflammation and
cytokines release (8), ultimately resulting in the elevation of CA
125 (29).

CA 125 Is Associated With Prognosis of PH
Compared to those with CA 125 ≤ 35 U/ml, patients with
CA 125 > 35 U/ml had higher serum levels of NT-proBNP
and worse echocardiographic and haemodynamic parameters
at baseline. In all 5 Cox models we constructed, CA125 > 35
U/ml was associated with an over 2-fold increased risk of 1-year
clinical worsening, which was similar to the results seen in heart
failure (32, 33). Furthermore, ROC analysis showed that CA 125
provided additional predictive value in addition to the established
PH biomarker NT-proBNP (18). Due to its close relationship
with congestion (8), CA 125 should be considered a final organ
damage marker in cardiovascular diseases. This may explain why
we found that CA 125 was a severe and prognostic marker in PH.

Clinical Implications
Based on the current knowledge, CA 125 has several merits for
use as a biomarker in clinical practice: (1) it is inexpensive,
widely available, and measurable with standard methods and
has a relatively long half-life (5–7 days) (34–36). (2) It
correlates with the severity and prognosis of PH, providing
additional information in combination with established risk
factors. Therefore, CA 125 may become a valuable tool in the
management of PH in the near future. Further studies are needed
to evaluate its capacity to monitor response to treatment, serving
as a therapeutic target and predicting hard outcomes (such
as mortality).

Limitations
As a retrospective cohort study, follow-up bias is our biggest
concern. Two hundred nine patients with CA 125 data were
excluded for not having a minimum of 1 year of follow-up data
for outcomes (Figure 1). Among these 209 patients, 29 had CA
125 > 35 U/ml, and 180 had CA 125 ≤ 35 U/ml. In other
words, these two groups had similar rates of loss to follow-up
[29/(40 + 29), 42.0% for CA 125 > 35 U/ml; 180/(191 + 180),
48.5% for CA 125 ≤ 35 U/ml]. Moreover, the percentage of
patients who reached the endpoint was higher in the CA 125
> 35 U/ml group (57.5 vs. 26.2%). Taken together, these results
indicate that the effect size (e.g., hazard ratio) in the present
study would be underestimated rather than exaggerated. Follow-
up bias should not undermine our conclusion. The present
study included only patients with IPAH/CTEPH, which may
limit its generalizability to other etiologies of PH. We planned
to conduct a comprehensive retrospective study to investigate
the correlations between CA 125 and functional status and
echocardiographic and hemodynamic parameters in all five
groups of PH patients.
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FIGURE 2 | Kaplan-Meier curves for patients with pulmonary hypertension classified by baseline serum levels of carbohydrate antigen 125.

TABLE 3 | Univariate cox analysis of proportional risks for 1-year clinical worsening.

Variable β Standard error HR (95% CI) Wald P-value

Age 0.009 0.007 1.009 (0.994–1.024) 1.470 0.225

Female gender −0.094 0.249 0.910 (0.559–1.484) 0.811 0.707

6MWD −0.002 0.001 0.998 (0.995–1.000) 3.840 0.050

ln (NT-proBNP) 0.146 0.085 1.157 (0.979–1.368) 2.918 0.088

WHO-FC 0.177 0.234 1.193 (0.754–1.888) 0.568 0.451

Smoking 0.289 0.327 1.335 (0.703–2.535) 0.778 0.378

Alcohol intake 0.048 0.398 1.105 (0.482–2.288) 0.015 0.903

Systemic hypertension −0.123 0.306 0.884 (0.485–1.611) 0.162 0.687

Diabetes mellitus −0.662 0.717 0.516 (0.127–2.104) 0.852 0.356

Hyperlipidemia −0.380 0.463 0.684 (0.276–1.695) 0.674 0.412

LVEF 0.000 0.020 0.982 (0.961–1.041) 0.001 0.982

LA 0.004 0.021 1.004 (0.963–1.047) 0.034 0.854

LVED −0.016 0.019 0.985 (0.949–1.021) 0.695 0.404

RVED 0.016 0.017 1.017 (0.983–1.051) 0.949 0.330

sPAP 0.005 0.004 1.005 (0.998–1.013) 1.829 0.176

Pericardial effusion 0.410 0.306 1.507 (0.827–2.746) 1.797 0.180

SVO2 −0.061 0.018 0.941 (0.909–0.974) 12.023 0.001

mRAP 0.090 0.023 1.095 (1.047–1.145) 15.558 <0.001

mPAP 0.004 0.008 1.004 (0.988–1.020) 0.218 0.641

CI −0.145 0.135 0.865 (0.664–1.127) 1.156 0.282

PVR 0.016 0.022 1.016 (0.974–1.061) 0.568 0.451

PAWP 0.064 0.035 1.067 (0.996–1.142) 3.411 0.065

CA 125 (category#) 0.975 0.253 2.650 (1.615–4.349) 14.866 <0.001

CA 125, Carbohydrate antigen 125; CI, Cardiac index; HR, Hazard ratio; LA, Left atrium dimension; LVED, Left ventricular end-diastolic diameter; LVEF, Left ventricular ejection fraction;

ln, Logarithmically transformed; mPAP, Mean pulmonary arterial pressure; mRAP, Mean right atrial pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide; PAWP, Pulmonary

arterial wedge pressure; PVR, Pulmonary vascular resistance; RVED, Right ventricular end-diastolic diameter; 6MWD, 6-min walk distance; sPAP, Systolic pulmonary arterial pressure;

SVO2, Mixed venous oxygen saturation; WHO-FC, World Health Organization functional class. #CA 125 is classified into two groups, namely CA 125 ≤35 U/ml and CA 125 >35 U/ml.

Bold values means their P value < 0.100.
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TABLE 4 | Multivariate cox analysis of proportional risks for 1-year clinical

worsening.

Model Variable β HR (95% CI) P-value

1 CA 125 (category#) 0.860 2.362 (1.286–4.340) 0.006

SvO2 −0.052 0.949 (0.904–0.996) 0.035

6MWD −0.001 0.999 (0.996–1.002) 0.576

ln (NT-proBNP) −0.042 0.959 (0.800–1.150) 0.650

mRAP 0.009 1.009 (0.942–1.080) 0.802

PAWP 0.040 1.041 (0.967–1.120) 0.282

2 CA 125 (category#) 0.876 2.401 (1.303–4.422) 0.005

SvO2 −0.049 0.952 (0.906–1.000) 0.050

6MWD −0.001 0.999 (0.997–1.002) 0.691

ln (NT-proBNP) −0.037 0.964 (0.802–1.158) 0.692

mRAP 0.011 1.011 (0.944–1.083) 0.759

PAWP 0.037 1.037 (0.965–1.115) 0.323

Age 0.007 1.007 (0.990–1.024) 0.424

3 CA 125 (category#) 1.474 4.366 (1.306–14.590) 0.017

SvO2 −0.028 0.972 (0.883–1.071) 0.570

6MWD −0.003 0.997 (0.991–1.002) 0.225

ln (NT-proBNP) −0.153 0.858 (0.603–1.221) 0.396

mRAP −0.013 0.987 (0.878–1.110) 0.826

PAWP 0.003 1.003 (0.883–1.138) 0.969

Hyperlipidemia −0.856 0.425 (0.088–2.043) 0.285

4 CA 125 (category#) 0.914 2.494 (1.339–4.645) 0.004

SvO2 −0.054 0.948 (0.902–0.995) 0.031

6MWD −0.001 0.999 (0.996–1.002) 0.526

ln (NT-proBNP) −0.020 0.980 (0.810–1.186) 0.835

mRAP 0.012 1.012 (0.944–1.084) 0.741

PAWP 0.037 1.038 (0.963–1.118) 0.331

WHO-FC −0.244 0.784 (0.441–1.393) 0.406

5 CA 125 (category#) 0.843 2.323 (1.245–4.333) 0.008

SvO2 −0.053 0.949 (0.904–0.996) 0.034

6MWD −0.001 0.999 (0.996–1.002) 0.607

ln (NT-proBNP) −0.048 0.953 (0.789–1.151) 0.616

mRAP 0.010 1.010 (0.943–1.081) 0.783

PAWP 0.040 1.040 (0.967–1.120) 0.289

Pericardial effusion 0.095 1.100 (0.516–2.342) 0.806

CA 125, Carbohydrate antigen 125; HR, Hazard ratio; ln, logarithmically transformed;

mRAP, Mean right atrial pressure; NT-proBNP, N-terminal pro-brain natriuretic peptide;

PAWP, Pulmonary arterial wedge pressure; 6MWD, 6-min walk distance; SVO2, Mixed

venous oxygen saturation; WHO-FC, World Health Organization functional class. #CA 125

is classified into two groups, namely CA 125≤35 U/ml and CA 125>35 U/ml. Bold values

means their P value < 0.100.

CONCLUSION

CA 125 was associated with the functional status,
echocardiography and hemodynamics of PH. It was found
to be an independent predictor of 1-year clinical worsening
in PH. Moreover, it provided additional predictive value in
combination with the established PH biomarker NT-proBNP.
Given that the number of patients with elevated CA 125 levels
was low, our results, despite being promising, need to be
confirmed in a large prospective study.

FIGURE 3 | ROC curve for CA 125, NT-proBNP, and CA 125+ NT-proBNP in

predicting clinical worsening. P-value refers to the comparison between

NT-proBNP and NT-proBNP + CA 125. No statistical significances were

observed between CA 125 and NT-proBNP (P = 0.5108), or CA 125 and CA

125 + NT-proBNP (P = 0.2710). CA 125 is classified into two groups, namely

CA 125 ≤ 35 U/ml and CA 125 > 35 U/ml; CA 125, Carbohydrate antigen

125; NT-proBNP, N-terminal pro-brain natriuretic peptide.
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Background: Pulmonary arterial hypertension (PAH) is a progressive proliferative

vasculopathy associated with mechanical and electrical changes, culminating in

increased vascular resistance, right ventricular (RV) failure, and death. With a main

focus on invasive tools, there has been an underutilization of echocardiography,

electrocardiography, and biomarkers to non-invasively assess the changes in myocardial

and pulmonary vascular structure and function during the course of PAH.

Methods: A SU5416-hypoxia rat model was used for inducing PAH.

Biventricular functions were measured using transthoracic two-dimensional (2D)

echocardiography/Doppler (echo/Doppler) at disease onset (0 week), during progression

(3 weeks), and establishment (5 weeks). Similarly, electrocardiography was performed

at 0, 3, and 5 weeks. Invasive hemodynamic measurements and markers of cardiac

injury in plasma were assessed at 0, 3, and 5 weeks.

Results: Increased RV systolic pressure (RVSP) and rate of isovolumic pressure rise

and decline were observed at 0, 3, and 5 weeks in PAH animals. EKG showed a steady

increase in QT-interval with progression of PAH, whereas P-wave height and RS width

were increased only during the initial stages of PAH progression. Echocardiographic

markers of PAH progression and severity were also identified. Three echocardiographic

patterns were observed: a steady pattern (0–5 weeks) in which echo parameter changed

progressively with severity [inferior vena cava (IVC) expiratory diameter and pulmonary

artery acceleration time (PAAT)], an early pattern (0–3 weeks) where there is an early

change in parameters [RV fractional area change (RV-FAC), transmitral flow, left ventricle

(LV) output, estimated mean PA pressure, RV performance index, and LV systolic

eccentricity index], and a late pattern (3–5 weeks) in which there is only a late rise at

advanced stages of PAH (LV diastolic eccentricity index). RVSP correlated with PAAT,

PAAT/PA ejection times, IVC diameters, RV-FAC, tricuspid systolic excursion, LV systolic

eccentricity and output, and transmitral flow. Plasma myosin light chain (Myl-3) and

cardiac troponin I (cTnI) increased progressively across the three time points. Cardiac
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troponin T (cTnT) and fatty acid-binding protein-3 (FABP-3) were significantly elevated

only at the 5-week time point.

Conclusion: Distinct electrocardiographic and echocardiographic patterns along

with plasma biomarkers were identified as useful non-invasive tools for monitoring

PAH progression.

Keywords: pulmonary arterial hypertension, echocardiography, disease progression, electrocardiography,

SU5416, cardiac troponin T, cardiac troponin I, FABP-3

INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progressive
proliferative vasculopathy affecting small pulmonary arterioles
culminating in increased vascular resistance and right ventricular
afterload (1). According to a recent task force report, assessing
RV function is an ongoing challenge (2).

Failure of the RV to adapt to increased afterload is the
principal cause of death in patients with pulmonary hypertension
(PH) (3, 4). Factors reflecting RV dysfunction by cardiac
catheterization such as cardiac index and mean right atrial
pressure are significant predictors of survival in patients with
PAH (3). Additionally, a failing RV causes poor prognosis even
if pulmonary vascular resistance is reduced (5), demonstrating
the importance of evaluating and maintaining RV function in
PAH patients.

Despite the prognostic significance of the RV status in
PH, gaps still remain in the assessment of RV function
and structure both during the course of the disease and
during treatment (6). This stems in part from the lack of
well-established clinical determinants of RV function, and
the complex structure and orientation of the RV in the
anterior chest that hampers a straightforward assessment using
conventional imaging modalities (2, 7). Previous attempts to
evaluate progression of PAH in animal models were limited
in that invasive measurements were carried out at one time
point with an underutilization of echocardiography to assess the
pulmonary vasculature and the left ventricle during the course
of PAH (6). While advanced imaging techniques can provide a
better assessment of RV function, a vast number of clinicians
still rely on conventional imaging modalities. Furthermore, less
attention has been given to the assessment of the electrical

Abbreviations: HV D, hepatic vein diastolic; HV S/D, hepatic vein

systolic/diastolic; IVC_EXP, inferior vena cava expiratory diameter; IVC_INSP,

inferior vena cava inspiratory diameter; LV CO, left ventricle cardiac output;

LVSV, left ventricle stroke volume; LV-EIs, left ventricle eccentricity index

systolic; LV-Eid, left ventricle eccentricity index diastolic; LV-VCFr, left ventricle

circumferential shortening; MPAP, mean pulmonary artery pressure; MV(E/A),

early diastolic mitral velocity/late diastolic mitral velocity; PAAT, pulmonary artery

acceleration time; PAET, pulmonary artery ejection time; RVEDV, right ventricle

end diastolic volume; RVESV, right ventricle end systolic volume; RVEDP, right

ventricle end diastolic pressure; RVESP, right ventricle end systolic pressure;

RV-EF, right ventricle ejection fraction; RV-FAC, right ventricle fractional area

change; RV-FWT, right ventricle free wall thickness; RV-MPI, right ventricle

myocardial performance index; RV-CO, right ventricle cardiac output; RVSV,

right ventricle stroke volume; TAPSE, tricuspid annular plane systolic excursion;

TV-Sa, tricuspid valve systolic wave.

function and trend of biomarker progression during the course of
PAH. Understanding the biochemical, electrocardiographic, and
echocardiographic patterns during the course of PAH may guide
clinical management of patients with PAH and help identify
patients at an early stage of the disease when therapies could
potentially be more effective (8). Furthermore, recent change
in the clinical diagnosis of PAH using a threshold of mean
pulmonary artery pressure (mPAP) from >25 to >20 mmHg
underscores the efforts in diagnosing PAH at an early stage
(9, 10).

To address these gaps, we sought to perform a comprehensive
analysis to assess electrical, biochemical, and mechanical changes
that occur in the heart and in the pulmonary circulation during
the progression of PAH in a SU5416-hypoxia rat model. Our
objective is to identify sensitive indices that can be obtained
and monitored non-invasively in the early diagnosis of PAH and
during the course of PAH.

METHODS

Animal Model of Pulmonary Arterial
Hypertension
All animal experiments were performed under the University of
Alabama Institutional Animal Care and Use Committee approval
and in accordance with the National Institutes of Health Guide
for the care and use of laboratory animals. This manuscript
adheres to the ARRIVE guidelines. PAH was induced in rats
using an established model (11). Briefly, adult male Sprague–
Dawley rats weighing 160–200 g were injected subcutaneously
with SU-5416 (20 mg/kg), a vascular endothelial growth factor
receptor 2 (VEGFR-2) inhibitor, and exposed to normobaric
hypoxia (10% O2) for 3 weeks (SuHyx rats). They were then
returned to normoxia (21% O2, room air) for two additional
weeks. For invasive measurements, separate sets of animals were
used for the control, 3- and 5-week time points groups. For
echocardiographic measurements, the same animals were used
for the control (0 week), 3- and 5-week measurements. The
number of animals used in each measurement is indicated in
the figure legends. Experiments in each group were carried out
independently for a minimum of two times.

Hemodynamic Measurements
Hemodynamic measurements were performed in rats under 2%
isoflurane anesthesia using a 1.4 F high-fidelity Millar catheter
as described by us before (12). Using a Biopac data acquisition
system and AcqKnowledge III software (ACQ 3.2), the rate of
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rise of ventricular pressure during systole (dP/dTmaximum) and
subsequent fall during diastole (dP/dTminimum) were measured.
Systemic blood pressure was also monitored using the same
catheter inserted in the carotid artery. In animals where
echocardiography was carried out, invasive measurements were
performed at the end of the 5-week protocol before the animals
(n = 10) were euthanized. Separate sets of animals were used for
invasive measurements of naïve (n = 17) and 3-week exposed
animals (n= 11).

Immunofluorescence Staining
Animals were euthanatized, and the left lung was inflation
fixed with low-melting agarose and immersed in a solution
of 10% formalin in ethanol for up to 48 h. The tissues
were then processed for paraffin embedding. Five-micrometer-
thick sections were cut on positively charged slides, and
deparaffinization and antigen retrieval was performed. Sections
were then blocked in 5% normal goat serum and incubated
overnight with anti-von Willebrand factor (vWF) antibody
(Dako cat# A0082) and anti-alpha smooth muscle actin (α-SMA)
(Abcam cat# 18147). After washing with TBST (Tris-buffered
saline with 0.025% Triton-X100), fluorescence tagged secondary
antibodies, anti-rabbit Alexa fluor 488 (vWF), and anti-mouse
Alexa fluor 594 (α-SMA) were applied, and sections were
incubated for 1 h. Sections were then washed, rinsed with PBS,
and mounted with VECTASHIELD containing DAPI (Vector
laboratories). Images were captured at ×20 using the BZ-X800
Keyence microscope.

Cardiac Biomarker Measurements
Levels of cardiac and skeletal muscle markers of injury were
measured in the plasma of rats from 0-, 3-, and 5-week time
points using the meso scale discovery (Rockville, MD, USA)
muscle injury panel 1 kit. A multiplex assay to quantitate plasma
levels of cTnI (cardiac troponin I), cTnT (cardiac troponin T),
FABP3 (fatty acid-binding protein 3), Myl3 (myosin light chain
3), and sTnI (skeletal troponin I) were carried out using standards
and as per protocol of the manufacturer.

Echocardiography and
Electrocardiography
Transthoracic echocardiography and electrocardiography were
performed in anesthetized animals (2% isoflurane) as described
by us before (12). Echocardiography was performed prior to,
at 3 and 5 weeks post exposure using a Vevo2100 high-
resolution ultrasound system (Visual Sonics Inc., Toronto, ON,
Canada) using a 13- to 24-MHz linear transducer (MS-250).
Rats were placed supine on the warmed stage (37◦C) of the
echocardiography system. Two-dimensional cardiac images were
acquired from the parasternal long- and short-axis, apical,
subcostal, and suprasternal views using M-mode and B-modes
at mid papillary level and averaged to determine the RV and LV
dimensions at end systole and end diastole as described (13).

The RV and LV volumes, cardiac output, fractional
shortening, fractional area of change, and ejection fraction
were obtained according to guidelines (14). The LV systolic and
diastolic eccentricity index was calculated as the ratio of the

LV anteroposterior dimension and the septolateral dimension.
The parasternal pulmonary artery view was obtained, and
pulsed wave Doppler was used to measure flow across the RV
outflow tract. End systolic diameter of the pulmonary artery was
measured, and the end systolic diameter of the pulmonary artery
to the end systolic diameter of ascending aorta ratio (stiffness
index) was calculated. Apical four-chamber views with B- and
M-modes were obtained to determine tricuspid annular plane
systolic excursion (TAPSE). Pulsed wave Doppler was used to
determine transmitral and transtricuspid early (E) and atrial (A)
wave peak velocities, isovolumic relaxation time (IVRT), E-wave
deceleration time, and isovolumic contraction time, with the
ratio of E to A calculated across both the mitral and tricuspid
valves. A tricuspid regurgitant jet was sought to estimate
the RVSP when discernable (15). Tissue Doppler imaging
was used to determine lateral mitral and tricuspid annular
diastolic peak early (E′), late atrial (A′), systolic (S′) annular
velocities, and (E) to (E′) ratios were calculated. Myocardial
performance index (MPI) for both ventricles was calculated from
the spectral Doppler tracing of transmitral and transtricuspid
flows as described (16). A subcostal inferior vena caval view was
obtained, and the inferior vena caval diameter was measured at
end inspiration and end exhalation. Pulsed wave Doppler was
used to assess hepatic venous blood flow.

For electrocardiography, a two-channel electrocardiography
was performed on anesthetized rats prior to, at 3 and 5 weeks post
exposure. To obtain ECG tracings, bipolar platinum electrodes
were positioned in the thorax (subcutaneous tissue) directly
in derivation DII. To determine the intervals RR, PR, QT,
corrected QT (QTc), and QRS complex, a period of 10 s was
analyzed in the ECG tracing of each animal. The QT interval
was measured starting from the onset of the QRS complex until
the end of the T wave, which is the return of the T wave
to the baseline. QTc was obtained using Bazett’s formula (QTc
= QT/HRR) (17). Parameters were analyzed using previously
described procedures (18).

Statistical Analyses
Values were expressed as mean ±SEM. Statistical analyses were
performed using Prism software. Repeated measures one-way
ANOVA was used to test for differences in each parameter at
0, 3, and 5 weeks. For statistically significant parameters, post-
hoc pairwise t-tests were conducted using Tukey’s method for
correcting for multiple comparisons. To assess the relationship
between invasively measured RVSP and echocardiographic
parameters, control and study animals were pooled, and Pearson
correlations were calculated. Fisher’s z transformation was used
to calculate 95% confidence intervals. Due to the large number of
tested parameters, a Bonferroni correction was applied to adjust
for multiple comparisons.

RESULTS

Invasive Hemodynamics
A rat SuHyx model of PAH was used as described before (11).
Right ventricular systolic pressure (RVSP) and hypertrophy were
measured at 0, 3, and 5 weeks to confirm progression and
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FIGURE 1 | Right ventricle (RV) pressures and electrocardiographic parameters in pulmonary arterial hypertension (PAH) rats. Pulmonary arterial hypertension was

induced in rats as described in the Methods section. (A) The RV systolic pressure (RVSP) was measured in separate sets of control animals and animals at 3 and 5

weeks during the development of PAH, n = 10–17 animals/group. (B) Fulton Index (n = 6–9 animals/group). (C) Left ventricle systolic pressure (LVSP), n = 10–17

animals/group. (D) Rates of rise and decline of the RV pressure in systole (above baseline) and in diastole (below baseline) (dP/dT) were recorded, n = 10–17

animals/group. (E) Rates of rise and decline of the LV pressure in systole (above baseline) and in diastole (below baseline) (dP/dT) were recorded, n =

9–17 animals/group.

establishment of PH. Figure 1A demonstrates a steady increase
in RVSP in the PAH rats at 3 and 5 weeks, when compared with
the controls. As expected in this model, the chronic increase
in RV afterload led to RV hypertrophy shown by an increase
in the Fulton index both at 3 and 5 weeks compared with
controls (Figure 1B). Hypertrophy was more at the 3-week time
point compared with the 5-week time point. LV systolic pressure
(LVSP) remained unaltered in the PAH group at 5 weeks but was
decreased at the 3-week time point (Figure 1C). The rate of rise
of RV pressure during ejection and post ejection phases of the
cardiac cycle was used to assess the contractile and relaxation
properties of the RV. RV dP/dTmaximum was substantially elevated
in the PAH animals at 3 and 5 weeks when compared with the
controls (Figure 1D). Similarly, the RV dP/dTminimum at 3 and
5 weeks were increased in the PAH animals when compared
with the controls (Figure 1D). Since RV dysfunction can alter
LV contractility, we measured the LV dP/dT. Interestingly, LV
dP/dT positive did not differ from the control at 5 weeks, but
there was a decrease at the 3-week time point (Figure 1E).

However, the LV dP/dT negative in the PAH group at 3 and 5
weeks were both diminished when compared with the controls
(Figure 1E).

Electrocardiography
Polarization characteristics of the heart chambers resulting
from adaptation and maladaptation were assessed using
electrocardiography (EKG). Representative tracing at all three
time points shows changes with progression of PAH (Figure 2A).
A significant prolongation in the corrected QT interval (QTc),
an increase in the amplitude of P and T waves, and a widening of
the QRS complex were observed in the PAH animals across the
three time points, 0, 3, and 5 weeks (Figures 2B–G).

Lung Histology and Cardiac Markers of
Injury
To validate PAH pathology, the lung sections were stained
for vWF and α-SMA to highlight changes in the intima and
media of the arteries, respectively, during disease progression. As
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FIGURE 2 | Electrocardiographic parameters during PAH progression in rats. Pulmonary arterial hypertension was induced in rats as described in the Methods. A

2-channel electrocardiography (EKG) was utilized to record parameters. (A) Representative EKG tracings, showing (B) uncorrected QT intervals, (C) corrected QT

intervals, (D) area under the T wave, (E) P/R ratio, (F) T/R ratio, and (G) QRS interval was also performed. N = 7–10 animals/group.

expected, the lung histology showed increased muscularization
of the arteries with time demonstrating the progressive nature
of the disease in this model (Figures 3A–C). Markers of cardiac
injury are known to increase in pulmonary hypertension.
cTnI increased linearly with disease progression (Figure 3D).
Similarly, myosin light chain 3 (Myl3), a ventricular and slow
skeletal muscle isoform, also increased linearly with disease
progression (Figure 3H). Cardiac troponin T, however, increased
only at the 5-week time point (Figure 3E). As expected, sTnI did
not change with disease severity (Figure 3F). FABP3 (aka: H-
FABP; heart type fatty acid-binding protein) increased only at the
5-week time point (Figure 3G).

Echocadiographic Estimation of
Pulmonary Pressures and Pulmonary
Vascular Resistance
In addition to the invasive RVSP, we also measured non-invasive
surrogates of PH using echo Doppler across three time points.
PAAT and PAAT/PAET were reduced with disease progression
(Figures 4A,C). A non-significant reduction in PAET from
baseline to 3 weeks occurred (Figure 4B). Calculated values of
mPAP using PAAT increased significantly at 3 weeks of PH.
Although, mPAP was expected to increase with progression
of PH, calculated values did not increase further between 3
and 5 weeks (Figure 4D). The PA diameter as assessed by
echocardiography progressively increased across the three time
points. The PA distensibility index was significantly increased
at 3 weeks with no further increase at 5 weeks (Figure 4E).
Increased PA resistance and a reduction in compliance of

large PAs cause premature systolic PA wave reflection resulting
in flow deceleration and a mid-systolic notch. A mid-systolic
notch was discernable with progressive PAH at 5 weeks
(Figure 4F).

Right Ventricle Function and Structure
RV fractional area of change (RV-FAC) and ejection fraction
(EF) reflect global RV systolic function. Tricuspid annular plane
systolic excursion (TAPSE) and tricuspid valve systolic wave
(TV-Sa) can serve as surrogates of the systolic function of the
RV. Although, variable, RV systolic function was significantly
reduced with progression of PAH. RV-FAC was significantly
reduced at 3 weeks and continued to decline over 5 weeks
(Figure 4G). Both EF and TAPSE, as measured by M-mode
echocardiography tended to decrease with PH but were not
statistically significant (Figures 4H,I). TV-Sa was significantly
reduced starting at 3 weeks (Figure 4J). Similarly, RVmyocardial
performance index (RV-MPI), a measure of global systolic
and diastolic RV function (19), was also increased at 3 weeks
with no further change from 3 to 5 weeks (Figure 4K).
Interestingly, RVSV did not change across the three time
points (Figure 4L). However, a non-statistical reduction in RV
cardiac output (RV-CO) at an early time point was observed
(Figure 4M).

Increased RV pressure overload results in RV hypertrophy.
The RV free wall thickness (RV-FWT), an indicator of RV
hypertrophy, was significantly increased at 3 weeks. Furthermore,
modest non-significant FWT changes occurred at 3- to 5-week
time point (Figure 4N). An increase in FWT is consistent
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FIGURE 3 | Lung histology and plasma biomarkers of cardiac injury. PAH was induced in rats over a 5-week period as described in the Methods. (A–C)

Representative images of the lung sections from the three time points stained for anti-vWF and anti-αSMA as described in details in the Methods. DAPI was used as a

counterstain to visualize nuclei in tissue. Plasma was collected from separate sets of animals from naïve (0 day), 3 and 5 weeks post-induction of PAH. Markers of

injury were estimated in the plasma using a multiplexed, meso scale discovery platform for (D) cardiac troponin I (cTnI), (E) cardiac troponin T (cTnT), (F) skeletal

troponin I (sTnI), (G) fatty acid binding protein 3 (FABP3), and (H) myosin light chain 3 (Myl3). N = 5–9 animals/group.

with increased Fulton index at 3 and 5 weeks. No significant
change in the RV diastolic function (RV E/A ratio, E′,
or E/E′) was noticed across the three time points (data
not shown).

Inferior Vena Cava and Hepatic Venous
Flows
The hepatic venous (HV) flows and IVC diameter indicate
the flow upstream from the PA and can be altered in PAH.

The IVC diameters progressively increased from 0 to 5 weeks

(Figures 5A,B). An increase in RV-EDP can lead to an increase

in the amplitude of the HV atrial reversal waveform. A

non-significant reduction in the S/D over time was observed
(Figure 5C). Peak velocity of the HV atrial reversal wave was also
increased (Figure 5D).

Left Ventricle Function and Structure
The progressive increase in RV afterload can compromise LV
function, structure, and filling. The inter-ventricular septum
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FIGURE 4 | Echocardiographic parameters of the pulmonary artery and the RV during progression of PAH. PAH was induced in rats over a 5-week period as

described in the Methods. Echocardiographic images were acquired prior to induction of PH (0 day) and at 3 and 5 weeks post-induction. (A) Pulmonary artery

acceleration time (PAAT), (B) pulmonary artery ejection time (PAET), (C) PAAT/PAET ratio, (D) calculated mean pulmonary artery pressure (mPAP), and (E) PA

distensibility index, calculated as the ratio of the PA diameter (obtained from parasternal RV outflow tract view) to ascending aortic diameter from parasternal long axis

flow at end diastole. (F) Pulse wave Doppler tracings showing the PA flow obtained from parasternal RV outflow view. Arrow shows the PA mid systolic notch. Each

animal served as its own control at previous time points. A 2-dimensional echocardiographic examination of the RV was also performed from multiple acoustic views.

(G) RV fractional area of change (RV-FAC) was measured from the transgastric midpapillary view, (H) RV-EF, (I) Tricuspid annular plane systolic excursion (TAPSE), (J)

Tricuspid peak annular systolic velocity (TV-Sa), and (K) RV myocardial performance index (RV-MPI). (L) RVSV and (M) RV-CO were calculated from the parasternal

long axis view. (N) RV free wall thickness (FWT) was measured from the apical four-chamber views. N = 10 animals/group.

was flattened with a leftward shift (Figure 6A). The LV
eccentricity index systolic (LV-EIs) and the LV eccentricity
index diastolic (LV-EId) increased progressively from baseline
to 5 weeks (Figures 6B,C). A significant reduction in the
LV filling was demonstrated by a reduced E and E/A from
baseline to week 3, with a trend toward further reduction
afterward (Figures 6D,H). LV cardiac output (LV-CO) was
significantly reduced at week 3 with modest changes thereafter
(Figure 6E). LV-SV was reduced at 3 weeks with no additional
change with increased severity of PAH (Figure 6F). There was
a significant reduction in the LV velocity of circumferential
shortening (LV-VCFr) at 5 weeks (Figure 6G). In summary,
reduced LV filling and output early in the disease was followed
by reduction in the LV contractility at more advanced stage
of PAH.

Correlation Between Echocardiographic
Variables and Invasively Measured Right
Ventricular Systolic Pressure
Pooled analyses of the study and control animals revealed
significant correlation between invasively measured RVSP and
each of the following parameters: pulmonary artery acceleration
time (PAAT), PAAT/PAET (pulmonary artery ejection time),
IVC diameter, RV-FAC, TAPSE, LV-EIs, LV-CO, LV-SV, and
trans-mitral E/A (Table 1).

DISCUSSION

Using serial measurements, we identified distinct patterns of
EKG, and biochemical and echocardiographic parameters that
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FIGURE 5 | Inferior vena cava (IVC) and hepatic venous flows during progression of PAH. IVC diameters at end inspiration (A) and end expiration (B) and the ratio of

hepatic venous systolic to diastolic peak velocities (C) were measured from the subcostal view. (D) Representative echocardiographic images showing hepatic venous

flow pattern with a reversal of systolic to diastolic peak velocity ratio (arrows) and prominent atrial reversal peak velocity wave (arrowhead) in control and animals with

PH. N = 10 animals/group.

together can potentially be used to detect PAH early, monitor
PAH progression, and assess RV dysfunction and its response to
treatment. Knowledge of these patterns addresses the current gap
in practice that focuses primarily on PAP reduction rather than
on holistically reversing myocardial and vascular remodeling
(2). Echocardiographic markers showed three different patterns
representative of the pulmonary vascular and cardiac remodeling
that takes place during the course of PAH; a steady pattern in
which there is a progressive change of the echo parameters across
the three time points of PAH (IVC end inspiratory, IVC end
expiratory diameter, and PAAT), an early change in which there
is an early reduction [RV-FAC, TV-Sa, MV(E/A), LV-CO, LVSV]
or increase (mPAP by PAAT, RV-MPI, LV-EIs) followed by a
plateau at severe PH, and a late pattern in which there is only
a late rise at severe stages of PAH (LV-EId). In the same animal
model, plasma biomarkers of cardiac injury showed two different
patterns. Plasma levels of Myl-3 and cTnI steadily increased
across the three time points compared with FABP-3 and cTnT
that showed only a late rise at the 5-week time point. Grouping
these variables into “patterns” overcomes some of their individual
limitations in terms of their temporal relationship to the severity
and progression of PAH.

PAH is characterized by a decrease in pulmonary vascular
compliance and an increase in PVR causing initial adaptive
compensation followed by a maladaptive decompensatory phase
of the RV failure (20). The patterns identified in our study

capture some of these mechanisms. The presence of mid-systolic
notching on the RV outflow tract spectral Doppler observed
at the 5-week time point can be used as a qualitative marker
of the reduction in the PA compliance responsible for the
increase in pulsatile load of the RV, which precedes the increase
in PVR. It can also be used as a qualitative surrogate of the
RV/PA uncoupling, an important measure in determining the RV
maladaptation in PAH (21).

With progressive increase in mPAP, less time is spent during
ejection, and a faster rise in peak systolic pressure occurs due
to a rapid closure of the pulmonary valve, causing reduction
in PAAT and PAAT/PAET ratio (22). The reduction in PAAT
is indicative of increased PVR and is a consistent finding in
preclinical and clinical PH, further supporting its reliability in
monitoring the disease progression (22). Although, there has
been some success in echocardiographically estimated mPAP,
consistent determination of estimates remain a challenge (23, 24).

RV hypertrophy is the hallmark of PAH, and an increase
in the RV free wall thickness (FWT) signifies an important
compensatory mechanism by which the RV reduces its wall stress
induced by the increase in pressure overload. Here we used the
RV-FWT as a surrogate of RV hypertrophy rather thanmeasuring
the RV mass, given the limitations of measuring the RV mass by
M-mode echocardiography (14). These findings were confirmed
by Fulton index measurements and are consistent with other
reports (25) and may represent a compensatory mechanism. The
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FIGURE 6 | Echocardiographic parameters of the left ventricle (LV) during progression of PAH. (A) Apical view of the chambers showing the RV and LV. LV eccentricity

index image showing a reduction in the septolateral diameter in relation to the antero-inferior diameter of the LV. Eccentricity index was calculated from the transgastric

midpapillary short axis view as the ratio of the antero-inferior diameter to the septolateral diameter of the LV. (B) LV eccentricity index in systole, (C) LV eccentricity

index in diastole, (D) Transmitral ratio of peak early to late diastolic wave velocity, (E) CO, (F) SV, and (G) LV velocity of circumferential shortening as measured from

the parasternal long axis view at 0, 3, and 5 weeks of PH induction. (H) Echocardiographic tracings showing mitral valve flow in control (top) and PH (bottom) animals.

N = 10 animals/group.

RV contractility as measured by dP/dTmax increased significantly
during the early phase of PAH development and consistent with
other reports (26, 27). However, changes from 3 to 5 weeks were
not significant despite a significant increase in RVSP and may
represent the maladaptive phase of PAH. High RV dP/dTmax

positive values were observed in PH patients even with evidence
of RV failure (28). In advanced stages of PAH, dP/dT may be
more dependent on the RV mass, HR, and intracavitary pressure
rather than myocardial contractility (29).

Increased PA pressures can alter hepatic venous (HV) flows
and IVC diameter leading to a reduction in the forward flow
from the HV to the RV. An increase in IVC diameter reflects
an increase in back pressure from the right atrium as a result of
increase in RV afterload and can serve as a prognostic indicator
of PH (30). Hepatic venous flow was shown to plateau after
3 weeks reflecting sensitivity only during the initial phases of
development of PAH. This reflects the variable presentation of
PAH in terms of the development of RV failure, elevation of
the RV-EDP, occurrence of significant TR, and occurrence of
atrial fibrillation (AF). Although, TR is a consistent finding in
humans with PH, we were unable to discern a consistent tricuspid
regurgitant jet due to technical limitations in image acquisition
in rats.

We analyzed the correlation between the echocardiographic
markers of progression of PAH and RVSP in order to assess

their association with the severity of PAH. Markers associated
with severity of PAH may be used for prognostication, whereas
those associated with progression of PAH may be sought for
monitoring of the disease progression and response to therapy.
The correlation of TAPSE with RVSP confirms its prognostic
significance and is consistent with previous reports. However,
its failure to reduce beyond 3 weeks of PAH progression
can be explained by the RV assuming a more spherical
configuration during advanced stages of PAH and that TAPSE,
being representative of the longitudinal motion of the RV and
only of the free wall of the TV annulus, may be less contributing
to RV ejection at this advanced stage of PAH. We are aware
of the limitations of M-mode echocardiography in measuring
RVEF compared with 3D echocardiography, which we did not
possess at the time of the study. Similarly, RV-FAC, while being
a prognostic marker of PAH, may not be an ideal marker of
progression since it lacks representation of the RV outflow tract
and may not represent the intrinsic contractility of the RV.
Overall, echocardiography is a valuable tool in monitoring the
severity and progression of PAH and may be helpful in its
early diagnosis.

In the model, serial changes in the LV with progressive PAH
were also characterized. The rise in LVSP pattern is consistent
with previous reports (31). Flattening of the inter-ventricular
septum with a leftward shift is also consistent with other studies
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TABLE 1 | Correlation of echocardiographic variable with right ventricular systolic

pressure (RVSP).

Variable Correlation coefficient p-Value

HV D −0.44 0.053

HV S/D −0.45 0.044

HV S2 −0.06 0.792

IVC_INSP 0.31 0.185

IVC-EXP 0.56 0.010

LV CO −0.65 0.002

LV eccentricity index d 0.52 0.027

LV eccentricity index s 0.58 0.013

MPAP (common) −0.62 0.055

MPAP (PAAT <120ms) −0.39 0.271

MV (E/A) −0.77 <0.001

PA distensibility index 0.56 0.045

PAAT −0.63 0.004

PAET 0.26 0.266

PAAT/PAET −0.64 0.003

RV-EF −0.34 0.208

RV-FAC −0.60 0.005

RV mass 0.12 0.671

RV-MPI 0.48 0.053

RV-CO −0.51 0.075

RVSV −0.52 0.066

LVSV −0.58 0.007

TAPSE −0.50 0.025

TV-Sa −0.09 0.714

(32). This reduces LV septo-lateral dimension compared with
antero-inferior dimension at end systole and diastole reflecting
ventricular interdependence (33). The initial pattern of reduced
filling is evidenced by a decrease in transmitral E/A and an
increase in LV-EIs and LV-EId, followed by a reduction in LV-CO
and LV-SV, and ending with a reduction in contractility as shown
by reduced VCFr. The latter is considered a less load-dependent
index of systolic function compared with LV-EF (34).

In our EKG studies, progressive prolongation in QT-
interval reflects an abnormality in ventricular depolarization or
repolarization, which may predispose to ventricular arrhythmias
reportedly common in PH (35). Prolongation of QT-interval has
been shown to correlate with cardiac remodeling, in addition
to being an independent predictor of mortality in PH (36).
Increased QT-interval and wide RS-interval observed in our
studies were also consistent with other reports where QRS
prolongation was associated with clinical severity and mortality
in patients with PH (37, 38). An increase in the QRS interval is
a sign of intraventricular electrical conduction delay, likely due
to ventricular dys-synchrony resulting from RV hypertrophy and
dilation. Increased amplitude of the P wave is a sign of atrial
enlargement likely related to right atrial enlargement secondary
to elevated RVSP and secondary to PH (18). These EKG findings
of raised right atrial pressure, intraventricular conduction delay,
and propensity for ventricular arrhythmias are consistent with
adverse outcomes in PH (39).

Makers of cardiac injury are frequently used in stratification
of disease. Our findings of increased levels of cTnT and FABP3
only during the late stages of PAH suggests their potential use
as markers of disease severity. It is therefore not surprising that
both of these markers were shown to correlate withmajor adverse
events and were also predictors of mortality (40, 41). On the
other hand, cTnI levels increased linearly with PAH progression
suggesting its potential use as a sensitive marker of disease
progression and in response to therapies. We also found that
Myl3, another marker of cardiotoxicity (42, 43), also increased
with disease severity and can also be potentially used as a sensitive
marker of PH progression.

In summary, recognizing biochemical, electrocardiographic,
and echocardiographic patterns of PAH progression and severity
may help in the monitoring and prognostication of RV function
in PAH. Despite limitations, echocardiography is invaluable not
only in diagnosing PAH but also in follow-up. There is a need
for a “collective” assessment of the entire cardiovascular system
in PAH. More studies are needed to mechanistically correlate
electrical, vascular, and mechanical remodeling to non-invasive
echo- and electrocardiographic findings.
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Background: Vascular adhesion protein-1 (VAP-1) is an oxidative enzyme of primary

amines that facilitates the transmigration of inflammatory cells. Its oxidative and

inflammatory effects are prominently increased in pathological conditions, such as

metabolic, atherosclerotic, and cardiac diseases. However, the clinical significance of

circulating VAP-1 levels in hemodialysis (HD) patients is unclear.

Methods: A total of 434 HD patients were enrolled in a prospective multicenter cohort

study between June 2016 and April 2019. Plasma VAP-1 levels were measured at the

time of data entry, and the primary endpoint was defined as a composite of cardiovascular

(CV) and cardiac events.

Results: Circulating VAP-1 levels were positively correlated with plasma levels of

cardiac remodeling markers, including brain natriuretic peptide, galectin-3, and matrix

metalloproteinase-2. Multivariable logistic regression analysis revealed that patients

with higher circulating VAP-1 levels were more likely to have left ventricular diastolic

dysfunction [odds ratio, 1.40; 95% confidence interval [CI], 1.04–1.88]. The cumulative

event rate of the composite of CV events was significantly greater in VAP-1 tertile 3 than

in VAP-1 tertiles 1 and 2 (P = 0.009). Patients in tertile 3 were also associated with an

increased cumulative event rate of cardiac events (P= 0.015), with a 2.06-fold higher risk

each for CV (95% CI, 1.10–3.85) and cardiac (95% CI, 1.03–4.12) events after adjusting

for multiple variables.

Conclusions: Plasma VAP-1 levels were positively associated with left ventricular

diastolic dysfunction and the risk of incident CV and cardiac events in HD patients. Our

results indicate that VAP-1 may aid clinicians in identifying HD patients at a high risk of

CV events.

Keywords: vascular adhesion protein-1, hemodialysis, cardiovascular disease, endothelial dysfunction, diastolic

dysfunction
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INTRODUCTION

Patients receiving hemodialysis (HD) have substantial retention
of uremic toxins, which lead to a number of adverse
metabolic processes (1). Oxidative stress and inflammation
are representative pathophysiologic processes of uremic
complications and are major contributors of cardiovascular (CV)
complications in HD patient (2–5), by promoting myocardial
stiffening and left ventricular (LV) hypertrophy and inducing
endothelial dysfunction and progression of atherosclerosis (5–7).
These conditions severely increase the risk of CV complications,
which have become leading causes of death in HD patients (8).

Vascular adhesion protein-1 (VAP-1) is a semicarbazide-
sensitive amine oxidase that catalyzes the oxidative deamination
of primary amines, which generates free radicals and causes
oxidative stress (9, 10). It also facilitates the transmigration
of inflammatory cells and worsens injuries in inflamed tissues
(9, 11). These deleterious roles are prominently enhanced in
pathological conditions. Circulating VAP-1 levels are increased
in septic, metabolic, and autoimmune diseases, and higher VAP-
1 levels increase the risk of atherosclerotic events and CV
mortality (12–14). In patients with impaired renal function,
excessive concentrations and abundant substrates of VAP-1 were
observed, the latter of which undergo uncontrolled deamination
and oxidative stress (14, 15). Furthermore, VAP-1 is suggested to
play a pivotal role in HD patients because many dialysis-specific
factors upregulate inflammatory processes (15, 16). Therefore,
VAP-1 may be critically involved in the occurrence of adverse CV
events in HD patients through oxidative stress and inflammation.

However, the clinical significance of VAP-1 has rarely been
evaluated in HD patients, and no reports have investigated the
prognostic significance of VAP-1. In this study, we investigated
the association between circulating VAP-1 levels and risk of
incident adverse CV events in HD patients, along with the
relationship of echocardiographic parameters and circulating
cardiac biomarkers with VAP-1 levels.

MATERIALS AND METHODS

Study Population
All data in this study were obtained from the K-cohort registry,
which is a multicenter, internet-based, prospective cohort of HD
patients in Korea designed to investigate the prognostic markers
of CV complications and mortality. Patients from six general
hospitals were enrolled if they were aged >18 years and received
regular 4-h HD prescriptions per session that occurred thrice a
week for at least 3 months. The exclusion criteria were as follows:
pregnancy, hematological malignancy, presence of a solid tumor,
and a life expectancy of <6 months. A total of 637 patients were
recruited between June 2016 and April 2019, and 434 patients
with whole plasma samples at the time of enrollment were
included. The study protocol was approved by the local ethics
committee (KHNMC2016-04-039), and the study was conducted
in accordance with the principles of the Declaration of Helsinki.
All involved participants signed written informed consent forms
before enrollment.

The patients were classified into three groups based on the
circulating VAP-1 levels as follows: tertile 1,<343.2 ng/mL; tertile
2, 343.2–<438.2 ng/mL; and tertile 3, ≥438.2 ng/mL. All patients
were prospectively followed up for specific clinical events after
baseline assessments. Patient follow-up was censored at the time
of transfer to peritoneal dialysis, kidney transplantation, loss of
follow-up, or patient consent withdrawal.

Data Collection and Outcome Measures
Information on baseline demographic factors, laboratory data,
dialysis, and concomitant medications were collected from
medical records and interviews. Information on comorbidities
were investigated and used to calculate the Charlson comorbidity
index score (17). Fasting blood samples for laboratory data and
enzymatic measurements were collected before the start of HD
in a midweek session.

The primary endpoint was a composite of incident CV events
and mortality, which included cardiac events such as coronary
artery disease requiring coronary artery bypass surgery or
percutaneous intervention, myocardial infarction, heart failure,
ventricular arrhythmia, cardiac arrest, and sudden death, as
well as cerebral infarction, cerebral hemorrhage, and peripheral
vascular occlusive diseases requiring revascularization or surgical
intervention. All-cause mortality events were recorded. The
secondary endpoints were the correlation of VAP-1 levels with LV
diastolic dysfunction, which was defined as peak early diastolic
flow velocity (E)/peak early diastolic tissue velocity (E’) of >15
on echocardiography, and levels of circulating cardiac markers.

Echocardiographic Measurements
Among the enrolled patients, 214 (49.3%) underwent
echocardiography [61 (42.4%) in tertile 1, 75 (51.7%) in
tertile 2, and 78 (53.8%) in tertile 3]. Cardiologists and
trained sonographers examined two-dimensional and M-mode
echocardiographs based on the recommendations of the
American Society of Echocardiography (18). LV end-diastolic
diameter (LVDd), LV end-systolic diameter, LV posterior wall
thickness, and interventricular septal thickness were measured in
the M-mode echocardiogram. LV mass was estimated using the
Devereux formula, with the body surface area as the index. LV
end-diastolic and LV end-systolic volumes, LV ejection fraction,
and left atrial dimensions were determined in apical two- and
four-chamber views. E and peak late diastolic flow velocity (A)
was determined from the mitral valve inflow velocity curve using

pulsed-wave Doppler ultrasonography. E
′

was measured from
the septal aspect of the mitral annulus using tissue Doppler. The

E/A and E/E
′

ratios were calculated.

Measurements of Circulating Cardiac
Markers and VAP-1 Levels
Baseline plasma samples for the measurement of N-terminal
pro-B-type natriuretic peptide (NT-proBNP), brain natriuretic
peptide (BNP), matrix metalloproteinase-2 (MMP-2), and VAP-
1 were collected using ethylenediaminetetraacetic acid-treated
tubes. After centrifugation for 15min at 1,000 × g at room
temperature, the samples were stored at 80◦C until use. Enzyme-
linked immunosorbent assay was performed using Magnetic
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Luminex R© Screening Assay multiplex kits (R&D Systems, Inc.,
Minneapolis, MN, USA).

Statistical Analysis
Data are expressed as means ± standard deviations (SDs) or
medians (interquartile ranges). Differences among the three
groups were identified using analysis of variance or Kruskal-
Wallis test. Tukey post-hoc test and Mann-Whitney U-test
with Bonferroni correction were used to identify intergroup
differences. Chi-square test or Fisher’s exact test was used
to compare the categorical variables. Log-transformed high-
sensitivity C-reactive protein (hsCRP) values were used because
of the skewed data distribution. Correlation between the
VAP-1 levels and continuous variables was evaluated using
Spearman’s analyses. Binary logistic regression analysis was used
to assess the association between the VAP-1 levels and LV
diastolic dysfunction. A Cox proportional hazards model was
constructed to identify independent variables related to CV and
cardiac events and all-cause mortality. Parameters significantly
associated with weight in the univariable analysis and clinically
fundamental parameters were included in the multivariable
models. Formal tests for the interaction betweenVAP-1 levels and
predefined subgroups were conducted in addition to the main
effects of the fully adjusted models. We modeled the association
between VAP-1 levels and the hazard ratio to predict CV events.
We used three knots and restricted cubic spline transformations
to continuous measures. We calculated the sample size using
standard formulas based on the number of patients to obtain
the adequate statistical power for the primary endpoint and
show a different composite event-free survival rate with an α-
level of 0.05, β error of 0.20, and hazard ratio of 1.5. The
minimum required sample size in each group was 98 patients.
Statistical significance was set at P < 0.05. Statistical analyses
were performed using the SPSS software (version 22.0; SPSS, IBM
Corp., Armonk, NY, USA) and R software (version 3.6.2).

RESULTS

Baseline Demographic Characteristics and
Laboratory Data
The mean VAP-1 level was 386.0 (range, 318.1–484.6) ng/mL,
with mean VAP-1 levels in tertiles 1, 2, and 3 of 281.8 ng/mL
(range, 242.6–318.5 ng/mL), 385.5 ng/mL (range, 365.6–
411.0 ng/mL), and 523.6 ng/mL (range, 484.6–601.4 ng/mL),
respectively. The baseline clinical characteristics, demographics,
and laboratory results are shown in Table 1. Patients in tertile 3
had a shorter HD history, higher prevalence of diabetes mellitus,
higher Charlson comorbidity index, higher pre-dialysis systolic
blood pressure (SBP), and lower intact parathyroid hormone
(i-PTH) than those in tertile 1. Regarding the circulating cardiac
markers, patients in tertile 3 showed the highest BNP and MMP-
2 levels. Plasma MMP-2 levels were moderately correlated with
plasma VAP-1 levels, whereas BNP and galectin-3 showed weak
positive correlations (Supplementary Table S1). In contrast,
hsCRP levels demonstrated a weak negative correlation with
circulating VAP-1 levels.

Relationship Between Plasma VAP-1
Levels and LV Diastolic Dysfunction in
Hemodialysis Patients
Baseline echocardiographic measurements are presented in
Supplementary Table S2. LVDd was significantly different
among the tertiles, with the highest E wave and E/A and E/E’
ratios observed in patients in VAP-1 tertile 3. We constructed
univariable and multivariable binary logistic regression models
to determine the association between VAP-1 and LV diastolic
dysfunction (Table 2). In the univariable analysis, circulating
VAP-1 level increment per SD [dds ratio [OR], 1.51; 95%
confidence interval [CI], 1.15–2.00; P = 0.004] and Charlson
comorbidity index (OR, 1.32; 95% CI, 1.08–1.62; P= 0.006) were
significantly associated with an increased risk of LV diastolic
dysfunction. Age, male sex, pre-dialysis SBP, and NT-proBNP
increments per SD showed a borderline significant association
with LV diastolic dysfunction. In the multivariable binary logistic
regression model, the Charlson comorbidity index (OR, 1.24;
95% CI, 1.01–1.53; P = 0.045) and serum VAP-1 level (OR, 1.40;
95% CI, 1.04–1.88; P = 0.028) remained statistically significant
as independent determinants of LV diastolic dysfunction in
HD patients.

Prognostic Utility of the VAP-1 Level in
Hemodialysis Patients
During a mean follow-up of 30.3 months, 61 deaths (14.1%) and
77 adverse CV events (17.7%) occurred. Regarding CV events,
coronary artery disease occurred in 36 patients, heart failure in 7,
ventricular arrhythmia in 1, cardiac arrest in 9, sudden death in
9, CV events in 9, and peripheral vascular occlusive diseases in
6. VAP-1 tertile 3 had the highest cumulative CV event rate (P =

0.009; Figure 1A) and a greater cumulative rate of cardiac events
(P = 0.015; Figure 1B). The cumulative event rate of patient
mortality did not differ among VAP-1 tertiles (P = 0.747).

Univariable Cox regression analysis revealed that VAP-1
tertile 3 was significantly associated with an increased risk of the
composite of CV events [hazard ratio [HR], 2.51; 95% CI, 1.39–
4.54; P = 0.002] (Table 3). In the multivariable Cox regression
analysis, VAP-1 tertile 3 was significantly associated with a 2.06-
fold higher risk of CV events (95% CI, 1.10–3.85; P = 0.025) and
VAP-1 increment per SD was significantly associated with a 1.31-
fold higher risk of CV events (95% CI, 1.05–1.64; P = 0.019).
The risk of cardiac events and patient mortality was further
investigated. Patients in VAP-1 tertile 3 had a 2.06-fold higher risk
of cardiac disease after adjustment for multiple variables (95%
CI, 1.03–4.12; P = 0.041). VAP-1 increment per SD was also
significantly associated with the risk of cardiac events (HR, 1.29;
95% CI, 1.01–1.64; P= 0.038). However, among patients in VAP-
1 tertile 3, VAP-1 levels were not significantly associated with
the risk of mortality. To evaluate potential linear associations,
we evaluated the association between VAP-1 and the risk of
composite of CV events and cardiac events during follow-up. The
restricted cubic spline model after multiple adjustments showed
gradually increasing HRs for both CV and cardiac events with
increasing VAP-1 levels (Figure 2).
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TABLE 1 | Baseline demographic and laboratory data of the study population.

Tertiles of circulating VAP-1 levels

Tertile 1 (<343.2 ng/mL) Tertile 2 (343.2–438.2 ng/mL) Tertile 3 (≥438.2 ng/mL) P-value

Age (years) 60.5 ± 14.9 63.0 ± 12.1 61.6 ± 11.2 0.262

Males, n (%) 93 (64.6) 102 (70.3) 96 (66.2) 0.561

Body mass index (kg/m2 ) 23.3 ± 4.1 23.1 ± 3.7 23.5 ± 4.5 0.725

HD duration (years) 4.4 ± 5.8 4.1 ± 5.6 2.7 ± 4.1a,b 0.014

History of CV events, n (%) 81 (84) 20 (86) 18 (87) 0.747

Diabetes mellitus, n (%) 45 (31.7) 82 (56.6)a 120 (82.8)a,b < 0.001

Charlson comorbidity index 3.6 ± 1.6 4.2 ± 1.6a 4.5 ± 1.2a < 0.001

Pre-dialysis SBP (mm Hg) 138.7 ± 20.8 142.0 ± 19.0 147.0 ± 20.1a 0.002

Hemoglobin (g/dL) 10.4 ± 1.4 10.6 ± 1.1 10.3 ± 1.1 0.338

Glucose (mg/dL) 139.3 ± 57.9 150.1 ± 61.9 172.6 ± 66.5a,b < 0.001

Albumin (g/dL) 3.8 ± 0.4 3.8 ± 0.3 3.8 ± 0.3 0.515

LDL-C (mg/dL) 79.0 ± 26.9 75.4 ± 26.5 74.3 ± 23.7 0.276

hsCRP (mg/dL) 1.4 (0.2–5.5) 0.8 (0.2–2.9) 0.9 (0.2–2.7) 0.062

i-PTH (pg/mL) 287.0 ± 244.1 292.5 ± 232.3 233.9 ± 165.0a,b 0.040

spKt/V 1.6 ± 0.5 1.6 ± 0.3 1.5 ± 0.3 0.219

Catheter as vascular access, n (%) 8 (5.6) 5 (3.4) 7 (4.8) 0.679

Follow-up years 30.8 ± 14.8 29.9 ± 14.4 29.9 ± 14.0 0.823

NT-proBNP (pg/mL) 286 (165–466) 311 (207–431) 335 (226–508) 0.076

BNP (pg/mL) 33.4 (7.6–68.4) 33.4 (6.7–88.3) 55.6 (13.4–108.2)a 0.015

Galectin-3 (ng/mL) 16.8 (15.0–20.0) 17.8 (15.1–20.6) 18.2 (15.3–21.4) 0.057

MMP-2 (ng/mL) 577 (478–678) 665 (568–763) 746 (626–897)a,b < 0.001

Data are expressed as means ± standard deviations or medians (interquartile ranges), unless otherwise specified. VAP, vascular adhesion protein; HD, hemodialysis; CV, cardiovascular;

LDL-C, low-density lipoprotein cholesterol; i-PTH, intact parathyroid hormone; hsCRP, high-sensitivity C-reactive protein; SBP, systolic blood pressure; NT-proBNP, N-terminal pro-B-type

natriuretic peptide; BNP, brain natriuretic peptide; MMP, matrix metalloproteinase.
aP < 0.05 vs. tertile 1.
bP < 0.05 vs. tertile 2.

The relationship between VAP-1 levels and the composite
of incident CV events was further investigated in subgroups
stratified by the presence of diabetes mellitus and NT-proBNP
levels, with cut-offs defined as median values in each parameter
(>386.5 ng/mL for VAP-1 and >313.3 pg/mL for NT-proBNP,
respectively; Table 4). Multivariable analysis showed that higher
VAP-1 levels were associated with an increased risk of CV events
both in patients with (HR, 2.39; 95% CI, 1.14–5.03; P = 0.022)
and without (HR, 2.57; 95% CI, 1.05–6.30; P = 0.039) diabetes
mellitus. There was a significant interaction between higher VAP-
1 levels and diabetes mellitus in association with CV events (HR,
0.51; 95% CI, 0.29–0.90; P for interaction = 0.02). Compared to
those with low NT-proBNP levels, patients with high VAP-1 and
NT-proBNP levels showed an increased risk of CV events (HR,
1.99; 95% CI, 1.01–3.89; P = 0.046), whereas those with isolated
high NT-proBNP levels did not show this association. There was
no significant interaction between VAP-1 and NT-proBNP levels
(HR, 1.57; 95% CI, 0.59–4.18; P for interaction= 0.36).

DISCUSSION

In this prospective cohort study, we investigated the associations
of plasma VAP-1 levels with cardiac dysfunction and CV
outcomes in HD patients. Plasma VAP-1 levels were positively

associated with circulating cardiac biomarker levels and LV
diastolic dysfunction. Patients in VAP-1 tertile 3 had the greatest
risk of a higher composite of CV events, and this association
remained significant after adjusting for established CV risk
factors. Taken together, our findings suggest that plasma VAP-1
may be a novel biomarker of incident CV events in HD patients.

High blood pressure and hyperglycemia were representative
metabolic disorders that increased plasma VAP-1 levels in
individuals without renal impairment (13, 19–23). In the present
study, serum glucose level and pre-dialysis SBP were the
highest among patients in VAP-1 tertile 3, suggesting that the
relationship among blood pressure, serum glucose, and VAP-1
levels is consistent in HD patients. Because VAP-1 promoted the
inflammatory process, the positive correlation between plasma
VAP-1 levels and hsCRP was expected. However, we showed that
the correlation between VAP-1 and hsCRP was negative and the
correlation power was highly weak, implying that higher plasma
VAP-1 levels may notmerely be a secondary reflection of systemic
inflammation in HD patients.

LV diastolic dysfunction is commonly identified in HD
patients and is associated with high CV mortality (24–28). In
this study, the E/E’ ratio was used as a criterion for LV diastolic
dysfunction because an E/E’ ratio of >15 has been reported as a
strong predictor of CV events in HD patients (29, 30). We found
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TABLE 2 | Relationship between vascular adhesion protein-1 levels and left ventricle diastolic dysfunction.

Univariable analysis Multivariable analysis

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

Age 1.02 (1.00–1.04) 0.057 1.02 (1.00–1.05) 0.078

Male sex 0.59 (0.33–1.04) 0.066 0.58 (0.32–1.07) 0.083

BMI 1.01 (0.94–1.07) 0.880 – –

Hemodialysis duration 1.04 (0.96–1.19) 0.362 – –

Charlson comorbidity index 1.32 (1.08–1.62) 0.006 1.24 (1.01–1.53) 0.045

Pre-dialysis SBP 1.01 (1.00–1.03) 0.063 1.01 (0.99–1.02) 0.327

Hemoglobin 1.08 (0.85–1.37) 0.544 – –

Albumin 0.62 (0.26–1.48) 0.281 – –

LDL-C 1.00 (0.99–1.01) 0.365 – –

hsCRP 1.05 (0.75–1.48) 0.765 – –

NT-proBNP per SD 1.28 (0.95–1.73) 0.109 1.15 (0.83–1.60) 0.393

VAP-1 per SD 1.51 (1.15–2.00) 0.004 1.40 (1.04–1.88) 0.028

OR, odds ratio; CI, confidence interval; BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; NT-proBNP, N-terminal pro-B-type

natriuretic peptide; SD, standard deviation; VAP, vascular adhesion protein.

FIGURE 1 | Cumulative cardiovascular (A) and cardiac (B) event rates, according to the vascular adhesion protein-1 (VAP-1) levels.

that a higher VAP-1 level was independently associated with an
increased risk of LV diastolic dysfunction. In addition, higher
VAP-1 levels were correlated with an increased risk of cardiac
events after adjusting for multiple confounders, indicating that

VAP-1 levels may reflect structural changes in cardiac pathology
and that VAP-1 could be a potential biomarker of incident cardiac
events in HD patients. Furthermore, we found a significant
correlation between plasma VAP-1 and MMP-2, one of the main
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TABLE 3 | Hazard ratios of plasma vascular adhesion protein-1 levels for

cardiovascular events, cardiac events, and mortality.

Number of Univariable Multivariable

analysis analysis

events (%) HR (95% CI) HR (95% CI)

Composite of CV events

VAP-1 tertile 1 16 (11.1) Reference

VAP-1 tertile 2 26 (17.9) 1.74 (0.93–3.24) 1.52 (0.80–2.90)

VAP-1 tertile 3 35 (24.1) 2.51 (1.39–4.54) 2.06 (1.10–3.85)

VAP-1 per SD – 1.40 (1.14–1.71) 1.31 (1.05–1.64)

Cardiac events

VAP-1 tertile 1 13 (9.0) Reference

VAP-1 tertile 2 23 (15.9) 1.90 (0.96–3.75) 1.69 (0.83–3.42)

VAP-1 tertile 3 30 (20.7) 2.66 (1.38–5.10) 2.06 (1.03–4.12)

VAP-1 per SD – 1.42 (1.14–1.77) 1.29 (1.01–1.64)

Patient deaths

VAP-1 tertile 1 23 (16.0) Reference

VAP-1 tertile 2 20 (13.8) 0.90 (0.50–1.64) 0.85 (0.44–1.65)

VAP-1 tertile 3 18 (12.4) 0.81 (0.44–1.50) 0.86 (0.43–1.72)

VAP-1 per SD – 0.96 (0.74–1.26) 0.98 (0.72–1.33)

HR, hazard ratio; CI, confidence interval; CV, cardiovascular; SD, standard deviation; VAP,

vascular adhesion protein. All analyses were adjusted for the following covariates: age,

sex, body mass index, hemodialysis duration, Charlson comorbidity index, pre-dialysis

systolic blood pressure, hemoglobin, low-density lipoprotein cholesterol, high-sensitivity

C-reactive protein, spKt/V, catheter use, and N-terminal pro-B-type natriuretic peptide.

mediators of pathologic extracellular matrix remodeling and
fibrosis in several cardiac diseases (31–33). Previous studies have
reported that MMP-2 is involved in LV diastolic dysfunction
because circulating MMP-2 levels were correlated with the E/E’
ratio (32, 33).

Patients in VAP-1 tertile 3 had a higher cumulative incidence
of the composite of CV events than those in VAP-1 tertile 1.
In addition, Cox regression analysis showed that high plasma
VAP-1 levels were independently associated with a significantly
increased risk of CV events, even after adjustments for possible
confounders, including SBP and the Charlson comorbidity
index. These findings suggest that VAP-1 may be a useful
indicator for screening HD patients at a high risk of CV
events. Positive correlations of plasma VAP-1 with traditional
risk factors, including glucose levels, pre-dialysis SBP, and LV
diastolic dysfunction, further support its usefulness in predicting
CV outcomes. Notably, plasma VAP-1 levels did not predict all-
cause mortality, despite their significant association with CV
events. A possible explanation for this discrepancy might be that
more than two-third (65.6%) of mortalities in this study were not
attributed to CV events.

Subgroup analysis showed that higher plasma VAP-1 levels
were associated with an increased risk of CV events in both
patients with and without diabetes mellitus. However, the HR
of higher VAP-1 levels was lower in HD patients with diabetes
mellitus than in HD patients without diabetes mellitus (P for
interaction = 0.02), indicating that the predictive power of
VAP-1 may differ based on the presence of diabetes mellitus.
Considering that more HD patients are developing diabetes

FIGURE 2 | Linear associations of VAP-1 and adjusted risks of the composite

of cardiovascular (A) and cardiac (B) events. Gray shaded areas represent

95% confidence intervals. The adjusted multiple variables were age, sex, body

mass index, hemodialysis duration, Charlson comorbidity index, pre-dialysis

systolic blood pressure, hemoglobin, low-density lipoprotein cholesterol,

high-sensitivity C-reactive protein, spKt/V, catheter use, and N-terminal

pro-B-type natriuretic peptide.

mellitus (34, 35), a lower predictive power of plasma VAP-
1 levels in this subpopulation could be a disadvantage as a
prognostic biomarker of CV events. Although the underlying
mechanism of this phenomenon could not be assessed in this
study, we speculate that hyperglycemia-induced upregulation
of unfavorable molecules, such as plasma proinflammatory
cytokines and advanced glycation end products, reduce the
relative contributions of plasma VAP-1 to the incidence of CV
events (36, 37).
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TABLE 4 | Hazard ratios of plasma vascular adhesion protein-1 levels for the composite of cardiovascular events according to predefined subgroups.

Number of CV events (%) Univariable analysis HR (95% CI) Multivariable analysis HR (95% CI) P for interaction

Diabetes mellitus 0.02

Low VAP-1, without DM 11 (8.1) Reference

High VAP-1, without DM 9 (17.6) 2.34 (0.97–5.66) 2.57 (1.05–6.30)

Low VAP-1, with DM 15 (18.5) 2.45 (1.13–5.34) 1.68 (0.73–3.84)

High VAP-1, with DM 42 (25.3) 3.67 (1.89–7.14) 2.39 (1.14–5.03)

NT-proBNP 0.36

Low VAP-1, low NT-proBNP 14 (12.7) Reference

High VAP-1, low NT-proBNP 19 (17.8) 1.66 (0.83–3.30) 1.43 (0.71–2.89)

Low VAP-1, high NT-proBNP 12 (11.2) 0.97 (0.45–2.09) 0.88 (0.40–1.96)

High VAP-1, high NT-proNBP 32 (29.1) 2.64 (1.41–4.95) 1.99 (1.01–3.89)

CV, cardiovascular; HR, hazard ratio; CI, confidence interval; VAP, vascular adhesion protein; DM, diabetes mellitus; NT-proBNP, N-terminal pro-B-type natriuretic peptide. High VAP-1

was defined as median value > 386.5 ng/mL, and criteria for predefined subgroups were also based on medians; high NT-proBNP > 313.3 pg/mL. All analyses were adjusted for the

following covariates (except for the variable used to define the subgroup in each case): age, sex, body mass index, hemodialysis duration, Charlson comorbidity index, pre-dialysis

systolic blood pressure, hemoglobin, low-density lipoprotein cholesterol, high-sensitivity C-reactive protein, spKt/V, catheter use, and N-terminal pro-B-type natriuretic peptide.

The clinical utility of NT-proBNP as a cardiac biomarker
in HD patients had been inconclusive, partly because of intra-
patient variations and different cut-off values used across studies
(38–40). An observational study also reported that elevated
NT-proBNP levels are likely caused by intravascular volume
expansion rather than cardiac dysfunction in stable HD patients,
further complicating the interpretations of its clinical value in
HD patients with hypervolemia (41). Our subgroup analysis
showed that increased VAP-1 and NT-proBNP levels were
associated with a significantly higher risk of composite CV
events, whereas isolated NT-proBNP levels were not (Table 4).
These findings indicate that plasma VAP-1 levels can help
differentiate those at a high risk of adverse CV outcomes among
HD patients exhibiting increased baseline NT-proBNP levels.

Our study had some limitations. Analyses for individual CV
events could not be performed because of the limited number
of events and short follow-up period. Echocardiographic data
were obtained in a small proportion of enrolled patients (49.3%),
although the analysis of available data revealed an evident
association between high plasma VAP-1 levels and LV diastolic
dysfunction. Moreover, multivariable analysis might not have
controlled all relevant confounding factors, and thus these were
not thoroughly assessed in this study.

In conclusion, our study demonstrated that plasma VAP-
1 levels were associated with circulating markers of cardiac
remodeling, as well as a greater risk of LV diastolic dysfunction.
In addition, higher plasma VAP-1 levels were correlated with an
increased risk of future CV events in HD patients. Our results
indicate that VAP-1 might help overcome the limitations of
traditional risk factors in the setting of end-stage renal disease
and help clinicians identify HD patients at a high risk of
CV events.
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Background and Aims: Patients with light-chain cardiac amyloidosis (AL-CA) are

characterized by high levels of serum carbohydrate antigen 125 (CA 125). However,

studies have not explored the correlation between CA 125 and AL-CA. The aim of

this study was to explore the clinical implications of an increase in CA 125 in patients

with AL-CA.

Methods and Results: A total of 95 patients diagnosed with AL-CA at the Second

Xiangya Hospital were enrolled in this study. Out of the 95 patients with AL-CA, 57

(60%) patients had elevated serum CA 125 levels. The mean age was 59.7 ± 10.0 years

with 44 (77.2%) men in the high serum CA 125 group, and 61.8 ± 9.6 years with 28

(73.7%) men in the normal group. Patients with high CA 125 showed higher rates of

polyserositis (79.3% vs. 60.5%, p= 0.03), higher levels of hemoglobin (117.4± 21.9 g/L

vs. 106.08± 25.1 g/L, p= 0.03), serum potassium (4.11± 0.47 mmol/L vs. 3.97± 0.40

mmol/L, p= 0.049), low-density lipoprotein-cholesterol (3.0± 1.6 mmol/L vs. 2.3± 1.10

mmol/L, p = 0.01), and cardiac troponin T (96.0 pg/mL vs. 91.9 pg/mL, p = 0.005). The

median overall survival times for patients with high or normal serum CA 125 were 5

and 25 months, respectively (p = 0.045). Multivariate Cox hazard analysis showed that

treatment without chemotherapy (HR 1.694, 95% CI 1.121–2.562, p = 0.012) and CA

125 (HR 1.002, 95% CI 1.000–1.004, p = 0.020) was correlated with high all-cause

mortality. The time-dependent receiver operating characteristic (t-ROC) curve showed

that the prediction accuracy of CA 125 was not inferior to that of cardiac troponin T,

N-terminal pro-B-type natriuretic peptide (NT-proBNP), and lactate dehydrogenase (LDH)

based on the area under the curve.

Conclusions: CA 125 is a novel prognostic predictor. High serum CA 125 values are

correlated with low overall survival, and the accuracy of predicting prognosis is similar to

that of traditional biomarkers in AL-CA.

Keywords: light-chain cardiac amyloidosis, CA 125, prognostic predictor, overall survival, biomarkers
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INTRODUCTION

Cardiac amyloidosis is a condition of systemic amyloidosis
with myocardial involvement. It is caused by the deposition
of amyloid proteins derived from misfolded transthyretin or
immunoglobulin light-chain in the myocardial interstitium,
small vessels, and conduction system. These changes lead to
increased ventricular wall thickness, diastolic dysfunction, and
arrhythmia. Although more than 30 types of amyloids have been
characterized, there are three main types of cardiac amyloidosis,
including, acquired monoclonal immunoglobulin light-
chain cardiac amyloidosis (AL-CA), wild-type transthyretin
amyloidosis (wtTTR-CA), and hereditary transthyretin
amyloidosis (hTTR-CA) (1–3). The natural course, treatment,
and prognosis of different types of cardiac amyloidosis are
different and the diagnosis is performed in late stages and maybe
missed (4, 5). Despite the advance in diagnostic and treatment
approaches, the exact pathophysiological mechanism of AL-CA
has not been elucidated, and the prognosis is extremely poor.
Therefore, studies should explore the pathophysiology and
clinical aspects of AL-CA.

Previous studies indicated that several biomarkers have a
demonstrated diagnostic and/or prognostic value in patients with
AL-CA such as cardiac troponin T (6, 7), N-terminal pro-B-
type natriuretic peptide (NT-proBNP) (7), D-dimer (8), and
lactate dehydrogenase (LDH) (9). However, these biomarkers
are easily affected by other conditions such as end-stage liver
disease and renal failure. Moreover, the biomarkers staging
system cannot accurately stratify the risk of subjects. Therefore,
a better prediction biomarker is needed to evaluate the condition
of patients and predict the prognosis in clinical practice.

Carbohydrate antigen 125 (CA 125) is a tumor marker
associated with ovarian cancer, which is a high-molecular-weight
soluble glycoprotein produced by serosal epithelium (10, 11).
Increased serum CA 125 levels have also been reported in
other malignancies, such as hematological malignant tumors
like leukemia and non-Hodgkin’s lymphoma, breast and lung
cancers, melanoma, and gastrointestinal carcinoma, as well
as non-malignant conditions including abdominal surgery,
bacterial peritonitis, and tuberculosis (12). Previous studies
(13–16) reported that elevated serum CA 125 values are
associated with the clinical severity, hemodynamic status, and
short-term prognosis of patients with heart failure (HF).

Patients with AL-CA are characterized by a high level of
CA125. Currently, the prevalence and implications of increased
CA 125 levels in AL-CA are unknown. Therefore, the present
study sought to explore the associations between serum CA
125 levels and AL-CA, and systematically evaluated the clinical
implications of CA 125 elevation in patients with AL-CA.

PATIENTS AND METHODS

A retrospective analysis was conducted on 170 patients
diagnosed with AL-CA in the Second Xiangya Hospital of
Central South University, from June 2012 to September
2020. The diagnostic criteria for suspected cardiac amyloidosis
are symptoms of HF; echocardiography that indicated the

interventricular septum and/or the posterior thickness of
left ventricular ≥ 12mm without any other causes of left
ventricular hypertrophy; electrocardiogram that showed low
voltage in the limb leads; and positive serum free light chain
or blood/urine Bence Jones protein. If the suspected criteria
are met, cardiac magnetic resonance (CMR) or tissue biopsies
will be performed to confirm the diagnosis. The diagnosis of
AL-CA was confirmed based on previous literature reports (5)
and described as below: (1) positive serum free light chain or
blood/urine Bence Jones protein; (2) the presence of apple-
green appearance viewed under cross-polarized light with Congo
red staining and tissue typing by immunohistochemistry on
tissue biopsies from endocardial myocardial tissue or at least
one clinically involved organ, including abdominal fat tissue,
bone marrow, kidney, and intestinal mucosa; (3) a typical diffuse
subendocardial or transmural late gadolinium enhancement
pattern on CMR. The compliance of patients with 1+2 or 1+3
was included in this study. The CA 125 test was completed
in 102 patients, and four patients with cancer history (except
multiple myeloma [MM]), and three patients with incomplete
information were excluded. The demographic and clinical
characteristics, comorbidities, baseline data of laboratory tests,
electrocardiogram and echocardiography data, and treatment
of 95 patients with AL-CA were included as the test group
(Figure 1). To explore the levels of CA 125 in other diseases,
52 patients with chronic HF (CHF) in the same period were
included as one group. AL amyloidosis and MM are plasma cell
diseases, and AL amyloidosis is mostly associated with MM (5),
therefore, 48 patients who had been diagnosed with MM in the
corresponding period were included as another group. Patients
with non-cardiac amyloidosis in the two groups, who had a
history of cancer diseases and missed CA 125 level data, were
excluded. Consequently, the population of the final two groups
consisted of 41 and 39 patients.

The study protocol was performed following the ethical
guidelines of the Declaration of Helsinki (17). The study was
approved by the human research committee of the Second
Xiangya Hospital of Central South University.

All patients have undergone venous blood samples for serum
levels of CA 125 on the day of admission. Serum CA 125
levels were determined by using electrochemiluminescence (Relia
Biotechnology [Jiangsu, China] Co., Ltd), and the cutoff value
was set at 35 KU/L.

Follow-up started at the time of diagnosis of AL-CA. The
primary endpoint for this study was death from any cause. The
survival time (months) was defined as the duration between the
diagnosis to the date of death. If the survival time was more
than 15 days and <30 days, it would be calculated as 1 month.
Data were obtained from medical records or from telephone
interviews with patients or relatives by four trained physicians.
The last date of follow-up was November 16, 2020. Patients were
censored if they were still alive at the end of the research period
or were lost to follow-up, on which occasion their last clinic visit
or correspondence time was used.

Normally distributed parameters were expressed as
mean ± SD, whereas non-normally distributed parameters
were expressed as median with interquartile range (Q3-Q1).
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FIGURE 1 | Flowchart for the study population.

Categorical values were presented as numbers (percentages).
Categorical variables were compared either with Chi-squared
or Fisher’s exact test. Comparison of continuous variables
between two independent groups was performed using unpaired
Student’s t-test (if normally distributed) or Mann–Whitney
U-test (non-normally distributed variables). One-way ANOVA
or Kruskal-Wallis test was used for comparison of more than two
groups. Prognostic factors with p-values < 0.05 after univariate
Cox regression analysis were subjected to multivariate regression
analysis to determine the independent factors of predicting
survival according to the forward likelihood ratio method.
The overall survival was evaluated with Kaplan-Meier curves,
and the log-rank test was used to assess the significance of
differences between groups. Time-dependent receiver operating
characteristic (t-ROC) was used to reflect the accuracy of
different biomarkers in predicting the overall survival at various
time points based on the area under the curve (AUC). All tests
were two-tailed and a p-value of <0.05 was considered to be
statistically significant. Statistical analysis was performed using
Statistical Product and Service Solutions (SPSS) 26.0 (IBM
Software Inc), Empower Stats 3.0 software, and R (version
3.3.2) software.

RESULTS

Baseline and Characteristics of Patients
With AL-CA
The characteristics of 95 patients in the test group were presented
in Table 1. Out of the 95 patients, 57 (60%) and 38 (40%)
patients were placed into high (CA 125 > 35 KU/L) and normal
(CA 125 ≤ 35 KU/L) serum CA 125 groups, respectively. The
mean age was 59.7 ± 10.0 years with 44 (77.2%) men in the

high serum CA 125 group, and 61.8 ± 9.6 years with 28
(73.7%) men in the normal group. Among all patients with
elevated CA 125, 14 (24.5%) patients belonged to New York
Heart Association (NYHA) class I-II, whereas 43 (75.5%) patients
were at class III-IV. Analysis showed no significant difference
in New York Heart Association classification compared with
the normal serum CA 125 group (p = 0.156). Polyserositis was
observed in 46 (80.7%) patients with high serum CA 125 group,
compared with 20 (52.6%) patients in the normal CA 125 group
(p = 0.004). Use of aspirin and furosemide was significantly
different between normal and high serum CA 125 groups (28.9%
vs. 10.5%, p = 0.022; 81.6% vs. 94.7%, p = 0.041, respectively).
Patients with high serum CA 125 were more likely to present
with higher median levels of hemoglobin (117.4 ± 21.9 g/L vs.
106.8 ± 25.1 g/L, p = 0.032), serum potassium (4.11 ± 0.47
mmol/L vs. 3.97 ± 0.40 mmol/L, p = 0.049), low-density
lipoprotein-cholesterol (3.0 ± 1.6 mmol/L vs. 2.3 ± 1.1 mmol/L,
p = 0.031), cardiac troponin T [96.0 pg/mL (83.3–144.8) vs. 91.6
pg/mL (41.7–96.0), p= 0.008], and serum CA 125 [165.4 (114.5–
265.9) KU/L vs. 17.9 (11.8–27.3) KU/L, p < 0.001] compared
with patients with normal serum CA 125. Analysis showed no
statistically significant difference in the diameter of atriums and
ventricles, the thickness of the ventricular wall, and the ejection
fraction. Analysis of ECG showed that patients with elevated
CA 125 had lower limb voltage compared with normal CA 125
(76.4% vs. 52.6%, p= 0.017).

Level of Serum CA 125 in Different Groups
The level of serum CA 125 in the polyserositis group was higher
compared with that in the non-polyserositis group (150.2± 150.6
vs. 100.0 ± 140.4, p = 0.015). In the palliative care group,
the CA 125 level was higher than the chemotherapy group
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TABLE 1 | Characteristics of 95 patients with AL-cardiac amyloidosis.

CA 125 ≤ 35 KU/L

N = 38

CA 125 > 35 KU/L

N = 57

P-value

Age, years 61.8 (9.6) 59.7 (10.0) 0.329

Male, n (%) 28 (73.7%) 44 (77.2%) 0.696

SBP, mmHg 119.2 (27.7) 109.4 (23.5) 0.067

DBP, mmHg 73.7 (14.0) 69.8 (13.0) 0.179

NYHA, n (%) 0.156

Class I-II 13 (34.2%) 14 (24.5%) -

Class III-IV 25 (65.8%) 43 (75.5%) -

Mayo AL 2004 stage, n (%) 0.097

I 2 (5.3%) 0 (0.0%) -

II 13 (34.2%) 14 (24.6%) -

IIIa 12 (31.6%) 14 (24.6%) -

IIIb 11 (28.9%) 29 (50.98%) -

Comorbidities, n (%)

Multiple myeloma 15 (39.5%) 14 (24.6%) 0.122

Hypertension 15 (39.5%) 16 (28.1%) 0.246

Hyperlipidaemia 9 (23.7%) 15 (26.3%) 0.772

Polyserositis 20 (52.6%) 46 (80.7%) 0.004

T2DM 4 (10.5%) 9 (15.8%) 0.465

Medications, n (%)

Pacemaker 4 (10.5%) 2 (3.5%) 0.168

Aspirin 11 (28.9%) 6 (10.5%) 0.022

Statins 17 (44.7%) 15 (26.3%) 0.063

ACEI or ARB 11 (28.9%) 16 (28.1%) 0.926

Furosemide 31 (81.6%) 54 (94.7%) 0.041

Digitalis 7 (18.4%) 12 (21.1%) 0.753

Chemotherapy regimens, n (%)

Thalidomide 18 (47.4%) 16 (28.1%) 0.055

Prednisone or dexamethasone 19 (50.0%) 16 (28.1%) 0.030

Bortezomib-based 13 (34.2%) 9 (15.8%) 0.037

Melphalan-based 1 (2.6%) 4 (7.0%) 0.348

Palliative care, n (%) 18 (47.4%) 39 (68.4%) 0.043

Laboratory results

Hemoglobin, g/L 106.8 (25.1) 117.4 (21.9) 0.032

ALB, g/L 29.7 (6.6) 28.5 (7.1) 0.402

LDH, U/L 261.8 (225.7–317.3) 255.3 (216.8–331.5) 0.258

Potassium, mmol/L 3.97 (0.40) 4.11 (0.47) 0.049

Calcium, mmol/L 2.1 (0.2) 2.0 (0.2) 0.064

LDL-C, mmol/L 2.3 (1.1) 3.0 (1.6) 0.031

TC, mmol/L 3.8 (1.6) 4.5 (2.5) 0.115

CRP, mg/L 18.6 (25.5) 25.6 (36.9) 0.480

ESR, mm/h 57.7 (39.6) 35.8 (30.8) 0.011

Cardiac troponin T, pg/mL 91.9 (41.7–96.0) 96.0 (83.3–144.8) 0.008

NT-proBNP, pg/mL 5618.6

(3309.0–10309.5)

8987.0

(4970.3–11649.0)

0.164

D-Dimer, ug/mL 1.52 (1.92) 2.13 (2.40) 0.221

CA 125, KU/L 17.9 (11.8–27.3) 165.4 (114.5–265.9) <0.001

eGFR, mL/(min × 1.73 m2 ) 62.8 (35.5) 58.6 (31.8) 0.567

24-h urine protein ≥ 1.0 g/24 h 26 (68.4%) 36 (63.2%) 0.598

Echocardiography

LVEDd, mm 45.5 (7.2) 43.5 (6.4) 0.160

(Continued)
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TABLE 1 | Continued

CA 125 ≤ 35 KU/L

N = 38

CA 125 > 35 KU/L

N = 57

P-value

RVEDd, mm 32.6 (5.7) 32.9 (5.1) 0.560

LAESd, mm 40.6 (8.1) 41.2 (9.0) 0.759

RAESd, mm 37.9 (9.1) 39.3 (10.6) 0.514

IVS, mm 13.2 (3.1) 14.1 (3.8) 0.213

LVPW, mm 12.8 (2.9) 13.6 (3.3) 0.238

LVEF (%) 54.9 (8.1) 53.0 (10.2) 0.338

Electrocardiogram

Atrial fibrillation, n (%) 6 (15.8%) 11 (20.0%) 0.606

Low limb voltage, n (%) 20 (52.6%) 42 (76.4%) 0.017

PRWP, n (%) 29 (76.3%) 47 (85.5%) 0.262

Data are (N) Mean (SD) or (N) n (%), Median (Q3–Q1), where N is the total number of patients with available data.

ACEI, Angiotensin-Converting Enzyme Inhibitor; AL-CA, Light-Chain amyloidosis; ALB, Albumin; ARB, Angiotensin Receptor Blocker; ThD/LeD, Thalidomide/Lenalidomide; CA 125,

Carbohydrate Antigen 125; T2DM, Type 2 Diabetes Mellitus; ESR, Erythrocyte Sedimentation Rate; CRP, C-Reactive Protein; DBP, Diastolic Blood Pressure; eGFR, estimated Glomerular

Filtration Rate; ESR, Erythrocyte Sedimentation Rate; IVS, Interventricular Septum; LAESd, Left Atrium End Systolic diameter; LDH, Lactate Dehydrogenase; LDL-C, Low Density

Lipoprotein-Cholesterol; LVEDd, Left Ventricular End Diastolic diameter; LVEF, Left Ventricular Ejection Fraction; LVPW, Left Ventricular Posterior Wall; NT-proBNP, N-terminal pro–B-type

Natriuretic Peptide; NYHA, New York Heart Association; PCT, Procalcitoin; PRWP, Poor R-wave progression; RAESd, Right Atrium End Systolic diameter; RVEDd, Right Ventricular End

Diastolic diameter; SBP, Systolic Blood Pressure; TC, Total Cholesterol. Bold values are statistical significance p < 0.05.

(150.8 ± 153.7 vs. 109.9 ± 138.7, p = 0.053) as well. CA 125
levels varied among different Mayo AL 2004 stages and were
statistically different, with higher Mayo stage associated with
higher CA 125 levels [I (6.5 ± 2.6), II (117.1 ± 134.4), IIIa
(84.4 ± 77.7), IIIb (185.3 ± 178.0)]. Serum CA 125 levels were
not statistically different among different NYHA classifications
[I (169.6 ± 175.6), II (134.2 ± 151.5), III (150.6 ± 202.5), IV
(119.1± 92.2); Figure 2].

Further, the levels of CA 125 in different diseases were
explored. Clinical characteristics of the test group and the other
three groups were shown in Supplementary Table 1. Elevated
serum CA 125 values were observed in 57 (60.0%) patients in
the AL-CA group, with a mean value of 134.9 ± 148.6 KU/L,
in 6 (54.5%) patients in the TTR-CA group, with a mean value
of 112.4 ± 134.7 KU/L, in 16 (39.0%) patients in the CHF group
with a mean value of 45.7± 44.9 KU/L and in 3 (7.7%) patients in
the MM group with a mean value of 18.9± 20.9 KU/L (p< 0.01),
Supplementary Figure 1.

Univariate and Multivariate Predictors of
All-Cause Mortality
Prognostic factors for all-cause mortality were explored using
univariate and multivariate Cox hazard analyses (Table 2).
Univariate analysis showed that systolic blood pressure (HR
0.988, 95% CI 0.976–0.997, p = 0.010), diastolic blood pressure
(HR 0.981, 95% CI 0.965–0.998, p = 0.025), palliative care (HR
2.259, 95% CI 1.309–3.898, p = 0.003), low-density lipoprotein-
cholesterol (HR 1.232, 95% CI 1.039–1.461, p = 0.017), total
cholesterol (HR 1.163, 95% CI 1.033–1.310, p = 0.013), CA
125 (HR 1.002, 95% CI 1.001-1.004, p = 0.001), interventricular
septum (HR 1.049, 95% CI 1.000–1.136, p = 0.048), and
left ventricular posterior wall (HR 1.085, 95% CI 1.004–1.174,
p = 0.040) were statistically significant predictors of overall
survival. However, multivariate analysis showed that the only

independent predictors were palliative care (HR 2.613, 95% CI
1.300–5.251, p = 0.007) and CA 125 (HR 1.002, 95% CI 1.000–
1.004, p= 0.033).

Kaplan–Meier Analyses of Overall Survival
Patients with high levels of CA 125 were followed up for a
median period of 7months (IQR 1.0–10.2) and those with normal
levels were followed-up for a period of 9 months (IQR 1.5–19.0,
p = 0.10). Forty-six (80.7%) patients died in elevated CA 125
group and 22 (57.9%) patients died in patients with normal
CA 125 (p = 0.016) during the follow-up period. The median
overall survival in patients with high level CA 125 was 5 months
(95% CI 3.881–6.119) and 25 months (95% CI 0.602–39.398)
in patients with normal CA 125 levels (p = 0.012, Figure 3A).
Patients with palliative care had a median overall survival of
only 5 months (95% CI 4.823–7.177). The overall survival was
significantly shorter for patients with palliative care compared
with 13 months (95% CI 2.103–23.897) in patients receiving
chemotherapy (p= 0.035, Figure 3B).

Biomarkers for Predicting Overall Survival
Using t-ROC Analysis
The accuracy of the four biomarkers for predicting overall
survival was explored by t-ROC analysis. The AUC of 3-months,
6-months, 12-months, and 24-months overall survival for CA
125 were 0.60, 0.75, 0.75, and 0.77, respectively (Figure 4A),
compared with NT-proBNP (Figure 4B), cardiac troponin T
(Figure 4C), and LDH (Figure 4D).

DISCUSSIONS

AL-CA is the most common type of infiltrative cardiomyopathy.
It is characterized by various clinical manifestations such as
congestive HF, arrhythmia, orthostatic hypotension, syncope, or
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FIGURE 2 | Comparison of serum carbohydrate antigen 125 (CA 125) levels between different groups. (A) Palliative care group vs. chemotherapy group

(150.8 ± 153.7 vs. 109.9 ± 138.7). (B) Mayo AL 2004 stage I (6.5 ± 2.6), II (117.1 ± 134.4), IIIa (84.4 ± 77.7), IIIb (185.3 ± 178.0). (C) Polyserositis group vs.

non-Polyserositis group (150.2 ± 150.6 vs. 100.0 ± 140.4). (D) NHYA I (169.6 ± 175.6), II (134.2 ± 151.5), III (150.6 ± 202.5), IV (119.1 ± 92.2).

even other system expressions like gastrointestinal symptoms,
albuminuria, and carpal tunnel syndrome leading to a high rate
of missed diagnosis (1). In the present study, we analyzed serum
CA 125 levels in 95 consecutive patients with AL-CA at an
expertise center in China. To the best of our knowledge, this
is the first study to explore the prevalence and evaluate the
clinical significance of increased CA 125 levels in patients with
AL-CA. The principal results of this study were as follows: (1)
serum CA 125 levels were elevated in more than half of patients
with AL-CA, compared with those with normal CA 125 levels.
Patients who exhibited high serum CA 125 showed higher levels
of hemoglobin, LDL-C, TC, and cardiac troponin T, and showed
higher rates of polyserositis and low limb voltage compared
with those with normal levels of CA 125; (2) patients with
polyserositis or those who treated with palliative care seemed
to express higher CA 125 levels in AL-CA, and higher Mayo
stage was associated with higher CA 125 levels; (3) the values
of CA 125 in patients with AL-CA were significantly higher
compared with those in patients with CHF and MM; (4) CA 125

was a significant independent predictor of survival, with higher
levels independently correlated with lower overall survival; (5)
the prediction accuracy of CA 125 was not inferior to that of
cardiac troponin T, NT-proBNP, and LDH based on the AUC.
In addition, CA 125 seemed to be not affected by the estimated
Glomerular Filtration Rate (eGFR) status of patients.

Serum CA 125 values are used for diagnosis and follow-up
of patients with ovarian cancer and to evaluate the response
to therapy (18, 19). An increase in serum CA 125 has also
been observed in other malignancies (20–24) and non-malignant
diseases (25–28). The first study on the relationship between CA
125 and the cardiovascular system investigated the association
between serum CA 125 levels and pericardial effusion in 1993
(29). Following this, Nägele et al. (16) first revealed that CA
125 may be a valuable tool for monitoring the status and
clinical course of patients with HF. A previous study (15)
demonstrated that only CA 125 levels were correlated with
baseline clinical status in CHF compared with CA 19-9, CA
15-3, carcinoembryonic antigen (CEA), and alpha-fetoprotein
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TABLE 2 | Univariate and multivariate Cox hazard analyses of predictors for all-cause mortality.

Variables Univariate Multivariate

HR 95% CI p-value HR 95% CI p-value

Male 0.797 0.452–1.407 0.435 - - -

Age 1.008 0.986–1.031 0.473 - - -

NYHA 1.210 0.941–1.580 0.295 - - -

SBP 0.988 0.976–0.997 0.010 0.988 0.964–1.011 0.302

DBP 0.981 0.965–0.998 0.025 0.995 0.953–1.038 0.995

MM 1.352 0.796–2.298 0.265 - - -

Hyperlipidemia 1.650 0.931–2.277 0.105 - - -

Polyserositis 1.060 0.633–1.776 0.824 - - -

Hemoglobin 1.008 0.999–1.018 0.464 - - -

ALB 0.973 0.999–1.019 0.078 - - -

Calcium 0.987 0.326–2.985 0.981 - - -

eGFR 0.998 0.991–1.006 0.672 - - -

Palliative care 2.259 1.309–3.898 0.003 2.613 1.300–5.251 0.007

LDL-C 1.232 1.039–1.461 0.017 0.822 0.439–1.539 0.539

TC 1.163 1.033–1.310 0.013 1.365 0.894–2.085 0.149

D-Dimer 1.097 0.989–1.216 0.079 - - -

CA 125 1.002 1.001–1.004 0.001 1.002 1.000–1.004 0.033

IVS 1.049 1.000–1.136 0.048 1.033 0.834–1.280 0.767

LVPW 1.085 1.004–1.171 0.040 1.029 0.804–1.316 0.820

LVEF 0.979 0.958–1.012 0.280 - - -

Low voltage 0.681 0.404–1.148 0.150 - - -

PRWP 0.687 0.339–1.392 0.297 - - -

HR, hazard ratio; CI, Confidence Interval.

For other abbreviations, see Table 1. Bold values are statistical significance p < 0.05.

FIGURE 3 | Kaplan-Meier analysis for patients with light-chain cardiac amyloidosis (AL-CA) classified according to serum levels of CA 125 (A) and treatment

with/without chemotherapy (B). The median overall survival in elevated and normal CA 125 values were 5 months and 25 months, respectively (log rank, p = 0.0045).

Patients with palliative care had a median overall survival of 5 months while the patients receiving chemotherapy had a median overall survival of 13 months (log-rank,

p = 0.0014).

(AFP), and the serum CA 125 levels of patients with CHF
were significantly higher in NYHA class III/IV compared with
those in NYHA class I/II. In addition to CHF, elevated CA 125
values were observed in acute HF (AHF) and have been used

to assess 6-months risk stratification in patients admitted with
AHF (30). Studies have confirmed that cardiac troponin T and
NT-proBNP have significant clinical values in determining the
prognosis for newly diagnosed patients with AL-CA. Therefore,
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FIGURE 4 | Time-dependent ROC (t-ROC) curves for CA 125 (A), N-terminal pro-B-type natriuretic peptide (NT-proBNP) (B), cardiac troponin T (C), and lactate

dehydrogenase (LDH) (D) models. The area under the curve (AUC) presented the accuracy of predicting overall survival time (from diagnosis confirmed) for each

biomarker at various time points.

the Mayo Clinic established a staging system using the two
biomarkers (as well as free light chain) to predict patient
outcomes (31, 32). This risk stratification system is also the most
commonly used in clinical practice. However, the Mayo AL-
stage is tremendously affected by renal function. The values of
troponin and NT-proBNP in patients with decreased eGFR are
severely overestimated, which leads to the conclusion that this
system does not truly reflect the prognosis of patients with AL-
CA, and novel prognostic biomarkers need to be continuously
explored in clinical practice.

The potential mechanism of serum CA 125 levels elevation
in AL-CA remains unclear. Seo et al. (29) reported that among
57 patients with different etiologies of pericardial effusion, 65%
of the patients had significantly higher serum CA 125 levels
compared with normal patients. Moreover, the levels of CA 125
decreased or normalized with the reduction or disappearance
of effusion. In addition, the study used anti-CA 125 antibodies
to stain the pericardial tissue obtained through autopsy of
17 patients and showed higher serum CA 125 levels in the

CA 125-positive-stained pericardium compared with those in
negative-stained for CA 125. Except for pericardial effusion,
elevated serum CA 25 levels have been reported in pleural and
peritoneal effusions with non-malignant diseases and reported
that CA 125 may be produced from the mesothelial cells of
pleura and peritoneum (33–35). These findings were consistent
with findings from our study that polyserositis was observed in
80.7% of 57 patients with AL-CA with elevated CA 125 levels,
and we also found that patients with polyserositis were more
likely to show higher CA 125 values (p= 0.015). Studies reported
that blood levels of cytokines and/or their receptors, including
Interleukin (IL)-6, IL-10, and tumor necrosis factor (TNF)-α,
were more likely to be increased in patients with HF, and cytokine
network activation is one of the main factors for serum CA
125 elevation in patients with CHF dependent on inflammation
(36–38). Serum CA 125 levels with AL-CA were significantly
higher in our study compared with those of patients with CHF
(p < 0.01), although the blood mean levels of CA 125 in CHF
were above normal. Analysis showed that only three patients
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with MM had a mild elevated serum CA 125 levels (p < 0.01).
Therefore, the effect of plasma cell diseases on CA 125 was
excluded. Previous findings and findings from the current study
showed that the reasons for the elevation of serum CA 125 levels
in AL-CA may be as follows: (1) abnormal deposition of amyloid
in the serosal tissue and increased chronic right ventricular
filling pressure caused by CHF leading to tissue stretching and
stimulation of secretion bymesothelial cells; (2) amyloid activates
the cytokine network by inflammation excitation and stimulates
themesothelial cells to produce and secrete CA 125. However, the
underlying mechanism linked between CA 125, cytokines, CA
125-producing cells, and AL-CA should be explored further.

Our study revealed that the levels of cardiac troponin T
were associated with the serum CA 125 levels. Higher cardiac
troponin T levels were observed in the high serum CA 125
group compared with the level in the normal CA 125 group.
Patients with elevated serum CA 125 may have more fluid
accumulation leading to increased left ventricular filling pressure
and polyserositis, thus causing increased wall stress due to
diastolic dysfunction and compressed myocardial capillaries,
inducing deficient myocardial blood supply and myocardial
ischemia (6). In addition, patients with high serum CA 125
values had higher levels of hemoglobin, potassium, LDL-C, and
TC. These findings imply that in most of the patients with AL-
CA with elevated CA 125 levels, the kidney is involved, and
combined with nephrotic syndrome (39), resulting in entry of
body fluid to the interstitial space or serous cavity, leading to
blood concentration and dyslipidemia. The significant difference
between the serum CA 125 levels of low limb voltage can be
attributed to serous effusion. However, the pathophysiological
mechanisms should be explored in subsequent studies.

CA 125 was significantly correlated with prognosis after
adjusting for systolic blood pressure, diastolic blood pressure,
treatment without chemotherapy, low-density lipoprotein-
cholesterol, total cholesterol, interventricular septum, and left
ventricular posterior wall. The median overall survival of high
levels of patients with CA 125 was only 5 months, whereas
the median overall survival in normal CA 125 levels was 25
months. This finding implies that high levels of serum CA 125
are independently correlated with high mortality in patients
with AL-CA. The accuracy of CA 125 in predicting the overall
survival was not inferior compared with the classical prognostic
biomarkers including cardiac troponin T, NT-proBNP, and
LDH. The possible advantages of CA 125 compared with
these biomarkers include being easy to obtain, repeatable, no
preparations required, and inexpensive cost (<4 dollars per
determination in China compared with more than 40 dollars
for NT-proBNP). Notably, CA 125-guided therapy (keeping CA
125 levels at 35 KU/L or less by optimizing the use of a diuretic,
enforcing the use of statins, and increasing the frequency of
monitoring visits) is superior compared with the standard of
care for AHF by reducing the risk of 1-year death and the
rate of rehospitalization (40). Further studies should adjust
the treatment strategy for patients with AL-CA to reduce the
myocardial injury, improve the clinical condition of patients,
assist chemotherapy, and decrease the rate of mortality and
readmission based on serum CA 125 values.

LIMITATIONS

Several limitations of the study need to be addressed. First,
the small sample size and information bias may affect the
results of our study. Further research should be conducted with
a larger sample size and minimize the information bias for
more reliable results. Second, the effect of therapies including
chemotherapy and palliative care on serumCA 125 levels was not
explored, which may have a crucial influence on the evaluation
of treatment outcome and short-term prognosis. Third, although
analysis showed no significant difference in eGFR between
different serum CA 125 levels groups, CA 125 levels were
not evaluated in different renal function stages of patients
with AL-CA. Notably, a nephrotic syndrome caused by renal
involvement of AL-CA leads to fluid retention and polyserositis
andmay have caused increased serum CA 125. Therefore, further
studies should explore the relationship between CA 125 and
nephrotic syndrome.

CONCLUSION

The prevalence of elevated serum CA 125 levels is more
than 50% in patients with AL-CA. CA 125 is a novel
independent prognostic predictor. High serum CA 125 values
are correlated with low overall survival and the accuracy
of predicting prognosis was not inferior compared with
conventional biomarkers.
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Aortic stiffness (AoS) is a maladaptive response to hemodynamic stress and both

modifiable and non-modifiable risk factors, and elevated AoS increases afterload for the

heart. AoS is a non-invasive marker of cardiovascular health and metabolic dysfunction.

Implementing AoS as a diagnostic tool is challenging as it increases with age and varies

amongst races. AoS is associated with lifestyle factors such as alcohol and smoking,

as well as hypertension and comorbid conditions including metabolic syndrome and

its components. Multiple studies have investigated various biomarkers associated with

increased AoS, and this area is of particular interest given that these markers can

highlight pathophysiologic pathways and specific therapeutic targets in the future. These

biomarkers include those involved in the inflammatory cascade, anti-aging genes, and

the renin-angiotensin aldosterone system. In the future, targeting AoS rather than blood

pressure itself may be the key to improving vascular health and outcomes. In this

review, we will discuss the current understanding of AoS, measurement of AoS and the

challenges in interpretation, associated biomarkers, and possible therapeutic avenues

for modulation of AoS.

Keywords: aortic stiffness, pulse wave velocity, cardiovascular health, risk factors, biomarkers

INTRODUCTION

Aortic stiffness (AoS) is a measure of the elasticity of the blood vessel wall, and elevated AoS may
result from and contribute to increased stress on the vessel walls. It is a non-invasive method of
measuring maladaptive change and remodeling to aortic properties and is a promising marker
of subclinical disease. Its measurement is based on principles of physics. The arterial tree has
varying mechanical properties along its length, primarily determined by different contributions
of collagen and elastin to its structure, in addition to varying degrees of modulation by smooth
muscle. Pulse waves generated from pulsatile hemodynamics of the cardiac cycle travel down
the large conduit arteries to the mid-sized arteries where they incur increased resistance due to
branch points and increased arterial tone. The incident waves are then reflected back toward
the central arteries from the periphery. The stiffness of the central conduit arteries determines
the velocity with which the reflected waves return, with increased AoS resulting in more rapid
propagation of reflected waves, determining the measured pulse wave velocity (PWV) (1).
Pathologically increased AoS allows waves reflected from the periphery to return in phase with
cardiac systole, augmenting central systolic pressure and increasing hemodynamic load on the
left ventricle. AoS is able to capture a unique measure of central hemodynamics not reflected by
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simply the blood pressure alone, likely explaining the ability
of carotid-femoral PWV (cfPWV) to serve as an independent
predictor of cardiovascular outcomes. Further, the processes
implicated in AoS, which include activation of oxidative stress
pathways and inflammation may be reflective of underlying
vascular risk (2).

The purpose of this review is to discuss the clinical
implications of AoS, its measurements including PWV and
augmentation index (AI), and the factors that contribute to
and alter AoS. We will also review AoS involvement in disease
processes as well as biomarkers involved in AoS. The goal is to
gain a better understanding of AoS as a subclinical marker of
chronic disease.

CLINICAL SIGNIFICANCE

Stiffening of the aorta is a marker of subclinical disease and
has been demonstrated to precede the onset of hypertension
in a longitudinally followed cohort (3). Earlier studies first
implicated elevated PWV to be associated with atherosclerosis
(4) and as a predictor of worse cardiovascular outcomes and
mortality in high-risk conditions such as diabetes mellitus (DM),
chronic kidney disease, and hypertension, as well as coronary
artery disease post-myocardial infarction (5–7). AoS was later
demonstrated in healthy community dwelling individuals to
predict incident events including coronary disease, heart failure,
stroke, and cardiovascularmortality independently of adjustment
for cardiovascular risk factors (8–11). Further, there is evidence
that AoS reflects the presence of composite end-organ damage
and has been shown to have superior prognostic value to
measurements of office and ambulatory systolic blood pressures
in patients with advanced kidney disease (12).

The adverse outcomes related to elevated AoS suggested by
the prior studies have been corroborated and further evaluated
through meta-analyses. In such a 2010 study by Vlachopoulos
et al. an increase in PWV of 1 m/s conferred an increased
risk of cardiovascular events, cardiovascular mortality, and all-
cause mortality (13). Moreover, a meta-analysis of over 17,000
participants showed that a 1-standard deviation difference in
log-transformed cfPWV was associated with an increased risk
of future cardiovascular events over 5 years even after adjusting
for more traditional risk factors; furthermore, this same meta-
analysis showed that using cfPWV in addition to traditional
risk factors was able to reclassify patient risk for cardiovascular
disease (CVD) for those who had an intermediate 10 year
CVD risk (14). Therefore, by measuring AoS in patients,
practitioners may be able to detect patients at risk for CVD
at an early, subclinical stage. This early detection may provide
the opportunity for early intervention, patient education on
risk factors, and potentially help to decrease the incidence of
overt disease.

MEASUREMENT

Several modalities are available to measure AoS by PWV
including recording the pulse waves by a tonometer transducer,
standard blood pressure cuff, doppler ultrasound, and magnetic

resonance imaging (MRI) (15). The transducer methods consist
of placing a tonometer over the carotid and femoral arteries and
monitoring an ECG signal for timing of the pressure waveforms.
These methods have historically been the gold standard but
can be a challenging learning curve for the operator. Thus,
there has been increased interest in comparing the various AoS
measurement methods to determine which is most accurate
and easiest to implement. Pulse wave doppler ultrasound allows
measurement of AoSwithout the need for a specificmeasurement
device, is quicker, and has been shown to be comparable to
transducer methods (16, 17).While blood pressure cuffmeasured
cfPWV may be easier to acquire than the doppler approach, it
often requires correction (18). MRI based techniques also offer
promise due to their ability to directly and accurately visualize
path-length and ability to quantify AoS in more proximal aortic
segments but lack practicality (19).

cfPWV is the gold standard measure of aortic wall stiffness
(2). cfPWV is obtained via transcutaneous measurement of
the pressure waveform at the common carotid artery and at
the femoral artery by either probes or blood pressure cuffs;
alternatively, this can be measured from Doppler or MRI flow
waveforms (20). The distance between the two surface sites and
the time delay between the waveforms is used to determine
the velocity component (2). Figure 1 depicts how the cfPWV
is calculated. It is important to note that blood pressure and
PWV are closely intertwined with higher mean arterial pressures
correlated with increased AoS (15, 22).

However, there are additional challenges to measuring
cfPWV. The surface distance between carotid and femoral
sites of measurement may not represent true arterial path-
length, especially in patients with obesity. Therefore, proposed
correction factor equations account for these systematic
inaccuracies such as multiplying the distance from the carotid
artery to the femoral artery by 0.8 (23). In addition, there are
challenges with measuring pressure waveforms in obese patients
and in controlling for existing atherosclerotic disease in vessels.
Furthermore, conditions during time of measurements such
as patient positioning, temperature in the room, and white
coat hypertension can all confound the results (2). Brachial
PWV methods also exist, but because of PWV amplification in
peripheral arteries, it is considered a less reliable measure of
central artery stiffness (24).

Augmentation index (AI) is another measurement of AoS
(Figure 1). It is measured by dividing the augmentation pressure
by the pulse pressure andmultiplying by 100 to provide a number
(percentage). AI is a stronger predictor of left ventricular mass
reduction in response to lowering the blood pressure compared
to other more conventional measures such as brachial blood
pressure (25), and increased AI is independently associated
with increased cardiovascular events in those undergoing
percutaneous coronary interventions (26). Furthermore, more
recent data has shown that higher augmentation index is
associated with poor exercise capacity after heart transplant (27).
However, AI is impacted by other factors such as age, systolic
blood pressure, heart rate, left ventricular ejection time, and
height to a greater extent than PWV (28, 29). Therefore, PWV,
and in particular cfPWV, is used more often in trials.
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FIGURE 1 | Measurement of augmentation index and cfPWV. On the left panel, the central augmentation index is calculated as the ratio of the augmentation pressure

over the pulse pressure. On the right panel, the cfPWV is measured by evaluating waveforms at the common carotid and femoral artery. This is the foot-to-foot

method as it measures the beginning of the waveform at each site. The velocity component is then calculated by measuring the distance between the two sites

divided by the time it takes for the waveform to travel from site to site. AP, augmentation pressure; PP, pulse pressure; cAIx, central augmentation index; PWV, pulse

wave velocity; SBP, systolic blood pressure; DBP, diastolic blood pressure. Reproduced from (21).

NORMATIVE VALUES AND IMPACT OF
DEMOGRAPHICS

Despite having known prognostic implications distinct from
traditional cardiovascular risk factors, the clinical use of
cfPWV has been limited due to lack of widespread use
of population specific reference ranges. The 2007 ESC/ESH
guidelines proposed a cut-off value of 12 m/s for elevated AoS
based on clinical outcome data (30). Furthermore, multiple
studies have sought to establish reference ranges for PWV. The
Reference Values for Arterial Stiffness Collaboration Database
was one of the first large-scale efforts to establish reference
ranges for cfPWV in 16,867 European individuals across 13
centers (31). A subset of 11,092 individuals without prevalent
CVD or use of anti-hypertensive or lipid-lowering medications
were used to draw reference values presented in Table 1.
However, a challenge with creating normative values is that
experienced laboratories are needed for cfPWV measurement,
and disparate measurement devices and methodologies can

produce a variance in PWV affecting generalizability even within
the same patient (32).

AGE, SEX, AND RACE

Age
A rise in AoS with age has been well-described in large,
diverse groups free of clinical CVD (31, 33–35). Central artery
stiffness results in a reduced arterial reservoir effect, augmenting
pressure during systole and diminishing it during diastole
(36). This is thought to be one mechanism for the observed
age-related increase in systolic blood pressure and decline in
diastolic blood pressure, which lead to adverse ventricular and
vascular hemodynamics, poor cardiac perfusion, and cardiac
remodeling (37, 38).

Several mechanisms may contribute to age-related
arteriosclerosis. Intrinsic remodeling of arteries has been
demonstrated with increasing intima media thickness with age
(39). Changes in the mechanical properties of the vascular
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TABLE 1 | Distribution of pulse wave velocity (PWV) values (m/s) in the reference value population (11,092 subject) according to age and blood pressure category.

Age category (years) Blood pressure category

Optimal Normal High Normal Grade I HTN Grade II/III HTN

PWV as mean

(±2SD)

<30 6.1 (4.6–7.5) 6.6 (4.9–8.2) 6.8 (5.1–8.5) 7.4 (4.6–10.1) 7.7 (4.4–11.0)

30–39 6.6 (4.4–8.9) 6.8 (4.2–9.4) 7.1 (4.5–9.7) 7.3 (4.0–10.7) 8.2 (3.3–13.0)

40–49 7.0 (4.5–9.6) 7.5 (5.1–10.0) 7.9 (5.2–10.7) 8.6 (5.1–12.0) 9.8 (3.8–15.7)

50–59 7.6 (4.8–10.5) 8.4 (5.1–11.7) 8.8 (4.8–12.8) 9.6 (4.9–14.3) 10.5 (4.1–16.8)

60–69 9.1 (5.2–12.9) 9.7 (5.7–13.6) 10.3 (5.5–15.1) 11.1 (6.1–16.2) 12.2 (5.7–18.6)

≥70 10.4 (5.2–15.6) 11.7 (6.0–17.5) 11.8 (5.7–17.9) 12.9 (6.9–18.9) 14.0 (7.4–20.6)

PWV as median

(10th−90th percentile)

<30 6.0 (5.2–7.0) 6.4 (5.7–7.5) 6.7 (5.8–7.9) 7.2 (5.7–9.3) 7.6 (5.9–9.9)

30–39 6.5 (5.4–7.9) 6.7 (5.3–8.2) 7.0 (5.5–8.8) 7.2 (5.5–9.3) 7.6 (5.8–11.2)

40–49 6.8 (5.8–8.5) 7.4 (5.3–8.2) 7.7 (6.5–9.5) 8.1 (6.8–10.8) 9.2 (7.1–13.2)

50–59 7.5 (6.2–9.2) 8.1 (6.7–10.4) 8.4 (7.0–11.3) 9.2 (7.2–12.5) 9.7 (7.4–14.9)

60–69 8.7 (7.0–11.4) 9.3 (7.6–12.2) 9.8 (7.9–13.2) 10.7 (8.4–14.1) 12.0 (8.5–16.5)

≥70 10.1 (7.6–13.8) 11.1 (8.6–15.5) 11.2 (8.6–15.8) 12.7 (9.3–16.7) 13.5 (10.3–18.2)

Modified from Reference Values for Arterial Stiffness (31).

HTN, hypertension; SD, standard deviation.

media are also observed, with maladaptive remodeling
with increased deposition of collagen (40). Age related
arteriosclerosis that is independent of atherosclerosis is
supported by the strong independent association between
age and cfPWV that persists in those without aortic
calcifications (41). The cumulative exposure to vascular
risk factors including DM also contributes to increases in AoS
with age (42).

Sex
The relationship between sex and AoS is complex and varies
with age. Whereas pre-pubescent females have higher PWV
than pre-pubescent males, this difference is abrogated post-
puberty as the average PWV in females decreases but PWV
in males increases (43). In the Jackson Heart Study, while
adult men were more likely to have elevated cfPWV in the
overall cohort, women had steeper rise in both cfPWV and
forward wave amplitude with age >60 (35). Brachial-ankle PWV
(baPWV) has been shown to be similar in males and females
until about age 50–60 years old, at which point there is a greater
proportional increase in female baPWV (44). This accelerated
increase in the baPWV around age 50–60, when females are post-
menopausal, provides further evidence that there is a hormonal
component to the sex differences in AoS. Furthermore, when
corrected for age and blood pressure, middle aged females with
metabolic syndrome had higher aortic PWV as compared to
males, again supporting the role of sex the relationship of age with
PWV (45).

The mechanism behind sex differences in AoS may be related
to downstream effects of sex hormones. Men with acquired
hypogonadism have higher PWV compared to normal men,
and treatment with testosterone therapy helps to lower PWV,

supporting a possible role for testosterone in lowering AoS (46).
Indeed, in animal models, testosterone induces endothelium-
independent vasodilation of arterial beds (47). Sex hormones in
women also seem to play roles in modulating AoS. Decreases in
estradiol with menopause are associated with a proinflammatory
state, which may be a cause of elevated AoS in women after
menopause (48). Furthermore, female sex steroids such as 17
beta estradiol and progesterone promote elastin deposition, and
thus withdrawal following menopause may also contribute to
increased AoS during this time period (49).

Race
African Americans (AA) suffer a disproportionately increased
risk of CVD, hypertension, and microvascular dysfunction
compared to whites, highlighting the disparities in vascular
morbidity and mortality (50–52). Data suggests that these
differences may be driven by a difference in risk factor burden,
sociodemographic factors including income, as well as intrinsic
differences in mechanical properties of blood vessels and baseline
AoS (53).

Differences in AoS between AA and whites have been
observed in childhood. AA boys as young as 6–8 years
old have elevated mean arterial pressure (MAP), intimal
media thickness, and cfPWV compared to white boys (54).
Sociodemographic factors including education, lower family
income, and lower socioeconomic status were all associated
with higher PWV (55). However, higher aortic PWV is seen
in AA children compared to whites even after adjusting
for age, sex, body mass index, mean arterial pressure, and
socioeconomic status (56). This difference in AoS among
children persists in adults. In the Multi-Ethnic Study of
Atherosclerosis of multiple community cohorts, AA had a higher
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prevalence of hypertension and lower aortic distensibility (57).
In the Dallas Heart Study, both AA and Hispanic individuals
had greater aortic arch PWV independent of cardiovascular
risk factors including mean arterial pressure, heart rate,
DM, and smoking (58).

However, other studies suggest that there may be confounding
variables that account for the differences in AoS among races. In
the ELSA-Brasil study, investigators noted that AAs had a higher
burden of hypertension, DM, and obesity compared to the other
racial groups and had higher unadjusted cfPWV compared to
browns and whites who were similar. However, after adjusting
for characteristics including mean arterial pressure, age, waist
circumference, heart rate, and fasting glucose, the inter-group
differences were abrogated. The results of this study indicate that
∼40% of the difference between cfPWVvalues could be explained
by age andmean arterial pressure, suggesting less contribution by
race itself to AoS. Though there may be a race-sex interaction in
women, with AA and brown women having higher cfPWV than
whites particularly in the highest quartiles of cfPWV, the strength
of that relationship was much weaker than the effects of MAP
and age (59).

Several mechanisms have been proposed to contribute to
the differences of AoS among racial/ethnic groups. First, risk
factor sensitivity may vary among different racial groups. For
example, cfPWV progression is affected by risk factors such as
diastolic blood pressure, glucose, and low-density lipoprotein
cholesterol in AA women, while it was not in Caucasian women
(60). Furthermore, it has been demonstrated that AAs living
in the northern hemisphere likely suffer a greater burden of
Vitamin D deficiency relative to white counterparts (61). Vitamin
D has been proposed to improve vascular health by suppressing
oxidative pathways and the sensitivity to renin-angiotensin-
aldosterone system (RAAS) mediated remodeling. Vitamin D
supplementation has been shown to decrease PWV in AAs with
vitamin D deficiency (62).While the paucity of large-scale studies
suggests the need for further research to determine the clinical
utility of improving Vitamin D to improve vascular health, this
modifiable risk factor creates a targetable treatment regimen
for AAs.

Generalized endothelial dysfunction has also been posited as a
mediator of progressive AoS in AAs compared to whites. Studies
have demonstrated that AAs tend to have impaired nitric oxide
signaling and thus more endothelial cell dysfunction at baseline
and when compared to whites (63, 64). This impaired nitric oxide
signaling in AAs compared to white Americans has been shown
to be present even after adjusting for CVD risk factors, suggesting
that impaired vascular function precedes incident disease (65).
Whether additional intrinsic differences in the properties of
vessels or unmeasured risk factors exist between racial/ethnic
groups remains to be determined.

COMORBIDITIES ASSOCIATED WITH AoS

Hypertension
Hypertension demonstrates a very strong association with
AoS compared to other cardiometabolic risk factors studied.
A major shift has occurred regarding the understanding of

directionality between hypertension on AoS and vice versa.
The initial paradigm posited that arterial stress induced by
elevated pressure and pulsatility-mediated breaks in elastin led
to maladaptive remodeling by inducing inflammation (1, 66,
67). Both baseline blood pressure and blood pressure variability
have been linked to increased vascular stiffness (68). Higher
blood pressure variability is thought to promote vascular smooth
muscle cell proliferation and atherosclerosis as well as increase
oscillatory wall stress (69, 70). This increased variability may lead
to increased AoS which in turn, with stiffer arteries, may increase
blood pressure (71).

Clinical and experimental studies have demonstrated that the
relationship between hypertension and AoS is interdependent
(72–74). Elevated AoS preceding the development of overt
hypertension has been demonstrated in population-based studies
(3, 75). Additionally, Weisbrod et al. evaluated the temporal
relationship between AoS and hypertension in a mouse model
of diet induced obesity, demonstrating that AoS increased
within 1 month while hypertension evolved in 5 months (76).
Increased AoS and blood pressure were reversed with weight loss.
Understanding this temporal relationship is of particular clinical
significance, as AoS can be used as a marker for patients that are
high risk to develop hypertension, prompting earlier risk factor
modification and potential treatment.

Metabolic Syndrome
While hypertension alone can increase AoS, metabolic syndrome
is also associated with increased AoS. Metabolic syndrome is a
constellation of disorders consisting of obesity, insulin resistance,
hypertension, and dyslipidemia. Investigators from the Bogalusa
Heart Study showed that even in asymptomatic, young (ages 24–
44) subjects, baPWV rose with increasing number of components
of the metabolic syndrome (77). Multiple other studies have
shown that metabolic syndrome components were associated
with elevated PWV (78–80). Investigators of the CRAVE
study also showed that patients with both hypertension and
dyslipidemia had a four-fold increase in the annual progression
of cfPWV compared to controls (80). There is also evidence
to suggest that resolving metabolic syndrome is associated
with lower PWV compared to those with current metabolic
syndrome (81).

Diabetes Mellitus
Patients with DM are at a high risk for CVD (82, 83). Aortic
PWV serves as an additional tool to help risk stratify patients as
increased PWV has been shown to be associated with CVD in
those with DM (84). An interesting dose dependent relationship
between level of glucose dysregulation and elevation of cfPWV
has also been described (85).

The pathogenesis of AoS in DM is likely to be mediated by the
pro-inflammatory milieu generated by metabolic dysregulation
and direct damage to the vascular wall. For example, high intake
of advanced end glycation products, such as carboxy-methyl-
lysine, have been associated with higher PWVs among those
with DM (86). Furthermore, a trial of ALT-711, a non-enzymatic
breaker of these products, decreased PWV in the elderly (87).
Different genotypes of advanced end glycation products and their

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 November 2021 | Volume 8 | Article 709396148

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


Angoff et al. Aortic Stiffness

TABLE 2 | Association of lifestyle risk factors with aortic stiffness.

Population studied Exposure Effect

Diet Adults 20–59 years of age Salt consumption (varied) An increase in urinary sodium excretion by >100 mmol over a

24-h period is associated with increased systolic pressures

by 3–6mm Hg and increased diastolic pressures by 0–3mm

Hg (90)

11 adults aged 60 ± 2 years with

elevated BP (139 ± 2 over 83±2

mmHg)

Low sodium (77 ± 2 mmol/d) vs.

normal sodium (144 ± 7 mmol/d)

Low sodium group with 17% reduction in aortic PWV

compared to normal sodium (7 ± 0.40 vs. 8.43 ± 0.36 m/s, p

= 0.001) (91)

Exercise Endurance trained males age 69

± 2.5 years

Fitness level: VO2 max at least 1

SD above age matched sedentary

counterparts

26% decrease in Aortic PWV relative to peers their age (92)

Pre-menopausal women aged 31

± 1 years and post-menopausal

women age 59±2 years

6 ± 1 hour/week of endurance

exercise

No significant difference in aortic PWV or AI between pre and

post-menopausal women with exercise (suggesting age

related increase in AoS is halted by exercise) (93)

Systematic review/meta-analysis

of 14 RCTs of adults with

pre-hypertension and

hypertension

Exercise types:

aerobic/endurance, dynamic

resistance, isometric resistance,

combined exercise

Exercise significantly reduced PWV by 0.76 m/s (CI

1.05–0.47) (94)

Smoking Healthy adults 33 ± 6 years of

age

Acute: 5min after smoking 1

cigarette

FMD % decreased from 13.5 ± 5 to 6.9 ± 4% (95)

Adults 15–57 years of age Chronic: 1–75 pack years FMD 10±3.3% (4–22%) in controls vs. 4 ± 3.9% (0–17%) in

smokers; FMD is inversely related to the duration of

smoking (96)

Males 30–64 years of age Non-smokers, former smokers,

and current smokers

Men who quit smoking <1 year prior had elevated AI (β 3.94,

SE 1.54, p = 0.011) similar to current smokers (β 4.39, SE

0.74, p < 0.001) compared to non-smokers; those that quit

1– <10 years prior with AI similar to non-smokers (β 1.87, SE

0.94, p < 0.047) (97)

E-cigarettes Adults 30 ± 8 years of age 5min of usage and 30min of

usage

Smoking over 5min increased cfPWV by 0.19 m/s after

15min; over 30min increased cfPWV by 0.36 m/s (98)

Alcohol Males 40–80 years of age 4–10, 11–21, and 22–58

drinks/week

Compared to those consuming 0–3 drinks per week;

decreased cfPWV by 0.77 m/s (4–10 drinks), 0.57 m/s

(11–21 drinks), 0.14 m/s (22–58 drinks) (99)

Post-menopausal women 50–74

years of age

1–3, 4–9, 10–14, and 15–35

drinks/week

Compared to non-drinkers: those consuming 1–3, 4–9,

10–14, and 15–35 drinks/week had the following difference in

mean cfPWV 0.044 (95% CI −0.47–0.56), −0.085 (95% CI

−0.59–0.43), −0.869 (95% CI −1.44–0.29), and −0.225

(95% CI −0.98–0.53) m/s (100)

AI, augmentation index; AoS, aortic stiffness; β, beta; BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity; FMD, flow-mediated dilation; PWV, pulse wave velocity; RCT;

randomized control trial; SD, standard deviation; SE, standard error.

receptors have also been associated with increased blood pressure
and AoS in patients with DM (88). Therefore, modulation
of advanced end glycation products remains an interesting
target to halt disease progression. Furthermore, increased
glucose may lead to increased activity of RAAS and thus the
detrimental consequences as described in the section on RAAS
below (89).

LIFESTYLE RISK FACTORS

The association of lifestyle risk factors with AoS detailed below
are summarized in Table 2.

Alcohol
Much of the evidence for the association of alcohol with
AoS is data derived from self-reported alcohol consumption
in cross-sectional epidemiology studies. Interestingly, evidence

suggests there may be a J shaped relationship of alcohol use
to central aortic hemodynamics, with more favorable measures
among those with light to moderate consumption compared
with negligible and heavy drinkers. In young individuals, those
who reported light alcohol consumption, 2–6 drinks per week,
had lower central blood pressure than those who drank lower
or greater amounts (101). Similar findings have been reported
in middle aged to older adults. In men aged 40–80 years old,
those who drank moderate to large amounts of 4–10 and 11–
21 drinks per week had lower PWV than those who drank more
or less than these groups (99). Additionally, in post-menopausal
women aged 50–74 years, moderate alcohol intake was inversely
related to PWV (100). Furthermore, in controlled experiments,
alcohol ingestion appears to acutely decrease AoS. Even drinking
200 or 350 cc of beer leads to decreased baPWV and
cfPWV compared to controls (102). There are many proposed
mechanisms as to why low doses of alcohol can be beneficial
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to the heart such as by increasing HDL, insulin sensitivity,
and decreasing oxidative stress (103). More acutely, small
amounts of alcohol may decrease PWV through alcohol induced
increases in nitric oxide (104). Ultimately, future prospective
studies will shed light on the ideal alcohol consumption with
respect to long-term outcomes and recommended exposure for
vascular health.

Smoking
Smoking is a major modifiable risk factor for CVD (105).
One cigarette causes acute increases in brachial and aortic
blood pressure, arterial wave reflection, and AoS (106). Even
passive smoking has been shown to worsen the elasticity
of the aorta (107). Cigarette smoking has been shown to
have a dose-response relationship to elevated PWV, which is
only reversed after prolonged smoking cessation >10 years
(108). There is also evidence to suggest that e-cigarettes are
detrimental to AoS (98). The effect of cigarettes on AoS may
be due to endothelial cell damage and subsequent impaired
vasodilatory capacity (95, 96). Additional mechanisms appear
to be an increase in cholesterol, increased vascular remodeling
and arterial calcification, increased vascular tone, and oxidative
stress/inflammation (109).

Diet and Physical Activity
There is a growing body of evidence that lifestyle habits including
smoking cessation, diet modification, and exercise/weight loss
can reverse AoS (110). It is well-supported that high salt intake
leads to higher blood pressures (90) and that reduction in salt
intake leads to lower blood pressures (111). Low salt diets
similarly have been associated with lower PWV independent
of blood pressure (112). Furthermore, in men, over a period
of 17.8 years, higher consumption of saturated fatty acids was
associated with higher cfPWV and higher consumption of poly-
unsaturated fatty acids was associated with lower cfPWV (113).
Greater dairy consumption, particularly in those withDM, as well
as increased intake of vegetables has also been associated with
lower AoS (114–116).

Physical activity leads to lower central PWV and age-related
increases in PWV can be mitigated by exercise in both men
and women (92, 93). The Baltimore Longitudinal Study of
Aging rigorously phenotyped adults and measured VO2 max in
adults aged 21–96 years of age. These investigators demonstrated
that with greater age in the entire cohort, augmentation index
and aortic PWV increased out of proportion to the blood
pressure increase. However, these measures of AoS were lower
in endurance trained male athletes (defined by a VO2 max
1 standard deviation above their age matched non-trained
controls), compared with sedentary individuals (defined as less
than at least 20min of aerobic exercise three times weekly)
of similar age (92). Similarly, while sedentary post-menopausal
women have higher augmentation index and PWV than
comparable pre-menopausal women, thesemeasures of AoS were
similar in both pre- and post-menopausal active women who
were physically active (performed endurance training, actively
competing in running races, with average exercise of 6+/– 1 hour
of activity per week) (93). The effect of exercise on reducing AoS

is thought to relate to exercise induced changes in vessel wall
stress, a reduction in vasoconstrictors and ultimately vasodilation
via increased nitric oxide activity (117, 118). These studies
add to the growing body of evidence that improved lifestyle
modifications could make a large impact on the development and
progression of disease.

BIOMARKERS ILLUMINATING
PATHOPHYSIOLOGY AND THERAPEUTICS

Given the association of AoS with adverse outcomes, serum
biomarkers that correlate with AoS allow further insight into
mechanisms of AoS, non-invasive detection and monitoring of
AoS, and may highlight therapeutic targets. In this section, we
will discuss key serum biomarkers that modulate AoS, and the
associated evidence for therapies targeting these pathways.

Inflammatory Biomarkers
The presence of chronic inflammatory and infectious conditions
is associated with elevated AoS. In patients with systemic lupus
erythematosus, cfPWV was shown to be elevated even when
traditional risk stratification categorized patients into low risk
for CVD (119). Furthermore, higher aortic PWV has been
seen in patients with inflammatory bowel disease and has been
associated with disease duration (120). Many other inflammatory
conditions have been associated with increased AoS such as
rheumatoid arthritis (121, 122), psoriatic arthritis (123, 124), and
Sjogren’s syndrome (125, 126). The increase in AoS in those
with autoimmune disorders and chronic inflammatory diseases is
independent ofmore traditional risk factors and related to disease
duration and the elevation in inflammatory markers, suggesting
inflammation as a key player in this pathology (127).

Multiple inflammatory biomarkers have been associated with
AoS. A prospective study that followed middle-aged Japanese
men without hypertension for 9 years demonstrated that
sustained elevations in serum C-reactive protein (CRP) were
associated with a longitudinal increase in baPWV. Higher
baPWV was in turn associated with higher blood pressures
during follow-up (128). The accelerated vascular disease in
this cohort at relatively low vascular risk suggests that
chronic inflammation may contribute to progressive vascular
stiffness and dysfunction. Though CRP is associated with
several cardiovascular risk factors, models adjusting for these
demonstrated a persistent linear association between CRP and
AoS in the population-based Rotterdam Study (129). A potential
mechanism may lie in endothelial dysfunction: in men with
coronary artery disease with forearm blood flow response
studied with venous occlusion plethysmography, CRP levels
were associated with blunted endothelial vasodilator capacity in
models including risk factors (130). Additionally, normalization
of CRP levels was associated with improved blood flow response
in these individuals. IL-6 is another inflammatory cytokine that
has been shown to be associated with cfPWV in individuals with
hypertension (131). Furthermore, there is research establishing
a link between polymorphisms on IL-6 with increased cfPWV
(132). These studies suggest that inflammation is associated
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with AoS but more studies are needed to fully elucidate the
mechanistic relationships.

The relationship between inflammatory states and CVD has
been further elucidated by studies that have examined the effect
of treatment of inflammatory diseases. Patients with rheumatoid
arthritis treated with anti-tumor necrosis factor-a agents have
shown significant declines in cfPWV after treatment (133).
Furthermore, statins have been shown to decrease AoS in patients
with inflammatory joint diseases, suggesting that controlling
inflammation and possibly lowering lipids is beneficial in
this population (134).

Klotho and Sirtuin-1
Klotho is predominantly expressed in the kidney and has been
described as an anti-aging gene (135). When mice are deficient
in Klotho, they have decreased lifespan and calcifications of
multiple organs. Haplodeficiency of Klotho in mice leads to
increased PWV and hypertension (136, 137). The association of
Klotho levels with AoS has also been demonstrated in patients
with chronic kidney disease (CKD) (138). Klotho appears to
directly regulate SIRT1, a gene encoding a NAD+ dependent-
deacetylase with anti-inflammatory and anti-oxidant effects and
importance in endothelial cell function (139, 140). Klotho

TABLE 3 | Association of serum biomarkers with aortic stiffness.

Biomarker Clinical relevance Association with aortic stiffness

Key biomarkers with independent association with AoS

Inflammatory biomarkers • The presence of conditions like SLE (155), IBD (156), psoriasis

(157), and HIV (158) are linked with high higher risk of CVD

• Elevated PWV in IBD patients (120)

• Elevated carotid AI and PWV in SLE patients (159)

CRP • Associated with insulin resistance (160), carotid intima-media

thickness and markers of atherosclerosis (161)

• Sustained elevation in serum CRP correlated with increased

baPWV and BP in middle aged Japanese men (128)

• In Chinese general population baseline hs-CRP associated with

baPWV (162)

Klotho • Klotho levels lower in those with renovascular hypertension and

essential hypertension compared to healthy controls (163)

• Klotho levels lower in those with significant coronary artery

disease (164)

• Haplodeficiency in Klotho in mice led to increased AoS

(136, 137)

Aldosterone • Increases insulin resistance, oxidative stress, inflammation (89)

• Promotes vascular calcification (165)

• Associated with increased PWV (143)

• Fibronectin accumulation (166)

Other biomarkers associated with AoS

Adipocyte-Fatty-Acid-

Binding protein

(A-FABP)

• Elevated levels have been associated with endothelial

dysfunction in patients with type 2 diabetes (167)

• Elevated levels associated with diastolic dysfunction (168) and

cardiovascular death (169)

• In patients with hypertension and metabolic syndrome, increased

levels of A-FABP associated with increased cfPWV (170)

• A-FABP levels positively correlated with cfPWV in patients with

type 2 diabetes (171)

Leptin • Leptin levels predicted ischemic heart disease in patients with

type 2 diabetes (172)

• Patients with coronary artery disease have higher levels of

serum leptin (173)

• Higher leptin levels associated with increased cfPWV in patients

with kidney transplants (174) and in geriatric patients on dialysis

(175)

• Meta-analysis demonstrated leptin is positively associated with

cfPWV (176)

Natriuretic peptides • Released in response to ventricular hypertrophy, inflammation,

and fibrosis (177)

• Predictor for heart failure or death in patients with an acute MI

(178, 179)

• AoS is associated with NT-proBNP level and MR-proANP

months after MI (180, 181)

Parathyroid hormone • Parathyroid hormone is associated with atherosclerosis (182) • Patients with mild hyperparathyroidism had increased cfPWV

which then decreased after a thyroidectomy (183)

• cfPWV increased independently with parathyroid hormone in

Chinese patients with untreated hypertension (184)

Resistin • Increased resistin associated with increased risk of heart failure,

coronary heart disease, CVD (185)

• High levels of resistin associated with increased cfPWV in sample

with high prevalence of untreated hypertension/obesity (186)

• Serum resistin is an independent predictor of cfPWV in patients

with coronary artery disease (187)

Uric Acid • High levels of uric acid associated with acute myocardial

infarction (188) cardiovascular events (189, 190) stroke (190)

• Association between higher uric acid and cfPWV in men after

adjustment for confounders (191)

• Overall positive association between uric acid and cfPWV at

adjusted analysis in both males and females (192)

• Serum uric acid is independently associated with cfPWV in

post-menopausal women (193)

• Significant association between uric acid cf PWV and carotid

radial PWV in young Caucasian population (194)

AI, augmentation index; AoS, aortic stiffness; ba-PWV, brachial-ankle pulse wave velocity; CVD, cardiovascular disease; HIV, human immunodeficiency virus; hs-CRP, high sensitivity

CRP; IBD, Inflammatory Bowel Disease; MI, myocardial infarction; PWV, pulse wave velocity; SLE, Systemic lupus erythematosus.
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haplodeficiency downregulates SIRT1 in arterial endothelial and
smooth muscle cells, with associated increased arterial wall
collagen deposition and elastin fragmentation, both of which
explain the association with AoS (137). Zhou et al. demonstrated
that CYP11B2, a rate-limiting enzyme in aldosterone synthesis,
is up-regulated in Klotho deficiency, and that treatment
with eplerenone reversed increased AoS (141). Thus, another
mechanism by which Klotho deficiency may mediate increased
AoS is through the aldosterone pathway.

The interaction between Klotho and SIRT1 has illuminated
a number of possible targets for therapies that modulate
pro-oxidant and pro-inflammatory pathways. Further,
improved calcium and phosphate homeostasis may be of
increased importance in CKD patients where impaired calcium
homeostasis and a pro-inflammatory milieu may accelerate
vascular dysfunction. Thus, understanding these mechanisms
provides opportunities for possible therapeutic interventions.

RAAS
The role of RAAS in the progression of AoS is supported by
observational studies, clinical studies relating to modulation with
therapeutics, biochemical studies demonstrating involvement in
vascular remodeling, and mapping of related gene loci.

RAAS-associated AoS is proposed to be due to aldosterone
and angiotensin II increased inflammation as well as
vasoconstriction from activation of angiotensin I receptors and
mineralocorticoid receptors (142). Aldosterone has been shown
to be involved in many pathologic processes such as increased
insulin resistance, increased oxidative stress, and increased
inflammation (89). In multivariable adjusted models, serum
aldosterone is linearly associated with PWV in hypertensive
patients (143). The importance of RAAS is further highlighted by
multiple studies that demonstrate a positive association between
cfPWV and polymorphisms in the angiotensin II type 1 receptor
(144, 145), angiotensin converting enzyme gene (146, 147) as
well as in the aldosterone gene (148). Polymorphisms in RAAS
may thus contribute to the highly heritable traits of AoS and
blood pressure (149). Additional future work may determine the
appropriate application of genetic testing to guide detection and
management of AoS.

With respect to therapies, inhibiting aldosterone with
spironolactone has been shown to decrease collagen density
and thus AoS (150). London et al. demonstrated that central
systolic blood pressure was decreased to a greater extent
with perindopril/indapamide treatment compared to treatment
with atenolol, implying a distinct role of RAAS modulation
in central hemodynamics (151). This data on the role of
RAAS inhibition in AoS may be useful to consider for
physicians choosing an anti-hypertensive medication. When
compared with atenolol, eplerenone has been shown to
decrease AoS, decrease the collagen to elastin ratio, and
decrease concentrations of inflammatory markers including
MCP-1, basic fibroblast growth factor, and interleukin-10 (152).
Furthermore, when comparing atenolol, nebivolol, aliskiren,
and quinapril, the RAAS modulating agents demonstrated
continued reductions of cfPWV, possibly implicating arterial
remodeling rather than modulation of hemodynamics alone

(153). Lastly, non-pharmacologic augmentation to the RAAS
system is also important to consider. Decreased salt intake
has been shown to decrease AoS independent of blood
pressure reductions that may be mediated through RAAS
modulation (154).

In addition to the above, other general biomarkers associated
with AoS are presented in Table 3.

GENERALIZABILITY AND FUTURE
DIRECTIONS

Despite data illuminating pathways important in AoS
pathophysiology and the promising data for their modulation,
there has been a paucity of data in this field. Controlled trials thus
far have been of relatively small size with short duration, with
possibly insufficient follow up time to adequately assess for aortic
remodeling and change in AoS (195). However, encouraging data
on the prognostic impact of PWV continues to emerge. In the
past 2 years, a post-hoc analysis of 8,450 patients in the Systolic
Blood Pressure Intervention Trial (SPRINT) demonstrated that
reductions in PWV after 1 year of anti-hypertensive therapy
were associated with 42% lower risk of death compared to
individuals who did not have reductions in PWV, independent of
Framingham Risk Score and blood pressure (196). Additionally,
an innovative experiment performed on mice aortas ex vivo used
a synthetic peptide targeted to a cytoskeletal protein known to be
associated with AoS in human genome wide association studies
(197). This study illustrated the proof of concept that such
decoy peptides decreased cfPWV, illustrating that approaches
targeted to AoS rather than blood pressure per se, may be
able to be applied in the future. Ultimately, larger therapeutic
trials that target AoS and demonstrate improved outcomes are
needed to establish widespread clinical utility of AoS assessment
and treatment.

CONCLUSION

AoS is a precursor to hypertension and an accepted risk factor for
CVD independent of blood pressure. Despite its demonstrated
prognostic value, thus far broad clinical applicability has been
limited by measurement variation in multiple methodologies
illustrated, lack of age and blood pressure specific reference values
applicable to all populations, and effective therapeutics targeting
AoS. AoS may be addressed indirectly through treating several
lifestyle risk factors and associated comorbidities. Continued
research will help to add to the illustrated biologic pathways of
AoS. In the future, novel approaches and applications of existing
drugs to specifically target pathways involved in modulating
AoS may provide further support to its broader assessment and
treatment to improve cardiovascular outcomes.
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Gene Signatures in Dilated
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Xiao Ma, Changhua Mo, Liangzhao Huang, Peidong Cao, Louyi Shen and Chun Gui*

Department of Cardiology, First Affiliated Hospital of Guangxi Medical University, Nanning, China

Objective: Dilated cardiomyopathy (DCM) is a heart disease with high mortality

characterized by progressive cardiac dilation and myocardial contractility reduction. The

molecular signature of dilated cardiomyopathy remains to be defined. Hence, seeking

potential biomarkers and therapeutic of DCM is urgent and necessary.

Methods: In this study, we utilized the Robust Rank Aggregation (RRA) method to

integrate four eligible DCM microarray datasets from the GEO and identified a set of

significant differentially expressed genes (DEGs) between dilated cardiomyopathy and

non-heart failure. Moreover, LASSO analysis was carried out to clarify the diagnostic

and DCM clinical features of these genes and identify dilated cardiomyopathy derived

diagnostic signatures (DCMDDS).

Results: A total of 117 DEGs were identified across the four microarrays. Furthermore,

GO analysis demonstrated that these DEGs were mainly enriched in the regulation of

inflammatory response, the humoral immune response, the regulation of blood pressure

and collagen–containing extracellular matrix. In addition, KEGG analysis revealed that

DEGs were mainly enriched in diverse infected signaling pathways. Moreover, Gene

set enrichment analysis revealed that immune and inflammatory biological processes

such as adaptive immune response, cellular response to interferon and cardiac muscle

contraction, dilated cardiomyopathy are significantly enriched in DCM. Moreover, Least

absolute shrinkage and selection operator (LASSO) analyses of the 18 DCM-related

genes developed a 7-gene signature predictive of DCM. This signature included

ANKRD1, COL1A1, MYH6, PERELP, PRKACA, CDKN1A, and OMD. Interestingly, five

of these seven genes have a correlation with left ventricular ejection fraction (LVEF) in

DCM patients.

Conclusion: Our present study demonstrated that the signatures could be robust tools

for predicting DCM in clinical practice. And may also be potential treatment targets for

clinical implication in the future.

Keywords: dilated cardiomyopathy, Robust Rank Aggregation, novel gene signatures, Least absolute shrinkage

and selection operator analysis, PERELP
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INTRODUCTION

Dilated cardiomyopathy (DCM), characterized by left
ventricular or bicentricular enlargement and myocardial
systolic dysfunction, is the main cause of systolic heart failure
and heart transplantation in about 40 million people worldwide
(1, 2). The etiology of dilated cardiomyopathy is still not
clear, and it is generally believed that people with genetic
background of dilated cardiomyopathy are usually infected
with Coxsackie virus, adenovirus and influenza virus, and
then resulting cardiac inflammation and immune damage
jointly lead to the occurrence and development of dilated
cardiomyopathy (3, 4). In recent decades, many strategies
including early diagnosis, more accurate typing, evidence-
based treatment, rigorous follow-up, and the use of advanced
anti-heart failure drugs, have improved the quality of life and
long-term survival of patients with dilated cardiomyopathy
(5, 6). However, patients with dilated cardiomyopathy presenting

FIGURE 1 | The workflow of the study. DCM, dilated cardiomyopathy; RRA, Robust Rank Aggregation; LASSO, Least absolute shrinkage and selection operator;

DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction; Con, control normal cardiac tissues; ROC,

receiver operating characteristic; FRGs, ferroptosis-related genes; PRGs, pyroptosis-related genes.

with symptoms of heart failure have a poor clinical prognosis,
with a 5-year mortality rate of ∼20% in these patients (7, 8).
At present, the pathogenesis of dilated cardiomyopathy is still
poorly understood.

Advances in gene chips and high-throughput sequencing
help to identify the key role of potential core genes and small
molecule in the biological process of a variety of diseases (9,
10). Many studies have used microarray chip technology to
measure the gene and non-coding RNA expression profile of
dilated cardiomyopathy, providing the gene expression pattern
of the myocardial tissue of dilated cardiomyopathy. For example,
Zhang et al. used bioinformatics method to reanalyze gene
expression profile and potential functional network in cardiac
tissue of patients with dilated cardiomyopathy (11). Tao et al. also
reported four hub lncRNAs in the DCM-related module, which
helped to enhance the understanding of DCMpathophysiological
process and reveal its potential treatment targets (12). However,
most of the gene signatures were analyzed from a single data set,
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and a limited number of patients have been included in most
previous studies, whichmay compromise the prediction power or
reliability. In-depth exploration of the public datasets can reveal
disease related genes and develop a efficient risk gene signature in
combination with clinicopathological characteristics (13), which
can help to form a promising tool for predicting status of DCM
and individualized therapy.

To explore potential pathogenesis and therapeutic targets
of DCM, a series of analysis based on microarray chip data
were performed. we developed a 7-gene DCM derived
diagnosis signature (DCMDDS) distinguished DCM from
NC with high specificity and sensitivity in both the training
and validation cohorts. Besides, we performed gene-clinical
feature correlation analysis on the 7-gene DCMDS, and
predicted potential therapeutic targets via the DGIdb
database. The present study provided new diagnostic
markers and potential gene-based targeted treatment drug
for DCM.

METHODS

Data Download
The workflow of the present study was shown in Figure 1. Four
gene expression profiles of DCM, including GSE3585, GSE9800,
GSE21610, and GSE42955, were downloaded from the Gene
Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo
accessed on 17 June 2021) and used to identify DEGs between
DCM and normal cardiac (NC) tissue samples (Table 1). The
criteria for selecting these datasets included: (1) Gene expression
data must be available for both DCM and NCT samples, (2) at
least 5,000 genes must be included when the microarray platform
is used for expression profiling. In general, DCM is defined by
patients with clinical features of a left ventricular end-diastolic
diameter over than 56 mm and a left ventricular ejection fraction
(LVEF) <50% (14). Exclusion criteria were genetic DCM or any
cardiovascular, life-limiting systemic condition or an infectious
or tumoral condition that may influence the definition of DCM.
Of the five datasets (including the GSE17800 dataset below) with
DCM, only four provided DCM definition (GSE3585 GSE17800,
GSE21610 and GSE42955), and both datasets used the above
criteria. In the GSE9800, a patient’s DCM status was provided

without specifying how it was defined. GEO belongs to public
databases. The patients involved in the database have obtained
ethical approval. Users can download these relevant data for free
for research and publish relevant articles. A majority of data are
based on open source data, so there are no ethical issues and other
conflicts of interest.

Data Preprocessing and Identification of
Robust Differentially Expressed Genes
(DEGs)
R software (version 3.6.1) was performed to process and
statistically analyze the expression files. We downloaded the
series matrix files of datasets from GEO. The R package “limma”
(15) was utilized to normalize the data and find DEGs, and a
volcano map of DEGs was drawn using the “ggplot2” package
(16) to show the DEGs.We then used RRA to integrate the results
of those 4 datasets to find the most significant DEGs (17). The P
value of each gene indicated its ranking in the final gene list, and
genes with adjusted P < 0.05 and log2|FC| > 0.5 were considered
as significant DEGs in the RRA analysis.

Enrichment Analyses of GO and KEGG
Pathway
Gene Ontology (GO) analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analysis of DEGs were calculated
using clusterProfiler package. clusterProfiler was a package
of R software that was designed to compare and visualize
functional profiles among gene clusters (18). A P value < 0.05
was considered to be significant, and the identified significant
analyses were sorted by gene counts. Subsequently, the R package
“RCircos” (version 1.2.1) (19) was used to visualize the expression
patterns of different microarrays and chromosomal locations for
the top 40 DEGs sorted by their P value.

Gene Set Enrichment Analysis
We performed gene set enrichment analysis (GSEA) using the
gene expression matrix through the “clusterProfiler” package.
“c2.cp.kegg.v7.0.symbols.gmt” was selected as the reference gene
set (20). A false discovery rate (FDR) < 0.25 and P < 0.05 were
considered significant enrichment.

TABLE 1 | The characteristic baseline of microarray.

Series

accession

Normal(n) DCM(n) Samples Platform Author ref Application

GSE3585 5 7 left ventricular tissue samples GPL96 Affymetrix Human Genome U133A Array Barth AS et al. Integrated Analysis

GSE42955 5 12 left ventricle tissue samples GPL6244 Affymetrix Human Gene 1.0 ST Array Molina-Navarro MM

et al.

Integrated Analysis

GSE9800 2 12 Left ventricular tissue samples GPL887 Agilent-012097 Human 1A Microarray

G4110B

Ohtsuki M et al. Integrated Analysis

GSE21610 8 22 Left ventricular tissue samples GPL570 [HG-U133_Plus_2] Affymetrix Human

Genome U133 Plus 2.0 Array

Patrick Schwientek.

et al.

Integrated Analysis

GSE17800 8 40 Myocardial biopsies tissue

samples

GPL570 [HG-U133_Plus_2] Affymetrix Human

Genome U133 Plus 2.0 Array

Sabine Ameling et al. Validation and

clinical relevance

analysis
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FIGURE 2 | Identification of differentially expressed genes (DEGs) between dilated cardiomyopathy cardiac and normal cardiac tissues samples from four unrelated

cohorts. (A) Volcano plots of datasets GSE3585 and GSE9800 (upper panel), and GSE21610 and GSE42955 (lower panel) from the GEO database. DEGs with

(Continued)
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FIGURE 2 | |log2 (Fold change)| > 0.5 would be listed, additionally. (B) Heatmap of the top 15 downregulated and the top 15 upregulated genes from Robust Rank

Aggregation analysis of four datasets. Each column represents a dataset and each row a gene. The number in each rectangle represents the value of log2 (fold

change). The gradual color ranging from blue to red represents the changing process from down- to up-regulation (DCM vs. Control). (C) Circular visualization of

expression patterns and chromosomal positions of the top 40 DEGs. The outer circle represents chromosomes, and lines coming from each gene point to their

specific chromosomal locations. (D) GO enrichment analyses of differentially expressed genes (DEGs) between localized DCM and normal cardiac samples. (E) KEGG

pathway analyses of differentially expressed genes (DEGs) between localized DCM and normal cardiac samples. DCM, dilated cardiomyopathy; GO, Gene Ontology;

KEGG, Kyoto Encyclopedia of Genes and Genomes. The size of each dot represents the count of genes, and the color represents the p-value.

Protein-Protein Interaction (PPI) Network
The PPI network was constructed with a threshold of medium
confidence ≥0.4 through the Search Tool for the Retrieval of
Interacting Genes (STRING) database (21). Cytoscape software
(v3.6.1; http://www.cytoscape.org/) was used to visualize the
network. Then, the top 25 genes with highest connectivity in the
network were identified by DEGREE in cytoHubba (22).

The Identification and Validation of Hub
Genes
The mRNA levels of high connectivity genes were verified in
datasets GSE17800 and Student’s t test was used to compare
the expression levels of DCM and control groups. A list of
259 ferroptosis-related genes (FRGs) was identified through the
ferroptosis database (FerrDb; http://www.zhounan.org/ferrdb)
(23), a publicly available database of ferroptosis regulators,
markers, and disease associations. A list of 34 pyroptosis-related
genes (PRGs) from prior reviews and studies were also extracted
(24, 25). The DEGs of GSE17800 was performed by limma
package. And then, the DEGs in GSE17800 were intersected with
FRGs/PRGs to obtain potential hub genes related to ferroptosis
or pyroptosis. The high connectivity genes after validation and
hub FRGs/PRGs were imported into the NCBI website for
evaluating the expression abundance in normal human cardiac
via high-throughput sequencing. Then, the gene expression with
a threshold of RPKM in cardiac tissue ≥5 in NCBI Gene
expression column was regarded as hub gene. To evaluate the
identified ability of hub genes in DCM, ROC curve analysis were
conducted in the GSE17800 data set through pROC package (26).

Construction of a Diagnostic Model and
Correlation Analysis for DCM
To investigate whether the hub genes could be applied for
predicting DCM occurrence, five datasets from the GEO
database, GSE3585, GSE42955, GSE9800, GSE21610 and
GSE17800, were pooled together, and the combined dataset was
then adjusted for batch effect through the “ComBat” function
of sva (version 3.34.0) R package (27) and assigned as the
training set. The transcriptional profile of GSE17800 which
included 40 DCM and 8 no-heart failure (NHF) samples, was
used for the validation of the model. The predictability of the
model was then evaluated by area under the curve (AUC) of
ROC. The “ggstatsplot” package (https://indrajeetpatil.github.io/
ggstatsplot/) was used to perform Spearman correlation analysis
on diagnostic markers and the “ggplot2” package was used to
visualize the results. A two-sided p < 0.05 was considered to be
statistically significant.

RESULTS

Integrated Screening for Robust
DCM-Associated Genes
Four GEO datasets were used for the identification of robust
DCM-associated genes (Table 1). Using the “limma” R package,
we normalized expression data from datasets GSE3585, GSE9800,
GSE21610, and GSE42955, and identified 253, 60, 2078, and 370
DEGs between DCM and normal cardiac tissues respectively,
with a cut-off of p < 0.05 and log2|FC| > 0.5 (Figure 2A).
Integration of all genes by the RRAmethod resulted in 117 DEGs
(|log2FC|≥0.5, p < 0.05), 100 of which were upregulated and 17
downregulated in DCM.

The top 15 upregulated and the top 15 downregulated genes
in CRPC are shown as hierarchical cluster heatmaps (Figure 2B).
For the top 40 DEGs between DCM and normal cardiac tissues,
their expression patterns across the four datasets used for
analysis, along with their chromosomal locations are shown in
a circos plot (Figure 2C). The location of these 40 DEGs involves
almost all chromosomes except for the 12, 15, 16, 18, 20, 21, 22
chromosome. The top three upregulated genes included NPPB,
NPPA, and EIF1AY, and they are located on chromosomes 2, 6,
1, 17, and 2, respectively. The top three downregulated genes
(CCL2, SERPINA3,RARRES1) are located on chromosomes 17,
14,and 3, respectively.

GO enrichment and KEGG pathway analyses were performed
to further elucidate the potential biological function and the
promising signaling pathways involving the entire 117 DEGs.
With GO function analysis, we discovered that the DEGs
are mostly enriched in biological process (BP), including the
regulation of inflammatory response, the humoral immune
response, the regulation of blood pressure, keratan sulfate
metabolic process, and the striated muscle cell development.
With regard to CC, the DEGs are enriched in the collagen–
containing extracellular matrix, vacuolar lumen, blood
microparticle, lysosomal lumen. As for molecular function,
extracellular matrix structural constituent, signaling receptor
activator activity, collagen binding and RAGE receptor binding
(Figure 2D). In the KEGG pathway analysis, the DEGs
participated in diverse infected signaling pathways, including
Malaria, African trypanosomiasis, and Viral protein interaction
with cytokine and cytokine receptor, Chagas disease and
Legionellosis, and some immune-associated pathways such as
the IL-17 signaling pathway (Figure 2E).

Gene Set Enrichment Analysis
Gene set enrichment analysis was also used to revealed the
potential molecular mechanisms of DCM based on all gene
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FIGURE 3 | Results of Gene Set Enrichment Analysis (GSEA) plots showing the most enriched gene sets of all detected genes in the DCM cardiac tissues and normal

cardiac tissues in an integrated analysis of four datasets. (A) The top three most significant up-regulated enriched gene sets in the biological processes: protein

folding, humoral immune response, regulation of inflammatory response. (B) The top three most significant up-regulated enriched gene sets in the Kyoto Encyclopedia

of Genes and Genomes analysis: Herpes simplex virus 1 infection, Neuroactive ligand–receptor interaction, IL−17 signaling pathway. (C) PPI network of differentially

expressed genes (DEGs). (D) Hub gene of differentially expressed genes.

information in the gene expression matrix. The enrichment
analysis of gene sets revealed that compared to control
samples, immune and inflammatory biological processes
such as adaptive immune response, cellular response to
interferon–gamma, neutrophil activation, protein folding,
regulation of inflammatory response are significantly enriched
in DCM (Figure 3A). The enriched KEGG pathways of
GSEA showed that cardiac muscle contraction, dilated
cardiomyopathy, hepatitis C, herpes simplex virus 1 infection

and TNF signaling pathway are significantly enriched in
DCM (Figure 3B).

PPI Network Analysis and Screening the
Top 25 Genes With Highest Connectivity
STRING is an online tool for investigating and integrating
interaction between proteins (21). PPI network of these genes was
obtained after imputing the DEGs into the online tool STRING
(Figures 3C, 4A). In order to identify the top highest connectivity
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FIGURE 4 | Protein-protein interaction (PPI) network. (A) PPI network of 117 differentially expressed genes (DEGs). (B) subnetwork of top 25 genes with the highest

degree of connectivity from the PPI network. Node color reflects the degree of connectivity (Red color represents a higher expression, and blue color represents a

lower expression).
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TABLE 2 | The clinical characteristics of GSE17800 in dilated cardiomyopathy.

Parameter DCM group

(N = 40)

Control group

(N = 8)

p value

Age, years 50.21 ± 9.35 43.13 ± 14.76 0.084

Gender (Male/Female) 28/12 6/2 0.887

BMI, kg/m2 27.88 ± 4.57 26.33 ± 5.26 0.303

LVEF, % 33.3 ± 6.4 59.8 ± 8.0 <0.001

LVIDD, mm 69.8 ± 8.0 51.4 ± 3.1 <0.001

Virus(Positive/Negative) 22/18 0/8 0.000

Inflammation 22 ± 23 or

18(12–22)

10 ± 3 or

10(8–13)

<0.001

BMI, bodymass index; LVEF, left ventricular ejection fraction; LVIDD, left ventricular internal

diameter at end-diastole.

25 genes in the network, the PPI network was imported into
Cytoscape. And then, the top 25 genes with the highest degree of
connectivity were calculated and extracted. Subsequently, the top
25 genes with the highest degree of connectivity were inputted
into STRING to detect the interaction between proteins encoded
by these genes (Figures 3D, 4B).

Validation of the Expression of the Top 25
Genes With Highest Connectivity in
Independent Patient Cohorts
There are 48 cardiac tissue samples including 40 DCM tissues
and eight control tissues in GSE17800 dataset. This microarray
also reported the information of patient’s clinical features
(Table 2). Independent patient cohorts fron GSE17800 dataset
was used to verify the top 25 genes mRNA levels in DCM,
which indicated that expression of ANKRD1, ASPN, CTGF, DPT,
FMOD,MFAP4, OMD, JAK2, NPPA, NPPB and IGFBP3 was also
significantly up-regulated and MYH6 was significantly down-
regulated in DCM cardiac tissues as compared to normal cardiac
tissues (Figure 5).

The Identification of Hub Genes and
Functional Annotation Analysis
GSE17800 was also processed as previous. DEGs between
DCM and normal cardiac tissues in GSE17800 were 1410.
To explore potential ferroptosis or pyroptosis related genes
in dilated cardiomyopathy, we intersected FRGs and PRGs
with GSE17800’s DEGS, and obtained 6 ferroptosis related
differential genes including YY1AP1, CDKN1A, SRC, SESN2,
CBS, and HSPB1 and 2 pyroptosis related differential genes
including PRKACA and COL1A1 (Figure 6A). Next, the 13 high
connectivity genes after validation and 8 FRGs/PRGs above were
further import into NCBI respectively to test their expressive
abundance in normal cardiac tissues. These genes with over than
5 mean RPKM were regarded as the hub genes (Figure 6B).
To reveal potential biological process of these hub genes, GO
and KEGG analyses were conducted. The most significant GO
terms for biological process, keratan sulfate catabolic process, and
keratan sulfate biosynthetic process, as well as KEGG pathways,
were shown in Figures 6C–G. These analysis showed that these

hub genes were mainly involved in keratan sulfate process, heart
process and cGMP metabolic process. The PPI network of the
18 hub genes was also performed, which showed an interaction
among them (except for YY1AP1) (Figure 6H).

Several Hub Genes Play a Diagnostic Role
in DCM
A ROC curve analysis was performed to evaluated the diagnostic
value of these hub genes in DCM. The results indicated that
many genes, including ASPN (AUC = 0.841, P < 0.0001),
COL1A2 (AUC = 0.809, P < 0.0001), DPT (AUC = 0.844, P
< 0.0001), MYH6 (AUC = 0.894, P < 0.0001),NPPA (AUC =

0.863, P < 0.0001), NPPB (AUC = 0.903, P < 0.0001), PRELP
(AUC = 0.816, P < 0.0001), PRKACA (AUC = 0.822, P <

0.0001) and YY1AP1 (AUC = 0.891, P < 0.0001), can efficiently
distinguish DCM cardiac tissues from normal cardiac tissues
(Figures 7A–I).

LAASO Model for Predicting DCM and
Correlation of Clinicopathological Features
and Model Genes
We extracted the expression profile of 18 hub genes from the
merged datasets to construct LASSO model (Figures 8A,B).
Through the LASSO, 7 genes were identified with non-
zero regression coefficients, and the value of lambda.min =

0.03037093. ROC curve analysis indicated that the AUC of the
7-gene-based model was 0.938 in the merged gene set, which
suggesting LASSO model may be used as a biomarker of DCM
(Figure 8C). This model was further validated in a validation set
(GSE17800) with AUC= 1 (Figure 8D).

Correlation heatmap of the 7 model genes and clinical
factors revealed that LVEF had a significant positive correlation
with MYH6 and had a significant negative correlation with
LVIDD, ANKRD1, PRELP, COL1A1, CDKN1A. LVIDD had a
significant negative correlation with MYH6 and had a significant
positive correlation with inflammation, ANKRD1. Age and
MYH6 had a significant negative correlation. The expression
of MYH6 mRNA levels is associated with virus infection
(Figures 8E–J).

Identification of the Potential Drugs
DGIdb was applied to determine the potential therapy drug that
could reverse the expression of model gene in DCM. As shown
in the drug–gene interaction network (Figures 9A–D), 18 drugs
or molecular compounds included deoxycytidine, irinotecan
hydrochloride, and cyclosporine, which differentially regulated
the expression of ferroptosis-related gene CDKN1A. In addition,
OMECAMTIV MECARBIL (INN), a cardiac specific myosin
activator, was found to interact with MYH6. Further, collagenase
clostridium histolyticum and antiplasmin regulated COL1A1 and
10 drugs or molecular compounds that included fasudil, SB-
220025, SB-202190 and AST-487 regulated pyroptosis related
gene PRKACA.
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FIGURE 5 | Validation of top 25 genes with the highest degree of connectivity in GSE17800. The expression of genes (A) ANKRD1, (B) ASPN, (C) CTGF, (D) DPT,

(E) FMOD1, (F) MFAP4, (H) OMD, (I) IGFBP3, (J) NPPA, (K) NPPB, (L) PRELP significantly upregulated, and (G) MYH6 significantly down regulated in the DCM in

comparison to control group. DCM, dilated cardiomyopathy; Con, control group.

DISCUSSION

The pathogenesis of DCM, a complex and heterogeneous
disease, remains unclear (28). Although many investigators have
used microarray and RNA-seq to detect novel biomarkers and
therapeutic targets for DCM, inconsistencies were seen between
the DEGs found in different studies. To our knowledge, our
work is the first to use RRA combined with LASSO regression
model to explore novel hub genes associated with DCM. Previous
studies compared gene expression profiles between DCM and
non-heart failure samples for the dataset to explore hub gene and
pathogenesis in DCM. However, these studies did not conduct
link between gene expression and DCM clinical characteristics.
This study integrated 4 qualified DCM datasets from GEO
into the RRA method to identify DCM-associated genes and

develop expression-based molecular signatures to predict DCM,
some of which, such as NPPB (29) and ASPN (30), have
been reported to be biomarkers of DCM or play an important
role in its pathogenesis. In addition, associations of developed
signatures with the clinicopathological characteristics of DCM
were also evaluated.

Different from previous studies, GO analysis of differential
genes in this study mainly involves the regulation of
inflammatory response, immune response, keratinin sulfate
processing and muscle cell contraction. And KEGG pathway
analysis is mainly involved diverse infected signaling pathways,
including Malaria, African trypanosomiasis, and Viral protein
interaction with cytokine and cytokine receptor, Chagas disease
and Legionellosis, and some immune-associated pathways such
as the IL-17 signaling pathway. In addition, GSEA clarified a
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FIGURE 6 | The identification of DCM related genes and their functional analysis. (A) Venn diagram of ferroptosis-related genes, pyroptosis-related genes and DEGs

in GSE17800. (B) The expression of potential biomarker genes including top 25 genes validated in GSE17800 and overlapping DEGs of ferroptosis-related genes,

pyroptosis-related genes based on NCBI. (C) Chord plot shows the distribution of core genes in different GO-enriched functions. Symbols of core genes are

presented on the left side of the graph with their fold change values mapped by color scale. (D) The top three significantly enriched Gene Ontology terms associated

with potential biomarker genes. Gene involvement in the GO terms was determined by colored connecting lines. (E) Cluego network diagram shows the relationship

between the potential biomarker genes and GO terms. (F) The bubble chart showed the KEGG pathway analyses of potential biomarker genes in DCM. (G) Cluego

network diagram shows the relationship between the potential biomarker genes and KEGG terms. (H) PPI network of 18 potential biomarker genes.

new perspective for this study. It demonstrated that immune
responses, such as adaptive immune response, cellular response
to interferon–gamma, type I interferon signaling pathway, and
inflammation responses including leukocyte cell-cell adhesion,

neutrophil activation, neutrophil degranulation are involved in
the pathophysiological process of dilated cardiomyopathy. Also,
DCM process, some kinds of infections and two immune-related
disease pathways that include IL-17 signaling pathway and TNF
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FIGURE 7 | ROC curve analysis in GSE17800 demonstrated that (A) ASPN, (B) COL1A2, (C) DPT, (D) MYH6, (E) NPPA, (F) NPPB, (G) PRELP, (H) PRKACA and

(I) YY1AP1 may be diagnostic biomarkers in patients with DCM. AUC: area under the curve.

signaling pathway were involved. These confirmed that infection,
inflammation and immune responses play important role in the
development DCM.

Ferroptosis is reliant on a large number of cellular
iron, interfering with the homeostasis of redox reactions,

and eventually promoting cell death (31). Literature has
indicated that iron-dependent ferroptosis is implicated in
many cardiomyopathies (32). However, no studies have shown
that ferroptosis is involved in the development of dilated
cardiomyopathy; Moreover, pyroptosis is also another form
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FIGURE 8 | A model for predicting DCM and correlation of clinicopathological features and model genes. (A) Least absolute shrinkage and selection operator

(LASSO) logistic regression algorithm to screen diagnostic markers and risks genes in merged data matrix of five datasets. (B) Parameters of Lasso path and

(Continued)
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FIGURE 8 | corresponding selected features of each fold. (C) ROC curve analysis of the 7-gene-based model in merged data matrix of five datasets (training set).

(D) ROC curve analysis of the 7-gene-based model in GSE17800(validation set). (E) Correlation heat map of risks genes and clinicopathological features in datasets

GSE17800. The depth of the color represents the strength of the correlation; red represents a positive correlation, blue represents a negative correlation. The “x”

means irrelevance. Correlation analysis of left ventricular ejection fraction (LVEF) and (F) MYH6, (G) ANKRD1, (H) PRELP, (I) CDKN1A and (J) COL1A1.

FIGURE 9 | The drug-gene interaction network. The dark red circle nodes in the center are the genes, and pale red nodes around are the drugs. (A) The interaction

network of CDKN1A and its targeted compounds and drugs. (B) The interaction network of PRKACA and its targeted compounds and drugs. (C) The interaction

network of COL1A1 and its targeted compounds and drugs. (D) The interaction network of MYH6 and its targeted compounds and drugs.

of cell death, which has only been shown in one study that
NLRP3 inflammasome-mediated pyroptosis contributes to the
pathogenesis of non-ischemic dilated cardiomyopathy (33).
Therefore, the present study also for the first time reported
ferroptosis related gene CDKN1A and pyroptosis related gene
PRKACA may be involved in the development and progression
of dilated cardiomyopathy.

We preliminarily obtained the possible core genes through
protein interaction network and iron death or cell apoptosis
related differential gene screening, and then carried out
independent data set verification and expression abundance
verification, and finally obtained the included 18 core genes.
The 18 genes included up-regulated genes CDKN1A, COL1A1,
ANKRD1, PRELP, OMD, NPPB, NPPA, ASPN, MFAP4, CTGF,
DPT, FMOD, IGFBP3, JAK2, PRKACA and COL1A2, as well as
down-regulated genes MYH6 and YY1AP1, which were mainly
enriched in keratan sulfate process and cGMP–PKG signaling
pathway through GO and KEGG analyses. some of them were
demonstrated to exert essential roles in the pathogenesis of

DCM (34–37). Among these hub genes, we further explore
their diagnostic value in DCM, and found that nine genes
have certain diagnostic value for dilated cardiomyopathy (AUC
> 80%). Among them, NPPA (natriuretic peptide A) and
NPPB (natriuretic peptide B) belong to the natriuretic peptide
family, which encoded atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP) respectively (36). The natriuretic
peptide family is a general name of a group of peptides secreted
mainly by the cardiovascular system to regulate hydroelectrolyte
balance, reduce cardiac afterload, and dilate blood vessels
through natriuretic diuresis (38). In heart failure, NPPB is
expressed at a high level in DCM, and patients with higher BNP
level have a worse cardiac function (39, 40).

Combined LASSO and the forward stepwise selection analyses
of the 18 genes resulted in the most robust model with the
fewest genes capable of predicting DCM, a panel of seven
genes including ANKRD1, PRELP, PRKACA, COL1A1, OMD,
MYH6 and CDKN1A significantly correlates with DCM. This
seven-gene panel was named DCM derived diagnostic signature
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(DCMDDS), and the DCMDDS score is based on the seven
genes’ expression levels and regression coefficients. The model
was validated in 5 patient cohorts, comprising more than 120
patients. Interestingly, five of the seven DCMDDS genes were
associated with left ventricular ejection fraction based on their
expression levels and correlation coefficients, as demonstrated
by the Spearman correlation analysis. Among DCMDDS genes,
MYH6, ANKRD1 andCOL1A1 have been showed to participated
in the development of DCM, while PRELP, PRKACA, CDKN1A
and OMD seldomly reported.

PERELP, proline and arginine rich end leucine rich repeat
protein, is a member of the leucine-rich repeat (LRR) family
of extracellular matrix proteins in connective tissue (41). It
is unclear whether PERELP plays a role in DCM and other
cardiomyopathy. Data from the Human Protein Atlas (HPA)
revealed that PRELP is secreted to the extracellular matrix and
may anchor basement membranes to the underlying connective
tissue (42), suggesting its potential function in maintaining
normal cellular structure. Besides, previous studies have
suggested that PERELP has prognostic value in hepatocellular
carcinoma and regulates the extracellular matrix and collagen
mineralization in the bone system (43, 44).

PRKACA is a gene encoding the cAMP-dependent protein
kinase A (PKA) catalytic subunits alpha. PKA can directly
phosphorylate the cytoplasmic receptor NLRP3 and attenuate its
ATPase function, which showed a relationship to pyroptosis (45).
Therefore, PRKACA was regarded as a pyroptosis-related gene
(24). Prolonged and elevated cyclic adenylyl monophosphate
(cAMP) levels have been observed in both heart failure and
several cardiomyopathy, while PKA is promptly activated by
increasing intracellular concentrations of cAMP synthesized by
adenylyl Cyclases (46, 47). These revealed that regulating PKA
phosphorylation may be a therapeutic strategy for certain stages
of progressive and congestive heart failure (48). However, its role
in DCM still not be reported.

CDKN1A (cyclin-dependent kinase inhibitor 1A) encodes
p21, plays an important role in the pathological process of
P53-mediated ferroptosis (49). CDKN1A is a potent cell cycle
inhibitor that mediates post-natal cardiomyocyte cell cycle arrest.
Although no reported in DCM, CDKN1A is implicated in
LMNA-mediated cellular stress responses, and the mutation of
LMNA is one of the important mechanisms DCM (50, 51).
Moreover, Shah et al. also found the mutations in the CDKN1A
gene in the blood of patients with heart failure (52).

OMD (Osteomodulin) is a leucine- and aspartic acid-rich
keratan sulfate proteoglycan, which belongs to the small leucine-
rich proteoglycan family (SLRP) family (53). A recent study
shown that OMD could directly bind to Type I collagen,
further regulating the diameter and shape of collagen fbrils
(54). Interestingly, the results of the present study also
suggest a positive correlation between OMD and COL1A1,
and its functional analysis mainly involved in extracellular
matrix processes. Extracellular matrix fibrosis is regarded as an
important process in the development of DCM (55). Therefore,
targeted OMD gene therapy may be a potential therapeutic
strategy for dilated cardiomyopathy. Guo et al. also found that
Osteomodulin is a potential genetic target for hypertrophic
cardiomyopathy (56).

To found the potential effective therapy for DCM, DGIdb
database was used to exam therapeutic agents that might reverse
the abnormally expression of DCMDDS genes. OMECAMTIV
MECARBIL (INN), previously codenamed CK-1827452, is a
cardiac specific myosin activator. It is clinically tested for
its role in the treatment of left ventricular systolic heart
failure (57). In the present study, MYH6 was down-regulated
in DCM, while OMECAMTIV MECARBIL can target and
activate it. This means that MYH6 may be one of the
important targeted gene of OMECAMTIV MECARBIL in the
treatment of heart failure. COL1A1, one of the component
collagen type I, is the main component of extracellular matrix.
Elevated expression levels of COL1A1 will lead to fibrosis
of extracellular matrix of cardiac muscle (58). Collagenase
clostridium histolyticum and antiplasmin might be a effective
anti-fibrosis therapy approach in DCM via targeting COL1A1.
The roles of the drugs or molecular compounds above
in DCM still need to be further explored as potential
therapeutic targets.

There were several limitations in our study. First, due to
limited conditions, myocardial biopsy tissue specimens were
not obtained to carry out basic experiments for verification.
Nevertheless, we used a multi-chip combined analysis method
and validated in external DCM samples to ensure the accuracy
of the bioinformatics analysis in the study. In addition, in
our analysis results, NPPA, NPPB, COL1A2, ASPN, ANKRD1
and CTGF were all confirmed to be closely related to heart
failure in dilated cardiomyopathy in various studies. Second, the
sample size of our multi-chip combined analysis was significantly
expanded. However, due to the difficulty and high risk of
myocardial tissue biopsy, the sample size of the data set in
our study was still relatively small. Third, although we explored
the relationship between genes and clinical factors, we failed to
obtain prognostic information from datasets, and we could not
further explore the relationship between DCMDDS genes and
patient outcomes.

In summary, by combining RRA, LASSO, and other
bioinformatics tools, this study identified 117 robust DEGs
between DCM and NFH samples, many of which were not
reported in previous studies. A 7-gene panel derived from the
117 DCM-associated genes comprised of a diagnostic model
predictive of DCM. Five of the seven genes were closely related to
left ventricular ejection fraction. Therefore, these gene signatures
may help develop DCM biomarkers via large-scale randomized
clinical trials.
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Background: Acute aortic dissection (AAD) is a fatal disease demanding prompt

diagnosis and proper treatment. There is a lack of serum markers that can effectively

assist diagnosis and predict prognosis of AAD patients.

Methods: Ninety-six AAD patients were enrolled in this study, and 249 patients

with chest pain due to acute myocardial infarction, pulmonary embolism, intramural

hematoma, angina or other causes and 80 healthy controls were included as control

group and healthy control group. Demographics, biochemical and hematological data

and risk factors were recorded as baseline characteristics. The 1-year follow-up data

were collected and analyzed. The diagnostic performance and ability to predict disease

severity and prognosis of NET components in serum and aortic tissue were evaluated.

Results: Circulating NET markers, citH3 (citrullination of histone 3), cell-free DNA

(cfDNA) and nucleosomes, had good diagnostic value for AAD, with superior diagnostic

performance to D-dimer in discriminating patients with chest pain due to other reasons

in the emergency department. Circulating NET marker levels (i.e., citH3, cfDNA and

nucleosomes) of AAD patients were significantly higher than that of control group and

healthy control group. In addition, circulating NET markers levels were closely associated

with the disease severity, in-hospital death and 1-year survival of AAD patients. Systolic

blood pressure < 90 mmHg and serum citH3 levels were identified as independent risk

factors for 1-year survival of AAD patients. Excessive NET components (i.e., neutrophil

elastase and citH3) in the aortic tissue of AAD patient were significantly higher than

that of healthy donor aortic tissue. The expression levels of granules and nuclear NET

components were significantly higher in aortic tissue from AAD patients than controls.

Conclusions: Circulating NET markers, citH3, cfDNA and nucleosomes, have

significant diagnostic value and predictive value of disease severity and prognosis of

AAD patients. The NETs components may constitute a useful diagnostic and prognostic

marker in AAD patients.

Keywords: neutrophil extracellular trap, acute aortic dissection, serum biomarker, diagnostic marker, prognostic

marker
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INTRODUCTION

Acute aortic dissection (AAD) is a fatal aortic disease with
high mortality and morbidity that demands prompt diagnosis
and proper treatment (1). Despite recent advances in diagnostic
imaging methods, AAD remains a challenge to diagnose. A
widely available and cost-effective measure such as a blood test
that can rule in and/or rule out the disease would indeed aid in
quick diagnosis, benefiting patients and caregivers. Several major
diseases that cause chest pain, such as acutemyocardial infarction
(AMI), pulmonary embolism (PE), intramural hematoma and
angina, require differential diagnosis with AAD. Moreover, there
is still a lack of effective markers to accurately predict the in-
hospital and long-term outcomes of patients with AAD after
surgical repair.

Neutrophils are the most abundant cell type in leukocytes
and play a crucial role in the innate immune system (2).
Neutrophils are also involved in the pathological mechanism
of aortic dissection (AD) (3). AAD is initiated by neutrophil
infiltration of the aortic intima, and local neutrophil recruitment
and activation in response to AAD can lead to aortic rupture (4,
5). In patients with AAD receiving surgical repair, the neutrophil
to lymphocyte ratio may be used to predict worse outcomes and
hospital mortality (6). In the inflammatory response, neutrophils
play critical roles through the release of neutrophil extracellular
traps (NETs), which are extracellular neutrophil-derived web-
like structures that constitute a DNA backbone containing
histones and neutrophil granule proteins. A critical step in
NET release is the citrullination of histone 3 (citH3), a process
mediated by protein deiminase 4, and citH3 is considered one
of the most specific markers for NET formation assessment
(7). Initially, NETs were thought to provide defense against
pathogens (8). In recent years, NETs have been implicated in a
number of cardiovascular diseases (9). By immunophenotypic
analysis, NETs were found to participate in the tissue repair of
AD (10).

NETs could be used as a new circulating marker for several
cardiovascular diseases, such as acute coronary syndrome,
acute ischemic stroke, myocardial infarction, and deep venous
thrombosis (11–13). Data on NET presence in the serum
and tissue of AAD patients and the association between NET
levels and clinical outcomes are scarce. Hence, this study
sought to determine whether NETs may serve as disease
biomarkers in AAD patients. Specifically, our aims were to
examine the diagnostic value of NETs for AAD and the
predictive significance of NETs for disease severity, in-hospital
mortality and 1-year survival in AAD patients receiving
surgical repair.

Abbreviations: AAD, acute aortic dissection; AMI, acute myocardial infarction;

AD, aortic dissection; PE, pulmonary embolism; NETs, neutrophil extracellular

traps; citH3, citrullination of histone 3; CTA, computed tomography angiography;

MRA, magnetic resonance angiography; TAAD, type A aortic dissection; TABD,

type B aortic dissection; APACHE II, the Acute Physiology, Age, Chronic Health

Evaluation II; cfDNA, cell-free DNA; NE, neutrophil elastase; ROC, receiver

operating characteristic curve; AUR, area under the ROC; NET, neutrophil

extracellular trap; SBP, systolic blood pressure; TF, tissue factor.

PATIENTS AND METHODS

Patients
The study was approved by the ethical committee of Renji
Hospital, School of Medicine, Shanghai Jiaotong University (No.
RA2020-253). All patients or their proxies provided written
informed consent. Ninety-six consecutive patients with AAD
hospitalized in Renji Hospital between May 01, 2016, and
April 04, 2019, were enrolled in this study. Diagnoses were
made based on computed tomography angiography (CTA),
digital subtraction angiography and, when appropriate, magnetic
resonance angiography (MRA). The Stanford classifications of
AAD were evaluated at the time of diagnosis. Stanford type A
aortic dissection (TAAD) involves the ascending aorta, whereas
type B aortic dissection (TABD) involves the descending aorta
only. The severity of disease was measured by the Acute
Physiology, Age, Chronic Health Evaluation II (APACHE II)
score at hospital entrance and discharge. The detection risk score
of AD was calculated at admission to the emergency department
according to the guidelines (14). During the same time period,
249 patients admitted to the emergency chest pain center with
a diagnosis of AMI, PE, angina or others were included in the
control group. In addition, 80 healthy controls were included
in this study. Demographics, biochemical and hematological
data, clinical history, and risk factors were recorded as baseline
patient characteristics. Clinical follow-up was performed 1 year
after hospital discharge in all AAD patients. This was conducted
by reviewing the electronic records in clinics or by telephone
contact. Follow-up records included reoperation information,
CTA or MRA follow-up information, mortality, and cause and
date of death.

Citrated-anticoagulated venous blood was obtained from
all the patients within 3 h of diagnosis and on the last
morning before discharge. Platelet-poor plasma was prepared
by centrifugation of the blood (2,500 × g) for 10min at 22◦C,
and the plasma was stored at −80◦C until analysis. Aortic tissue
samples were obtained from 45 AAD patients included in this
study who received open surgery. Twenty normal aortic tissues
were obtained from organ donors (crash victims or brain-dead
patients). Tissue samples were stored at−80◦C until analysis.

NET Markers
We evaluated three different markers of NETs [i.e., cfDNA
(cell-free DNA), nucleosomes and citH3]. citH3 is currently
considered to be the most specific marker, as H3 citrullination
is required for chromatin decondensation in neutrophils.
Detection of cfDNA and nucleosomes was performed as
described previously (13). For cfDNA determination, plasma was
diluted 1:10 with phosphate-buffered saline and mixed with an
equal volume of 1mM SytoxGreen (Invitrogen, Carlsbad, CA,
USA; No. S7020) in PBS. Fluorescence was determined in a
fluorescence microplate reader (Gemini XPS; Molecular Devices,
Sunnyvale, CA, USA). A calibration curve was generated with calf
thymus DNA (Invitrogen; No. 15633019) in PBS. Nucleosomes
were measured with the Cell Death Detection ELISAPLUS kit
(Roche Diagnostics, Madrid, Spain; No. 11774425001) according
to the manufacturer’s instructions. Determination of citH3 was
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TABLE 1 | Baseline characteristics of chest pain patients included in this study.

Characteristics AAD

(n = 96)

Controls

(n = 249)

P-value

Age, mean (range) 59.1 (35–85) 60.3 (40–92) 0.45

Male sex, n (%) 53 (55.2) 128 (51.4) 0.53

Medical history and risk factors, n (%)

Hypertension 72 (75.0) 129 (51.8) <0.05

Diabetes 44 (45.8) 109 (43.8) 0.62

Stroke 28 (29.2) 80 (32.1) 0.60

Hyperlipidemia 48 (50.0) 135 (54.2) 0.48

Smoking 55 (57.3) 125 (50.2) 0.24

Marfan syndrome 12 (12.5) 1 (0.4) <0.01

Atrial fibrillation 28 (29.2) 63 (25.3) 0.47

Valvulopathy 20 (20.8) 42 (16.9) 0.39

Diagnosis, n (%)

TAAD 42 (43.8) / /

TBAD 54 (56.3) / /

IH / 10 (4.0) /

AMI / 63 (25.3) /

PE / 42 (16.9) /

Angina / 66 (26.5) /

Others / 68 (27.3) /

Biochemical and hematological data, mean ± SD

Glucose, mg/dL 130.3 ± 52.4 125.4 ± 44.2 0.42

Creatinine, µmol/L 148.7 ± 33.6 142.9 ± 40.7 0.36

Uric acid, mg/dL 6.1 ± 2.4 5.9 ± 2.9 0.37

Cholesterol, mg/dL 178.3 ± 39.2 183.2 ± 29.9 0.72

Triglycerides, mg/dL 182.1 ± 88.4 189.1 ± 79.2 0.60

AST, U/L 28.2 ± 13.4 30.2 ± 20.2 0.13

ALT, U/L 38.3 ± 16.7 39.6 ± 26.3 0.22

Bilirubin, mg/dL 1.9 ± 1.6 1.8 ± 0.8 0.82

Hematocrit, % 41.3 ± 6.3 39.4 ± 5.6 0.63

Platelets, 103/µL 248.3 ± 56.4 256.6 ± 47.2 0.20

Leukocytes, 103/µL 6.4 ± 3.4 6.8 ± 3.9 0.74

Lymphocytes, % 26.3 ± 9.2 27.5 ± 8.4 0.20

Neutrophils, % 74.4 ± 18.3 73.9 ± 19.8 0.48

Monocytes, % 8.8 ± 4.2 9.0 ± 7.3 0.33

D-dimer, ng/ml 2080.5 ± 1131.9 1867.3 ± 2007.3 <0.05

AAD, acute aortic dissection; TAAD, type A aortic dissection; TBAD, type B

aortic dissection; IH, intramural hematoma; AMI, acute myocardial infarction; PE,

pulmonary embolism; SD, standard deviation; AST, aspartate transaminase; ALT,

alanine aminotransferase.

performed as previously described (15). Briefly, plasma samples
were mixed with a monoclonal mouse anti-histone biotinylated
antibody in a streptavidin-coated plate. A rabbit polyclonal anti-
histone-H3 (citrullinated R17 + R2 + R8) (Abcam Inc., MA,
USA; No. ab81797) antibody was used in the second step.
Detection was performed with a peroxidase-linked antibody
(GE Biosciences, Barcelona, Spain; No. A1783). Values were
normalized to a pool of samples from normal subjects. Values are
expressed as individual absorption values. The neutrophil elastase
(NE) concentration was measured using commercially available
ELISA kits.

Proteomics Analysis
In this study, we built a custom pathway of NET-associated
proteins as described previously (16). To build a custom
“NETosis” pathway, twenty-three proteins that belonged
to five subcellular compartments (nucleus, granules,
cytoplasm/cytoskeleton, enzymes, and plasma membrane)
were identified by a literature screen for detailed characterization
of NET proteins (17, 18). According to a Gene Set Enrichment
Analysis heat map, the custom NETosis pathway was enriched
in aortic tissue from AAD patients vs. normal controls. Samples
were reduced, alkylated and trypsin-digested according to the
iTRAQ manufacturer’s instructions (AB Sciex Inc., MA, USA).
To diminish any potential variation introduced by the labeling
reaction, samples from AAD patients and normal controls were
split into two aliquots of 60µg to perform two technical replicates
with tag swapping. Each peptide solution was labeled at room
temperature for 1 h with one iTRAQ reagent vial. To verify the
labeling efficiency, 1 µg of each labeled sample was individually
analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) as specified below. Acquired data were searched
against the Mascot database, setting iTRAQ labeling as the
variable modification. No unmodified peptides were identified
from the search, and all the peptides were correctly modified
at the N-terminus and at each lysine residue. Finally, the four
iTRAQ-labeled samples were combined in a 1:1:1:1 ratio, and the
pool was vacuum dried in a SpeedVac system.

Immunofluorescence
NET identification in tissue samples was performed by
immunofluorescence staining. The NE/citH3 pair was researched
in paraffin-embedded, 3-µm-thick sections. The slides were
incubated with the primary antibodies (anti-NE antibody,
MAB91671, R&D Systems, Minneapolis, USA; anti-H3Cit
antibody, ab5103, Abcam, Cambridge, UK; both 1:50 dilution)
at 4◦C overnight after blocking with goat serum. Then, the
sections were incubated with secondary antibodies (Alexa Fluor
488, green, ab150077; Alexa Fluor 647, red, ab150075; both from
Abcam, Cambridge, UK) for 1 h at room temperature. DAPI
was used for nuclear staining (ZSGB Biotech, Beijing, China;
No. ZLI-9577). The slides were analyzed with a confocal laser
scanning microscope (TCS-SP5; Leica, Wetzlar, Germany). The
average numbers of NE and H3Cit double-positive cells were
calculated by two independent researchers counting five random
microscopic fields.

Statistics
Data are expressed as the means ± SEM of absolute values
or as percentages. Continuous variables were analyzed with
the Mann-Whitney test. Discrete variables were evaluated
with a contingency χ2 test. By the Shapiro-Wilk test, the
value of citH3, cfDNA and nucleosomes were found to be
normally distributed. The Spearman coefficient (r) was used
to quantify the correlations between variables. Compared with
D-dimer, the diagnostic performance of NET markers for
distinguishing AAD from all other diseases, AMI, PE, or
angina was assessed using receiver operating characteristic
curve (ROC) analysis. The area under the ROC (AUR),
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TABLE 2 | NETs and risk factors before the onset of the acute event.

Characteristics citH3 (ng/ml) P cfDNA (AU) P Nucleosomes (AU) P

Hypertension Yes 0.46 ± 0.23 0.73 698.82 ± 306.28 0.11 1.56 ± 0.82 0.82

No 0.47 ± 0.26 788.13 ± 438.75 1.58 ± 0.88

Diabetes Yes 0.46 ± 0.23 0.56 692.48 ± 317.45 0.31 1.53 ± 0.85 0.75

No 0.47 ± 0.25 745.40 ± 365.98 1.59 ± 0.83

Smoking Yes 0.48 ± 0.24 0.12 749.98 ± 355.40 0.21 1.61 ± 0.85 0.32

No 0.44 ± 0.24 682.46 ± 328.01 1.50 ± 0.82

Marfan syndrome Yes 0.47 ± 0.21 0.52 664.25 ± 210.41 0.04 1.52 ± 0.74 0.21

No 0.47 ± 0.24 729.27 ± 359.05 1.57 ± 0.85

Atrial fibrillation Yes 0.49 ± 0.25 0.44 757.68 ± 359.99 0.09 1.57 ± 0.80 0.71

No 0.45 ± 0.24 706.10 ± 338.55 1.56 ± 0.85

citH3, citrullination of histone 3; cfDNA, cell-free DNA; AU, arbitrary units.

sensitivity, specificity, accuracy, positive predictive value, and
negative predictive value were calculated. The Wald test was
used to assess the significance of the difference between
areas under the ROC curve. The optimal cutoff point
from the study was the threshold leading to the maximum
summation of sensitivity and specificity. Univariate logistic
regression analysis was used to assess the association between
risk factors and in-hospital death or 1-year survival, and
a multivariate Cox regression analysis was performed using
variables with P ≤ 0.20 in univariate analysis. A two-sided P-
value <0.05 was considered statistically significant. Statistical
analyses were performed with SPSS 20 (SPSS, Inc., Chicago,
IL, USA).

RESULTS

Baseline Demographic Information and
Hematological Parameters
A total of 96 patients, 42 TAADs and 54 TBADs, were enrolled
in the AAD group. Another 249 patients were enrolled in
the control group, including 10 IH cases, 63 AMI cases, 42
PE cases, 66 angina cases and 68 cases with other causes.
The baseline demographic information, medical history, risk
factors, and biochemical and hematological data are shown
in Table 1. The demographic information, biochemical and
hematological data of 80 healthy controls are shown in
Supplementary Table 1. The rates of hypertension and Marfan
syndrome were significantly higher in the AAD group than in
the control group. Moreover, AAD patients had significantly
higher levels of D-dimer than patients in the control group. There
was no significant difference between the two groups regarding
other parameters. The AAD patients were stratified according
to classical risk factors. No significant differences among any
of the three NET markers were observed between patients with
or without hypertension, diabetes, smoking history and atrial
fibrillation. The cfDNA levels in patients with Marfan syndrome
were significantly higher than those in patients without Marfan
syndrome. However, the levels of citH3 and nucleosomes were
comparable between patients with or without Marfan syndrome
(Table 2).

Diagnostic Performance of Circulating NET
Markers for Discriminating AAD
The values of citH3, cfDNA and nucleosomes in patients with
AAD were significantly higher than those in the control group
or healthy controls (Figure 1A) Circulating levels of citH3,
cfDNA, and nucleosomes were positively correlated with the
detection risk score of AD (Figure 1B). In the ROC curve, the
AURs in patients with AAD vs. all control patients were 0.87
for citH3, 0.95 for cfDNA, 0.92 for nucleosomes, and 0.64 for
D-dimer (Figure 1C). Thus, circulating NET markers showed
superior overall diagnostic performance compared with D-dimer
when sudden-onset chest pain was present in the emergency
department. cfDNA at cutoff levels of 403.5 ng/ml and D-dimer
at 2015 ng/ml were the thresholds leading to the maximum
summation of sensitivity and specificity in discriminating AAD
from all other diagnoses. The corresponding sensitivities were
77.08% for cfDNA and 57.29% for D-dimer, and the specificities
were 100% for cfDNA and 84.74% for D-dimer, resulting in
93.62% of patients for cfDNA and 55.61% of patients for D-dimer
being correctly classified (Supplementary Table 2).

The time course was also examined in the AAD group using
box plot analysis according to the admission time from symptom
onset. The peak NET marker levels occurred within 12–24 h
after symptom onset (Figure 1D). In addition, no significant
difference in circulating NET markers was found between
patients with TAAD and TBAD or among different subsets of
the control group. There was no correlation between age and
circulating levels of NET markers (Supplementary Figure 1).

Association Between Circulating NET
Markers and Disease Severity of AAD at
Onset and Discharge
There was a positive correlation between the APACHE II score
and the levels of all three NET markers at disease onset
(Figure 2A). When patients were classified according to the
APACHE II score into four groups, those with higher scores had
significantly higher levels of all three NET markers (Figure 2B).
At discharge, the levels of all three NET markers were also
positively correlated with the APACHE II score (Figure 2C).
Classified by APACHE II score into three groups, patients with
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FIGURE 1 | The diagnostic performance of circulating NET markers for discriminating AAD. (A) Serum levels of citrullinated H3 (citH3), cell-free DNA (cfDNA), and

nucleosomes were evaluated in 96 patients with AAD and 249 patients in the control group. CitH3 and nucleosomes are expressed in arbitrary units (AU). The cfDNA

concentration (ng/mL) was determined based on a calibration curve of calf thymus DNA. All three markers were significantly higher in the AAD group than in the

control group. (B) Serum levels of citH3, cfDNA and nucleosomes were positively correlated with the detection risk score of AD. (C) ROC curve for the diagnosis of

AAD. Circulating NET markers showed superior overall diagnostic performance compared with D-dimer when sudden-onset chest pain was present in the emergency

department. (D) The time course of NET markers was examined in patients with AAD according to the admission time from symptom onset. The peak NET marker

levels occurred within 12–24 h of symptom onset. *P < 0.05, **P < 0.01.

greater disease severity showed significantly higher levels of the
three NET markers (Figure 2D). These results demonstrated
the association between circulating levels of NET markers and
disease severity at both admission and discharge.

Prognostic Significance of Circulating NET
Markers for Predicting In-hospital Death
and 1-year Survival of Patients With AAD
The results in Figure 3A show that the levels of NET markers
in patients with in-hospital death were significantly higher than
those in patients without in-hospital death. AAD patients with
the highest quartiles of citH3, cfDNA, or nucleosome levels
presented significantly lower survival rates by 1 year than patients
with the lower three quartiles of citH3 (Figure 3B). Based on
the ROC curve, three circulating NET markers showed superior
predictive ability for 1-year survival compared with D-dimer
(Figure 3C). The AURs were 0.72 for citH3, 0.76 for cfDNA, 0.73
for nucleosomes, and 0.51 for D-dimer. The cfDNA at cutoff
levels of 1,052 ng/ml and D-dimer at 915 ng/ml were threshold
values. The corresponding sensitivities were 46.15% for cfDNA

and 26.92% for D-dimer, and the specificities were 94.29% for
cfDNA and 82.86% for D-dimer (Supplementary Table 3).

Risk Factor Analysis of 1-year Survival in
AAD Patients
We next examined whether NET markers were independently
associated with the 1-year survival of AAD patients. By
univariate and multivariate risk factor analysis, systolic blood
pressure (SBP) < 90 mmHg and citH3 levels were identified
as independent risk factors for 1-year survival (p < 0.05)
(Figure 4A and Supplementary Table 4). AADpatients with SBP
< 90 mmHg had significantly increased circulating NETmarkers
compared with patients with SBP > 90 mmHg (Figure 4B).

Excess NET Components in Aortic Tissue
and Their Association With Disease
Severity and Prognosis in Patients With
AAD
The expression levels of granule and nuclear NET components
were significantly higher, and non-granular enzymes and
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FIGURE 2 | The association between NET markers and disease severity of AAD at onset and discharge. (A) Serum levels of citH3, cfDNA and nucleosomes were

positively correlated with the APACHE II score at disease onset. (B) AAD patients were classified into four groups according to APACHE II score. Patients with higher

scores had significantly higher levels of all three NET markers. (C) The levels of all three NET markers were positively correlated with the APACHE II score at discharge.

(D) AAD patients with greater disease severity showed significantly higher levels of NET markers. *P < 0.05.

membrane components were mildly enriched in aortic
tissue from AAD patients compared with normal controls
(Figures 5A,B). The expression of neutrophil elastase,
the prototypical NET marker, was significantly higher in
aortic tissue from the AAD group than in aortic tissue
from the control group (Figure 5C). Additionally, the
elastase level in patients with in-hospital death or without
1-year survival was significantly higher than that in
patients without in-hospital death or with 1-year survival
(Figures 5D,E).

Local NETosis was detected in the aortic samples from AAD
patients, as colocalization of NE with citH3 was observed by

confocal microscopy (Figure 6A). Compared with healthy donor
aortic tissue, the numbers of NETs formed per field in the
tissue samples from AAD patients were significantly increased
(Figure 6B). Moreover, the number of NETs formed per field
was positively correlated with the detection risk score of AD
and the APACHE II score (Figures 6C,D). The number of NETs
formed per field in patients with in-hospital death or death within
1-year was significantly higher than that in patients without
in-hospital death or death within 1-year (Figures 6E,F). These
results indicated that excess NET components in aortic tissue
samples are associated with the disease severity and prognosis
of AAD.
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FIGURE 3 | Prognostic significance of circulating NET markers for predicting in-hospital death and 1-year survival of AAD patients. (A) Serum levels of citH3, cfDNA

and nucleosomes in patients with in-hospital death were significantly higher than those in patients without in-hospital death. (B) AAD patients with the highest

quartiles of citH3, cfDNA or nucleosome levels presented significantly lower survival rates by 1 year than patients with the lower three quartiles of citH3. (C) Based on

the ROC curve, three circulating NET markers showed superior prediction ability of 1-year survival compared with D-dimer. *P < 0.05, **P < 0.01.

DISCUSSION

To the best of our knowledge, this is the first time that the
diagnostic and prognostic value of NETs has been evaluated in
patients with AAD. In this study, themajor findings were that: (a)
circulating NET markers had reliable diagnostic value of AAD,
with superior diagnostic performance to discriminate patients
with chest pain from other reasons in the emergency department
compared with D-dimer; (b) circulating NET markers were
independently associated with the disease severity, in-hospital
death and 1-year survival of patients with AAD; and (c) excessive
NET components in the aortic tissue were associated with the
disease severity and prognosis of AAD patients.

It is well-known that neutrophils are the first line of defense
against infections by pathogens. Neutrophils are also pivotal
as primary effector cells at sites of inflammation, but through
regulation of their survival by means of regulated cell death, these
cells are also involved in the resolution of inflammation (19).
Significant neutrophilic infiltration was found not only in early
but also in later stages of organizing dissections and not only
in the clot but also in adventitial fat (10, 20). This could reflect
an upregulation of neutrophil survival to maintain the intense

tissue remodeling required for the repair of the arterial wall. In
both surgical and autopsy cases of AAD, immunohistochemical
staining for citH3 revealed a massive presence of NETs in
the clot and in the adventitia in the subacute stage and less
abundantly in early organizing stage dissections (10). It is worth
noting that aortic tissue samples were collected during surgery
in this study. However, in surgical cases, awareness of the
pattern of margination, transmigration and extravasation around
microvessels that may occur due to robust handling during
surgery should be considered to avoid overinterpration of the
more diffuse patterns of neutrophil infiltration and NET release
related to dissection.

Our results elucidated that the three markers of NETs are
significantly elevated in patients with AAD compared with the
corresponding levels in subjects from the control group. Recent
reports have documented the association of NETs with the
severity of stroke evaluated by clinical indexes (21, 22). Our study
showed for the first time that the three markers of NETs were in
line with the disease severity score of AAD at onset and discharge.
However, the APAHE II scoring system is predictive of disease
severity only when specific baseline andwound characteristics are
accounted for. A plasma marker that can be easily and quickly
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FIGURE 4 | Risk factor analysis of 1-year survival in AAD patients. (A) By univariate and multivariate risk factor analysis, systolic blood pressure (SBP) < 90 mmHg

and citH3 levels were identified as independent risk factors for 1-year survival. (B) AAD patients with SBP < 90 mmHg had significantly increased circulating NET

markers compared with patients with SBP > 90 mmHg. *P < 0.05.

tested to stratify patients with different risks of mortality is of
great prognostic significance.

In this study, a time course study of NET markers was
performed in AAD patients according to the admission time
from symptom onset. The levels of all three NET markers
peaked within 12–24 h after symptom onset. However, the
concentrations of NET markers were measured using leftover
samples of the patients from initial presentation. However,
strictly speaking, the time after the actual onset of disease might
be different for each patient. It would be beneficial to study the
changes in concentrations according to time course or disease
progression intraindividually. In addition, the time window for
NET concentrations returning to the baseline level after surgery
also needs to be determined. This will provide a stable time
horizon for the testing of NET markers to predict the outcome
of treatment for patients with AAD.

The mechanism underlying the increased NET formation
in AAD remains unknown. AAD is considered an active
inflammatory process that occurs in response to endothelial
damage through high shear stress. Neutrophils and NETs are
emerging as important mediators of pathogenic inflammation
in the aorta (23). When aortic dissection occurs, disruption of
the aortic media immediately changes aorta hemodynamics, with
intramural hemorrhage leading to propagation and tracking of

blood within the media, which will overactivate the coagulation
system. Currently, there is increasing awareness that NETs
are linked to thrombosis since they may shift the hemostatic
balance toward excessive coagulation (24). AAD exhibits high
concentrations of tissue factor (TF) in serum, and the ability of
neutrophils to expose functional TF on NETs is considered a link
between inflammation and coagulation (25, 26).

In the last two decades, much progress has been made to
make effective biochemical diagnoses of AAD, which is an
unmet need with lifesaving value. Several promising biomarkers
have emerged. Vinculin, lumican, MMP-12 and high levels
of ischemia-modified albumin have been considered potential
AAD-related serum markers that may assist in the diagnosis
and prediction of the in-hospital mortality of patients with AAD
(27–30). However, most of these biomarkers are still clinically
unavailable. In real-world clinical practice, in patients with acute
chest pain and elevated D-dimer, a diagnosis of AAD should
be considered. D-dimer might be a useful complementary tool
to the current diagnostic work-up of patients with suspected
AAD (31, 32). D-dimer levels may be useful in risk-stratifying
patients with potential AD to rule out AD if used within the
first 24 h after symptom onset (33). Nevertheless, D-dimers are
not always elevated in patients with AAD (34). The results of
this study demonstrated that circulating NET markers showed
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FIGURE 5 | Custom proteomic analysis of aortic tissue lysates from AAD patients. (A) Twenty-three proteins that belonged to five subcellular compartments (nucleus,

granules, cytoplasm/cytoskeleton, enzymes, and plasma membrane) were identified to build a custom “NETosis” pathway. Profile plot from the Gene Set Enrichment

Analysis (GSEA) showing highly significant enrichment of most proteins in the custom NETosis pathway in the 4 replicates (TAAD1-3, TBAD 4) compared with negative

control subjects (CTRL1-2). The false discovery rate–adjusted P value for this analysis, according to GSEA output, was < 0.01. (B) The expression of granules and

nuclear NET components was significantly higher, and non-granular enzymes and membrane components were mildly enriched in aortic tissue from AAD patients. (C)

Neutrophil elastase was significantly higher in aortic tissue from the AAD group than in aortic tissue from the control group. (D,E) The elastase level in patients with

in-hospital death or without 1-year survival was significantly higher than that in patients without in-hospital death or with 1-year survival. *P < 0.05, **P < 0.01.

significantly superior diagnostic performance compared with D-
dimer to discriminate AAD patients with chest pain due to
other reasons.

Despite acceptable reproducibility, as indicated by interassay
cutoff values, the variability of the data makes clinically
relevant cutoffs infeasible, and causality cannot be addressed.
Although we used methods in line with current standards,
the observed results highlight the need for improved methods
when quantifying circulating NET markers (35). However, the
inconsistent findings among the levels of cfDNA, citH3 and
nucleosomes call into question their specificity in terms of
reflecting NETosis. Previous studies have used various methods
for evaluating the suitability of NETs as biomarkers in different
clinical conditions, in which the main analytical targets were
cfDNA, histones, and other components of NETs, such as
neutrophil elastase or myeloperoxidase in plasma (36). cfDNA
has repeatedly been described as a NET marker due to the
objectivity of DNA quantification methods, yet its source is
ambiguous, as non-neutrophil cells also release chromatin
through cell death processes (35). The citrullination of histone

3 is a necessary step in the formation of NETs, as demonstrated
by genetic and pharmacological approaches (37). Thus, citH3
appears to be the most specific marker of NETs, and it has been
used to test for the presence of NETs in plasma. Importantly,
citH3 has been reported to be independently associated with all-
causemortality during the 1-year follow-up in patients with acute
ischemic stroke (21). In this study, citH3 was also identified as an
independent risk factor for 1-year survival in patients with AAD.

Some limitations should be considered in the interpretation
of our results. First, this is a single-center study with a relatively
small number of subjects. Potential selection biases are not
negligible. Future research on this topic should aim to include a
larger study population. Secondly, a long-term follow-up period
would be necessary to obtain statistically significant results in the
prediction of disease prognoses. In this study, we reported major
outcomes observed during the 1-year follow-up. Analysis of the
changes in circulating levels of NETs during the follow-up period
is also meaningful. Thirdly, our study was mostly descriptive,
whereas the specific mechanism of NETs in circulation or aortic
tissue promoting the occurrence and progression of AADwas not
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FIGURE 6 | The association between excess NETs in aortic tissue and disease severity or prognosis of patients with AAD. (A) Local NETosis was detected in aortic

samples from AAD patients, as colocalization of NE with citH3 was observed by confocal microscopy. NE was stained green (Alexa Fluor 488) and citH3 was stained

red (Alexa Fluor 647). DAPI staining was used to mark nucleus (blue fluorescence). (B) Compared with normal controls, the number of NETs formed per field in the

tissue samples from AAD patients was significantly increased. (C,D) The number of NETs formed per field was positively correlated with the detection risk score of AD

and the APACHE II score. (E) The number of NETs formed per field in patients with in-hospital death was significantly higher than that in patients without in-hospital

death. (F) The number of NETs formed per field in patients with 1-year survival was significantly lower than that in patients without 1-year survival. **P < 0.01.

addressed in this study. Further research is needed to determine
whether NET components could be used as potential therapeutic
targets for AAD.

In conclusion, the present study demonstrates that circulating
NET markers have significant diagnostic value for AAD with
good diagnostic performance to discriminate patients with chest
pain from other causes. NET markers, in both the serum
and aortic tissue, are associated with disease severity and the
prognosis of AAD patients at the 1-year follow-up. Our results
suggest that NETs may constitute a useful diagnostic and
prognostic marker in patients with AAD and open new avenues
for future drug therapy for AAD.
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