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Łukasz Kuźma, Anna Tomaszuk-Kazberuk, Anna Kurasz, Sławomir Dobrzycki, Marek
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The common threat of cardiovascular diseases (CVDs) constantly holds a dominant
position among the leading causes of global mortality.

These diseases are everywhere and, combined with many risks, make studying heart
problems both challenging and very important. Just like in other areas of medicine, continuous
questions and new ideas help us to make progress. The way we understand and handle heart
issues shows how far we have come and what the milestones yet to be achieved are. Against this
background, this Special Issue of the Journal of Clinical Medicine (JCM), titled “Advances in the
Management of Cardiovascular Diseases”, stands out as a leading light with new discoveries
and methods that aim to change the way we currently deal with heart problems.

A standout contribution from this issue, by Dobrzycki et al. [1], provides a compre-
hensive review of state-of-the-art diagnostic and treatment methods of left main coronary
artery (LMCA) disease, focusing on percutaneous methods. While there is no one-size-
fits-all approach for LMCAD, a team-based approach offers the best care. It is key to note
that percutaneous coronary intervention and coronary artery bypass grafting methods
complement each other, aiming for the best results in different situations. As we look ahead,
more research on LMCA treatments will emerge, but finding the absolute best approach
will remain an ongoing journey. In the next article, the authors [2] explore the various
effects of acetylsalicylic acid (ASA) following CABG and offer a deeper understanding of
how ASA helps beyond just inhibiting platelets. While some of ASA’s effects appear to
heighten bleeding risks, this raises questions about whether intensifying ASA treatment
post-CABG is advantageous for these patients.

The value of ECG has been re-evaluated by Kubica et al. Their innovative approach
seeks to confirm certain initial and post-PCI ECG indicators to predict left ventricular
systolic dysfunction following an initial ST-segment elevation heart attack [3].

Further, the exploration of cardiovascular implications of other systemic diseases
finds resonance in the insightful study by Pruszczyk et al. [4,5]. Their work on pulmonary
embolism and its impact on cardiovascular health provides pivotal insights, reshaping our
strategies for this disease management.

In this Special Issue, readers will find invaluable contributions, notably the detailed
epidemiological research conducted by Rulkiewicz and her team [6,7]. Their studies
shed light on the escalating concerns associated with obesity and smoking, offering a
comprehensive exploration into these pressing health challenges.

Navigating through the myriad contributions in this Special Issue, it is palpable that
the frontier of CVD management is expansive and ripe for revolutionary breakthroughs.
As the Guest Editors, we want to thank our reviewers for their helpful feedback and the
JCM team for their hard work. A big thanks to the authors who shared their knowledge in
this Special Issue. Together, we hope to make progress in fighting cardiovascular diseases.

Author Contributions: Conceptualization, J.D.-K. and M.C., writing J.D.-K. and M.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Electrocardiogram, Echocardiogram and NT-proBNP in
Screening for Thromboembolism Pulmonary Hypertension in
Patients after Pulmonary Embolism

Olga Dzikowska-Diduch 1,*, Katarzyna Kurnicka 1, Barbara Lichodziejewska 1, Iwona Dudzik-Niewiadomska 1,

Michał Machowski 1, Marek Roik 1, Małgorzata Wiśniewska 2, Jan Siwiec 1, Izabela Magdalena Staniszewska 1 and

Piotr Pruszczyk 1

1 Department of Internal Medicine & Cardiology, Medical University of Warsaw, Lindleya 4,
02-005 Warsaw, Poland

2 1st Department of Radiology, Medical University of Warsaw, Lindleya 4, 02-005 Warsaw, Poland
* Correspondence: olga.dzikowska-diduch@wum.edu.pl; Tel.: +48-22-502-11-44; Fax: +48-22-502-21-42

Abstract: Background: The annual mortality of patients with untreated chronic thromboembolism
pulmonary hypertension (CTEPH) is approximately 50% unless a timely diagnosis is followed by
adequate treatment. In pulmonary embolism (PE) survivors with functional limitation, the diagnostic
work-up starts with echocardiography. It is followed by lung scintigraphy and right heart catheteriza-
tion. However, noninvasive tests providing diagnostic clues to CTEPH, or ascertaining this diagnosis
as very unlikely, would be extremely useful since the majority of post PE functional limitations are
caused by deconditioning. Methods: Patients after acute PE underwent a structured clinical evalua-
tion with electrocardiogram, routine laboratory tests including NT-proBNP and echocardiography.
The aim of this study was to verify whether the parameters from echocardiographic or perhaps
electrocardiographic examination and NT-proBNP concentration best determine the risk of CTEPH.
Results: Out of the total number of patients (n = 261, male n = 123) after PE who were included
in the study, in the group of 155 patients (59.4%) with reported functional impairment, 13 patients
(8.4%) had CTEPH and 7 PE survivors had chronic thromboembolic pulmonary disease (CTEPD)
(4.5%). Echo parameters differed significantly between CTEPH/CTEPD cases and other symptomatic
PE survivors. Patients with CTEPH/CTEPD also had higher levels of NT-proBNP (p = 0.022) but
concentration of NT-proBNP above 125 pg/mL did not differentiate patients with CTEPH/CTEPD
(p > 0.05). Additionally, the proportion of patients with right bundle brunch block registered in
ECG was higher in the CTEPH/CTED group (23.5% vs. 5.8%, p = 0.034) but there were no differ-
ences between the other ECG characteristics of right ventricle overload. Conclusions: Screening
for CTEPH/CTEPD should be performed in patients with reduced exercise tolerance compared to
the pre PE period. It is not effective in asymptomatic PE survivors. Patients with CTEPH/CTED
predominantly had abnormalities indicating chronic thromboembolism in the echocardiographic
assessment. NT-proBNP and electrocardiographic characteristics of right ventricle overload proved
to be insufficient in predicting CTEPH/CTEPD development.

Keywords: screening after pulmonary embolism; chronic thromboembolic pulmonary disease;
chronic thromboembolic pulmonary hypertension; diagnostic work-up of post-pulmonary syndrome

1. Introduction

Chronic thromboembolism pulmonary hypertension (CTEPH) is a rare disease but,
unlike other forms of pulmonary hypertension, is curable [1]. Untreated CTEPH signifi-
cantly affects the patient’s prognosis [2]. The annual mortality in patients with untreated
pulmonary hypertension is approximately 50% unless a timely diagnosis is followed by
adequate treatment [3]. Early diagnosis of CTEPH is nonetheless essential but continues to
be a huge challenge because there are no specific signs or symptoms of CTEPH. Moreover,

J. Clin. Med. 2022, 11, 7369. https://doi.org/10.3390/jcm11247369 https://www.mdpi.com/journal/jcm
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symptoms of pulmonary hypertension develop slowly and are usually explained by more
common causes. It has been estimated that the majority of CTEPH diagnoses nowadays
still have a diagnostic delay by well over 1 year [4]. Chronic thromboembolic pulmonary
disease (CTEPD) describes patients with chronic thromboembolic occlusions of pulmonary
arteries but without PH at rest; however, change in the definition of PH with a decrease in
the threshold mean pulmonary artery pressure from 25 to 21 mmHg may influence the des-
ignation of former CTEPD as CTEPH patients. Moreover, PE survivors with CTEPD benefit
from the same treatment, including pulmonary endarterectomy, balloon pulmonary angio-
plasty and lifelong anticoagulation. Most cases of CTEPD/CTEPH occur in patients with a
history of pulmonary embolism (PE) or/and deep vein thrombosis; therefore, screening for
pulmonary hypertension seems reasonable in these patients.

In PE survivors with functional limitation, the diagnostic work-up starts with echocar-
diography, followed by ventilation/perfusion lung scintigraphy and right heart catheteri-
zation (RHC) with pulmonary angiography [5]. RHC is the gold standard for the diagnosis
of pulmonary hypertension [2]; however, noninvasive tests providing diagnostic clues to
confirm CTEPH or ascertain this diagnosis as very unlikely would be extremely useful,
since the majority of post PE functional limitations are caused by deconditioning.

The European Society of Cardiology (ESC) guidelines propose echocardiography
at rest as an initial examination, when CTEPH is suspected based on patient’s clinical
presentation [2,5]. Echo evaluations include estimating peak velocity of tricuspid valve
regurgitation, calculation of atrioventricular pressure gradients and detection of indirect
signs of pulmonary hypertension which should aim to estimate a level of probability of
pulmonary hypertension. However, the accuracy of echocardiography that provides clues
to the presence or absence of CTEPH is quite high (sensitivity of 70–100% and specificity
of 72–89%) but echocardiography, performed according to the European Association of
Cardiovascular Imaging (EACVI) guidelines, is not widely available and is associated
with overdiagnosis and cost-ineffectiveness [6]. N-terminal pro-brain natriuretic peptide
(NT-proBNP) levels correlate with myocardial dysfunction and can be elevated in case of
almost any heart disease. NT-proBNP has been evaluated to stratify risk in patients with
acute PE and remains the only biomarker that seems to be a strong predictor of prognosis
and therefore is widely used in the routine practice in PH centers [2]. Its sensitivity
and specificity in the diagnosis of CTEPH are around 82% and 70%, respectively [7].
Electrocardiogram (ECG) abnormalities including P pulmonale, right axis deviation (RAD),
right ventricle (RV) hypertrophy and right bundle branch block (RBBB) are more common
in severe PH than in the mild elevation of pulmonary pressure [2]. Normal ECG does not
exclude the diagnosis of PH. Klok et al. showed in two independent cohort studies that the
combination of a normal NT-proBNP level and the absence of specific ECG characteristics of
RV overload accurately differentiates patients after PE with PH from those without PH with
a sensitivity of 94–100% [7,8]. Moreover, the InShape II study showed that an algorithm
including clinical probability of CTEPH, ECG and NT-proBNP levels can accurately exclude
CTEPH, without the need for echocardiography (Boon InShape II) [8].

The aim of our study was to verify whether the parameters from echocardiographic or
perhaps electrocardiographic examination and NT-proBNP concentration best determine
the risk of CTEPH.

2. Methods

This is a post hoc analysis of a prospectively followed cohort of patients after pul-
monary embolism. Patients were eligible for inclusion if aged 18 years or older and had a
computed tomography pulmonary angiography proving diagnosis of symptomatic acute
PE, and had been treated with therapeutically dosed anticoagulant therapy for at least
3 months according to current guidelines. After the discharge, all patients underwent,
as previously reported, standard outpatient follow-up for at least 6 months following
the acute PE event and were anticoagulated for at least 6 months. Briefly, we included
all consecutive patients after acute PE with the exception of subjects with comorbidities
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significantly limiting survival or mobility (patients with advanced cancer or bed ridden
subjects). At follow-up, all subjects underwent a structured clinical examination focused
on their functional limitation. All patients were evaluated for the presence of exertional
dyspnea, effort angina, exercise-limiting palpitations and a reduced exercise tolerance.
In all patients ECG and routine laboratory tests were analyzed including hemoglobin,
estimated glomerular filtration rate and NT-proBNP. All patients underwent a structured
evaluation with echocardiography, which were performed by an experienced cardiologist
according to the current EACVI recommendations [9]. Subjects with at least intermediate
echocardiographic probability of PH according to the ESC guidelines [2] were referred to
the detailed complete work-up for CTEPH.

2.1. Echocardiography

All echocardiograms were performed with Philips IE33 or Epic 7 according to the
predefined standardized protocol by an experienced cardiologist, and focused on echocar-
diographic criteria for suspected PH (increased systolic peak tricuspid regurgitation veloc-
ity, dilated right ventricle, flattened interventricular septum, distended inferior vena cava
with diminished inspiratory collapsibility or enlarged right atrial area) according to the
2015 ESC guidelines [2]. However, detailed evaluation of left ventricular (LV) morphology
and function was also performed. The examinations were digitally recorded, and reviewed,
when necessary. Patients were examined in the left lateral position. The dimensions of
the right and left ventricles were measured in the parasternal long-axis view and apical
four chamber view (4C) at the level of the mitral and tricuspid valve tips in late diastole
defined by the R wave of continuous ECG tracing [10]. Tricuspid valve regurgitation was
qualitatively assessed with color Doppler and peak gradient (tricuspid regurgitation peak
gradient—TRPG) was calculated by simplified Bernoulli’s formula after using tricuspid
regurgitant flow peak velocity. The examination was completed by the measurement of
the inferior vena cava (IVC) at late expiration. In the parasternal short axis view flattening
of the interventricular septum was assessed qualitatively, and acceleration time (AcT) of
pulmonary ejection was measured in the RV outflow tract, just below the pulmonary valve.
Measurements were averaged over 3 consecutive heart cycles. In M-mode presentation, RV
function was assessed by tricuspid annular plane systolic excursion (TAPSE) measurement.
We measured the distance (mm) of systolic excursion of the RV annular segment along its
longitudinal plane, from a standard apical 4-chamber view. The left ventricular ejection frac-
tion was calculated according to Simpson’s formula employing a two-dimensional image
of the LV chamber during systole and diastole in the four and two chamber apical views.

2.2. Electrocardiogram

Conventional 12-lead ECGs will be recorded with the patient in supine position for
a 10-s period using the standard 12-lead electrode configuration at a conventional speed
(25 mm/s) and sensitivity (1 mV/10 mm). Sinus rhythm or arrhythmias and heart rate were
registered. ECGs were also evaluated for the presence or absence of the following criteria
that had been reported to occur more commonly in PH: right axis deviation (RAD defined
as dominant S wave lead I with dominant R wave leads II and III), right bundle branch
block (RBBB defined as QRS duration >120 ms with rSR pattern V1–V3), S1Q3T3 pattern
(the presence of S waves in lead I and Q waves in lead III, each with amplitudes> 1.5 mm
in association with negative T waves in lead III).

2.3. NT-proBNP

NT-proBNP levels were determined with the use of a quantitative immunoassay.
Age- and gender-dependent thresholds for normal values as determined by the respective
manufacturers were used.
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2.4. Diagnoses

CTEPH was diagnosed when the invasive right heart catheterization showed that
the mean pulmonary artery pressure was ≥25 mmHg at rest, pulmonary wedge pres-
sure was ≤ 15 mmHg and abnormal imaging findings on the ventilation/perfusion lung
scan, while CTEPD was diagnosed as CTEPH when mean pulmonary artery pressure,
was< 25 mmHg [2].

2.5. Statisitcal Analysis

Statistical analysis was carried out in R software, version 4.0.5. Normality of distri-
bution was verified using Shapiro–Wilk test and based on skewness and kurtosis values
as well as visual assessment of histograms. Groups’ comparison was conducted with chi-
squared test or Fisher’s exact test (nominal data) and with Welch t-test or Mann–Whitney
U test (quantitative data), as appropriate. Additionally, we calculated odds ratio (OR) or
mean/median differences (MD) between groups, including 95% confidence intervals.

In order to identify optimal cut-off points for each parameter as discriminator of
CTEPH/CTED vs. healthy patients with symptoms, receiver operating characteristic (ROC)
curves were created. Cut-off point calculation was based on Youden index, including
measures of sensitivity, specificity, accuracy, negative predictive value (NPV) and positive
predictive value (PPV).

3. Results

Out of the total number of patients (n = 261, male n = 123) after PE who were included
in the study, 155 patients (59.4%) were with symptoms (mainly functional impairment) and
106 patients (40.6%) were without any symptoms. No significant differences were confirmed
between both groups in sex, while age was significantly different—patients with symptoms
were older than patients without symptoms, MD = 11.32 CI95 [7.41,6.21], p < 0.001.

In the group of patients with symptoms, 13 patients (8.4%) had CTEPH and 7 were
survivors of CTEPD (4.5%) vs. no cases of CTEPH/CTEPD in the group without symptoms,
p < 0.001. Chronic heart failure was recognized in about 50% of patients as the major
cause of reduced exercise tolerance. Most of them presented a preserved ejection fraction.
Other causes of functional limitation in the studied group included valve heart disease (6%),
coronary artery diseases (6%), chronic obstructive pulmonary diseases (6%) and newly diag-
nosed permanent or paroxysmal atrial fibrillation in 6.4% of patients. Noncardiopulmonary
pathologies including severe obesity in patients, newly diagnosed neoplasms or anemia con-
tributed to decreased functional capacity in approximately 10% of symptomatic patients.

Echocardiogram, ECG and NT-proBNP were assessed 6 ± 0.97 months after PE.
Patients with symptoms had a significantly higher level of diameter of inferior vena

cava (IVC) (p = 0.008), RV in 4 chamber view (RV4ch) (p = 0.002), elevated RV to LV ratio in
4 chamber view (p = 0.006), right atrium area (RAA) (p < 0.001), TRPG (p = 0.001), and left
atrium area (LAA) (p < 0.001), than patients without functional impairment after PE. Indeed,
there was a significant difference in LV EF% between the symptomatic and asymptomatic
groups: 60.77 ± 5.43% vs. 62.91 ± 3.22%; p < 0.001. The LAA differed significantly
between groups and was significantly elevated in symptomatic patients, which indicates
that persistent dyspnea on exertion was also caused by the disease of the left heart, mainly
left ventricular diastolic dysfunction. The AcT of pulmonary output average level was
significantly lower (p = 0.001) in patients with functional limitation.

NT-proBNP concentrations were significantly higher in symptomatic patients than in the
group without symptoms (p < 0.001). Additionally, the proportion of patients with NT-proBNP
above norm was higher in symptomatic PE survivors (43.9% vs. 18.9% in group without
symptoms), OR = 3.35 CI95 [1.82,6.34], p < 0.001. Interestingly, every fifth patient after PE
without any deterioration of exercise tolerance had an increased concentration of NT-proBNP.

PE survivors with exercise intolerance had a higher level of d-dimer compared to
patients who fully recovered functionally (p = 0.049) despite ongoing anticoagulation and
no significant difference in drug taken.
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Heart rhythm was also significantly different between both groups (p = 0.005). Patients
with symptoms more often had atrial fibrillation (6.5% of cases vs. no cases in patients
without symptoms) and less frequently had sinus rhythm (92.7% vs. 99.1%). No significant
differences between both groups for drugs taken, echocardiographic LV4ch, TAPSE and
ECG parameters (HR, RAD, RBBB, S1Q3T3) (Table 1.) were found.

Table 1. Comparison of patients after pulmonary embolism with and without symptoms.

Characteristics n Patients with Symptoms n Patients without Symptoms
MD/OR
(95% CI)

p

n 155 106

Sex, female, n (%) 155 85 (54.8) 106 53 (50.0) 1.21 (0.72,2.05) 0.52

Age, years, mean ± SD 155 61.07 ± 17.10 106 49.75 ± 18.36 11.32 (7.4,16.21) <0.001 2

CTEPH/CTED, n (%) 155 20 (12.9) 106 0 (0.0) - <0.001 1

Drug, n (%)

Acenocumarol

152

52 (34.2)

86

37 (43.0)

- 0.0651

Dabigatran 10 (6.6) 4 (4.7)

Dalteparin 1 (0.7) 1 (1.2)

Enoxaparin 8 (5.3) 5 (5.8)

Nadroparin 2 (1.3) 0 (0.0)

Riwaroxaban 64 (42.1) 22 (25.6)

Warfarin 15 (9.9) 17 (19.8)

IVC, mean ± SD 151 15.36 ± 4.60 104 13.96 ± 3.76 1.40 (0.37,2.44) 0.0082

LV4ch, mean ± SD 131 45.67 ± 5.50 73 43.50 ± 4.24 2.17 (−1.23,1.87) 0.6832

RV4ch, mean ± SD 130 33.50 ± 6.60 74 31.88 ± 2.59 1.63 (0.85,3.86) 0.0022

RV/LV, mean ± SD 130 0.80 ± 0.12 73 0.75 ± 0.12 0.04 (0.01,0.08) 0.0062

LV EF, mean ± SD 155 60.77 ± 5.43 106 62.91 ± 3.22 −2.14 (−3.19,01.07) <0.001 2

LAA, cm2, mean ± SD 140 19.89 ± 4.07 81 16.96 ± 3.31 2.92 (1.89,3.88) <0.001 2

RAA, cm2, mean ± SD 138 18.12 ± 4.14 78 15.42 ± 3.28 2.71 (1.67,3.68) <0.001 2

Heart rhythm, n (%)

Atrial fibrillation

154

10 (6.5)

106

0 (0.0)

- 0.0051
Stimulation 1 (0.6) 0 (0.0)

Tachycardia 0 (0.0) 1 (0.9)

Sinus rhythm 143 (92.7) 105 (99.1)

TRPG, median (Q1,Q3) 150 25.50 (20.00,32.75) 103 23.00 (17.00,27.50) 2.50 (1.00,6.00) 0.0013

RVSP, median (Q1,Q3) 146 31.00 (25.00,40.75) 102 28.00 (23.00,33.75) 3.00 (2.00,7.00) 0.0013

AcT, mean ± SD 148 112.08 ± 28.07 101 123.70 ± 24.03 −11.62
(−18.17,−5.07) 0.0012

TAPSE, mean ± SD 134 23.34 ± 3.79 80 23.66 ± 3.21 −0.33 (−1.29,0.63) 0.5032

HR, mean ± SD 137 70.58 ± 10.66 58 69.45 ± 9.71 1.14 (−1.97,4.24) 0.4702

RAD, n (%) 131 4 (3.1) 57 0 (0.0) - 0.3161

RBBB, n (%) 121 10 (8.3) 53 1 (1.9) 4.65 (0.63,206.97) 0.1761

S1Q3T3, n (%) 117 26 (22.2) 53 7 (13.2) 1.87 (0.72,5.50) 0.243

NTproBNP, median (Q1,Q3)
(pg/mL) 155 108.00 (45.00,339.50) 106 29.00 (20.00,96.25) 79.00 (31.00,85.00) <0.001 3

NTproBNP > 125 pg/mL, n (%) 155 68 (43.9) 106 20 (18.9) 3.35 (1.82,6.34) <0.001

D-dimer,(ng/mL) median (Q1,Q3) 95 300.00 (205.50,488.50) 95 239.00 (170.00,420.00) 61.00 (0.01,93.00) 0.0493

AcT—acceleration time of pulmonary ejection, CTEPD—chronic thromboembolic pulmonary disease, CTEPH—
chronic thromboembolic pulmonary hypertension, HR—heart rate, LV—left ventricle, 4ch—four chamber view,
NT-proBNP: N-terminal pro-brain natriuretic peptide, RAD—right axis deviation, RBBB—right heart catheteriza-
tion, RV—right ventricle, TRPG—tricuspid regurgitation peak gradient, TAPSE—tricuspid annular plane systolic
excursion, RVSP—right ventricle systolic pressure, MD—mean/median difference between groups calculated
as patients with symptoms minus patients without symptoms with 95% confidence interval, OR—odds ratio
between both groups, with 95% confidence interval. Groups compared with chi-square test or Fisher exact test
1 for nominal data with t-test 2 or Mann–Whitney U test 3 for continuous data.

7



J. Clin. Med. 2022, 11, 7369

As a second step, in the 155 patients with symptoms, patients with and without
CTEPH/CTEPD were compared. Patients with CTEPH/CTEPD had a significantly higher
level of: RV4ch (p = 0.003), RAA (p = 0.004), TRPG (p < 0.001) and NTproBNP (p = 0.022) than
patients without CTEPH/CTEPD. For AcT of pulmonary ejection average level was significantly
lower (p = 0.008) in patients with CTEPH/CTEPD. Additionally, the proportion of patients with
RBBB was higher in the group with CTEPH/CTEPD (23.5% vs. 5.8% in the group without
CTEPH/CTED), OR = 4.92 CI95 [1.90,24.18], p = 0.034. No differences between patients with
and without CTEPH/CTEPD were confirmed for LAA, the proportion of RAD and S1Q3T3 in
ECG and NTproBNP> 125 pg/mL (p > 0.05 in all cases) (Tables 2 and 3).

Table 2. Comparison of patients after pulmonary embolism with and without CTEPH/CTED among
symptomatic patients.

Characteristics. n Patients with Symptoms
with CTEPH/CTEPD

n Patients with Symptoms
without CTEPH/CTEPD

MD/OR (95% CI) p

n 20 135

RV4ch, mean ± SD 20 36.50 ± 7.78 110 32.00 ± 6.58 4.50 (1.61,6.99) 0.003 2

LAA, cm2, mean ± SD 19 21.58 ± 4.68 121 19.62 ± 3.93 1.96 (−0.39,4.31) 0.097 2

RAA, cm2, mean ± SD 19 21.53 ± 5.08 119 17.58 ± 3.71 3.95 (1.42,6.47) 0.004 2

TRPG, median (Q1,Q3) 20 45.00 (30.75,62.00) 130 24.00 (20.00,30.00) 21.00 (13.00,33.00) <0.001 3

AcT, mean ± SD 19 88.42 ± 39.21 129 115.57 ± 24.36 −27.15 (−46.43,−7.86) 0.008 2

RAD, n (%) 19 1 (5.3) 112 3 (2.7) 2.01 (0.04,26.60) 0.469 1

RBBB, n (%) 17 4 (23.5) 104 6 (5.8) 4.92 (1.90,24.18) 0.034 1

S1Q3T3, n (%) 16 6 (37.5) 101 20 (19.8) 2.41 (0.64,8.40) 0.191

NTproBNP, median (Q1,Q3) 20 151.00 (85.25,843.00) 135 99.00 (43.00,300.50) 52.00 (12.00,372.00) 0.022 3

NTproBNP > 125, n (%) 20 12 (60.0) 135 56 (41.5) 2.11 (0.74,6.36) 0.149

AcT: acceleration time of pulmonary ejection, CTEPD: chronic thromboembolic pulmonary disease, CTEPH: chronic
thromboembolic pulmonary hypertension, LAA—left atrium area, NT-proBNP: N-terminal pro-brain natriuretic
peptide, RAA—right atrium area, RAD—right axis deviation, RBBB—right heart catheterization, RV4ch—right
ventricle 4 chamber view, TRPG—tricuspid regurgitation peak gradient, MD—mean/median difference between
groups calculated as patients with CTEPH/CTED minus patients without CTEPH/CTED with 95% confidence
interval, OR—odds ratio between both groups, with 95% confidence interval. Groups compared with chi-square test
or Fisher exact test 1 for nominal data, with t-test 2 or Mann–Whitney U test 3 for continuous data.

Table 3. Comparison of patients after pulmonary embolism with CTEPH and CTED among symp-
tomatic patients.

Characteristics n Patients with CTEPH n Patients with CTED MD / OR (95% CI) p

n 13 7

RV4ch, mean ± SD 13 42.00 (42.00,42.00) 7 31.00 (31.00,31.00) 11.00 (−4.00,18.00) 0.249 3

LAA, cm2, mean ± SD 13 21.92 ± 4.70 6 20.83 ± 5.00 1.09 (−4.36,6.54) 0.663 2

RAA, cm2, mean ± SD 13 22.77 ± 4.90 6 18.83 ± 4.75 3.94 (−1.33,9.21) 0.127 2

TRPG, median (Q1,Q3) 13 59.23 ±23.81 7 34.71 ± 12.66 24.52 (7.39,41.65) 0.008 2

AcT, mean ± SD 12 78.50 (67.50,86.25) 7 106.00 (78.50,140.00) −27.50 (−72.00,10.00) 0.162 3

RAD, n (%) 12 1 (8.3) 7 0 (0.0) - >0.999 1

RBBB, n (%) 10 3 (30.0) 7 1 (14.3) 2.44 (0.15,156.95) 0.603 1

S1Q3T3, n (%) 10 3 (30.0) 6 3 (50.0) 0.45 (0.03,5.51) 0.607 1

NTproBNP, median (Q1,Q3) 13 435.00 (132.00,1494.00) 7 107.00 (76.50,313.50) 328.00 (−33.00,1387.00) 0.115 3

NTproBNP > 125, n (%) 13 10 (76.9) 7 2 (28.6) 7.32 (0.74,117.26) 0.062 1

AcT: acceleration time of pulmonary ejection, CTEPD: chronic thromboembolic pulmonary disease, CTEPH:
chronic thromboembolic pulmonary hypertension, LAA—left atrium area, NT-proBNP: N-terminal pro-brain
natriuretic peptide, RAA—right atrium area, RAD-right axis deviation, RBBB-right heart catheterization, RV4ch—
right ventricle 4 chamber view, TRPG-tricuspid regurgitation peak gradient, MD—mean/median difference
between groups calculated as patients with CTEPH minus patients without CTEPD with 95% confidence interval,
OR—odds ratio between both groups, with 95% confidence interval. Groups compared with Fisher exact test 1 for
nominal data, with t-test 2 or Mann-Whitney U test 3 for continuous data.
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Receiver operating characteristic curves as discrimination of CTEPH/CTEPD vs. symp-
tomatic but without CTEPH/CTED were significant for RV4ch (p = 0.002), RAA (p = 0.001),
TRPG (p < 0.001) and AcT (p = 0.001) with satisfactory or very good level of area under the
curve (AUC); from AUC = 0.723 CI95 [0.591,0.855] for RV4ch to AUC = 0.868 CI95 [0.785,0.952]
for TRPG. The level of optimal cut-off points for particular parameters with corresponding
sensitivity and specificity is summarized in Table 4.

Table 4. Results for measurement of different parameters in the diagnosis of CTEPH/CTEPD in
symptomatic pulmonary embolism survivors.

Characteristics
AUC

(95% CI)
Cut-off Point Sensitivity Specificity Accuracy NPV PPV p

RV4ch 0.723 (0.591,0.855) 37.5 0.7 0.72 0.72 0.93 0.31 0.002

LAA, cm2 0.617 (0.464,0.771) 23.5 0.42 0.86 0.8 0.9 0.32 0.056

RAA, cm2 0.734 (0.589,0.879) 19.5 0.68 0.78 0.77 0.94 0.33 0.001

TRPG 0.868 (0.785,0.952) 29.5 0.85 0.72 0.73 0.97 0.31 <0.001

AcT 0.763 (0.611,0.914) 86 0.63 0.89 0.86 0.94 0.46 0.001

NTproBNP 0.659 (0.528,0.789) 434.5 0.45 0.85 0.8 0.91 0.31 0.297

AcT: acceleration time of pulmonary ejection, AUC—area under the curve with 95% confidence interval (CI),
CTEPD—chronic thromboembolic pulmonary disease, CTEPH—chronic thromboembolic pulmonary hyperten-
sion, LAA—left atrium area, NPV—negative predictive value, NT-proBNP—N-terminal pro-brain natriuretic
peptide, PPV—positive predictive value, RAA—right atrium area, TRPG—tricuspid regurgitation peak gradient.

4. Discussion

Our analysis showed that screening for CTEPH should be given to symptomatic
patients after PE. Although ECG, echo and NT-proBNP screening was performed in all of
261 patients included in our study, CTEPH and CTEPD was diagnosed only in group of
patients with dyspnea on exertion. PE survivors who completely recovered functionally
had no significant abnormalities in the echo, ECG and laboratory test. This is consistent
with the observations of Held et al. who suggested focusing diagnostic procedures on only
symptomatic patients [11]. Habib and Torbicki also said in 2010 that echocardiographic
screening for CTEPH is not effective in asymptomatic patients [12].

The echocardiographic estimation of the likelihood of PH is among the key elements
in the decision-making process by identifying patients for whom RHC is warranted, facili-
tating earlier diagnosis and earlier medical management [13]. A meta-analysis calculated
the accuracy of echocardiography vs. RHC for PH diagnosis and found a sensitivity
of 83% (95% CI, 73–90%) and specificity of 72% (95% CI, 53–85%) and that echocardiog-
raphy has been shown to miss PH in as many as 10–31% of cases [14]. Indeed, in our
analysis, significant echocardiographic abnormalities were assessed in CTEPH/CTEPD
group, but the diagnosis of chronic thromboembolic pulmonary artery occlusion explaining
exercise intolerance was made in only 20 of 155 patients who complained of functional
limitation. It cannot be ruled out that some cases of CTEPH/CTEPD had been missed.
Patients with CTEPH/CTEPD had typical echocardiographic signs of pulmonary hyper-
tension included enlargement of the right atrium and right ventricle, elevated RV to LV
ratio in the four chamber view and significant elevated TRPG, IVC diameter and RVSP.
Our findings are consistent with previous observations of Habib, Torbicki and Surinder
Janda et al. [12,14]. In our study, the AcT of pulmonary output was significantly lower in
patients with CTEPH/CTEPD compared to other symptomatic PE survivors, as in the anal-
ysis of Kitabatake et al. [15]. Moreover, our echocardiographic assessment after PE revealed
a significant elevated left atrium area in patients suffering from dyspnea on exertion, which
suggests that the functional limitation is also due to left heart disease, mainly diastolic dys-
function [16]. Chronic heart failure with preserved systolic function, which is much more
common than chronic pulmonary artery occlusion, may explain elevated concentrations
of NT-proBNP in symptomatic patients after PE [17,18]. Survivors with symptoms were
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also much older and more likely to have fibrillation than asymptomatic patients, which
also explains the increased concentration of BNP [19]. Obviously, mean concentrations of
BNP were higher in CTEPH/CTEPD but levels above 125 pg/mL were exceeded similarly
frequently in symptomatic patients with and without chronic thromboembolism. NT-
proBNP allows for only sufficient differentiation of patients with CTEPH/CTEPD (AUC
0.659, Figure 1). In general, conventional ECG criteria had low diagnostic accuracy for the
presence of increased RV afterload [20,21]. In our study, the proportion of patients with
RBBB was higher in groups with CTEPH/CTEPD (23.5% vs. 5.8%), p = 0.034, but there were
no significant differences in ECG characteristics of right ventricle overload as RAD and
S1Q3T3. The combination of ECG and NT-proBNP in the Leiden CTEPH rule-out criteria
may be useful in diagnostic after PE but in in the group of 261 patients we studied, they
did not allow to safely and effectively exclude PH or indicate patients for further invasive
work-up [22]. Meaningful screening programs should be simple, widely available and
non-invasive. However, diagnostic tests should quickly and clearly indicate which patient
will benefit from further work-up [23,24]. Since symptoms initially in CTEPH appear
during exercise, the tests performed at rest, including electrocardiogram, echocardiogram
or RHC, may lack sensitivity. Although prospective evaluation of larger cohorts is still
lacking, functional tests are a promising complementary diagnostic tool for functional
evaluation of patients with chronic pulmonary vascular disease [7,25].

Figure 1. ROC curves for particular parameters as diagnostic test for CTEPH/CTEPD vs. patients
with symptoms but without CTEPH/CTEPD (numbers of each chart include AUC value as well as
optimal cut-off point with specificity and sensitivity values).

5. Conclusions

Screening for CTEPH/CTEPD should be performed in patients with reduced exer-
cise tolerance compared to the pre PE period, and it is not effective in asymptomatic PE
survivors. Patients with CTEPH/CTED had presented predominantly abnormalities indi-
cating chronic thromboembolism in the echocardiographic assessment. NT-proBNP and
electrocardiographic characteristics of right ventricle overload proved to be insufficient in
predicting CTEPH/CTEPD development.
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Abbreviations

AcT acceleration time of pulmonary ejection
AUC area under the ROC curve
CTEPD chronic thromboembolic pulmonary disease
CTEPH chronic thromboembolic pulmonary hypertension
EACVI European Association of Cardiovascular Imaging
ECG electrocardiogram
ESC European Society of Cardiology
HR heart rate
IVC inferior vena cava
LAA left atrium area
LV left ventricle
4ch four chamber view
MD mean/median differences
NPV negative predictive value
NT-proBNP N-terminal pro-brain natriuretic peptide
OR odds ratio
PE pulmonary embolism
PH pulmonary hypertension
PPV positive predictive value
RAA right atrium area
RAD right axis deviation
RBBB right bundle branch block
RHC right heart catheterization
ROC receiver operating characteristic
RV right ventricle
RVSP right ventricle systolic pressure
TRPG tricuspid regurgitation peak gradient
TAPSE tricuspid annular plane systolic excursion

References

1. Ende-Verhaar, Y.M.; Cannegieter, S.C.; Vonk Noordegraaf, A.; Delcroix, M.; Pruszczyk, P.; Mairuhu, A.T.; Huisman, M.V.; Klok,
F.A. Incidence of chronic thromboembolic pulmonary hypertension after acute pulmonary embolism: A contempo-rary view of
the published literature. Eur. Respir. J. 2017, 49, 1601792. [CrossRef] [PubMed]

2. Galiè, N.; Humbert, M.; Vachiéry, J.-L.; Gibbs, S.; Lang, I.; Torbicki, A.; Simonneau, G.; Peacock, A.; Vonk-Noordegraaf, A.;
Beghetti, M.; et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of pulmo-nary hypertension: The Joint Task Force
for the Diagnosis and Treatment of Pulmonary Hypertension of the European Society of Cardiology (ESC) and the European
Respiratory Society (ERS): Endorsed by: Association for European Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplanta-tion (ISHLT). Eur. Respir. J. 2015, 46, 903–975. [PubMed]

3. Lewczuk, J.; Piszko, P.; Jagas, J.; Porada, A.; Sobkowicz, B.; Wrabec, K.; Wójciak, S. Prognostic Factors in Medically Treated
Patients With Chronic Pulmonary Embolism. Chest 2001, 119, 818–823. [CrossRef] [PubMed]

4. Klok, F.A.; Barco, S.; Konstantinides, S.; Dartevelle, P.; Fadel, E.; Jenkins, D.; Kim, N.H.; Madani, M.; Matsubara, H.; Mayer, E.;
et al. Determinants of diagnostic delay in chronic thromboembolic pulmonary hypertension: Results from the European CTEPH
Registry. Eur. Respir. J. 2018, 52, 1801687. [CrossRef]

11



J. Clin. Med. 2022, 11, 7369

5. Konstantinides, S.V.; Meyer, G.; Becattini, C.; Bueno, H.; Geersing, G.-J.; Harjola, V.-P.; Huisman, M.V.; Humbert, M.; Jennings,
C.S.; Jimenez, D.; et al. The Task Force for the diagnosis and management of acute pulmonary em-bolism of the European
Society of Cardiology (ESC). 2019 ESC Guidelines for the diagnosis and management of acute pulmonary embolism developed in
collaboration with the European Respiratory Society (ERS): The Task Force for the diagnosis and management of acute pulmonary
embolism of the European Society of Cardiology (ESC). Eur. Respir. J. 2019, 54, 543–603.

6. Gopalan, D.; Delcroix, M.; Held, M. Diagnosis of chronic thromboembolic pulmonary hypertension. Eur. Respir. Rev. 2017,
26, 160108. [CrossRef]

7. Delcroix, M.; Torbicki, A.; Gopalan, D.; Sitbon, O.; Klok, F.A.; Lang, I.; Jenkins, D.; Kim, N.H.; Humbert, M.; Jais, X.; et al. ERS
statement on chronic thromboembolic pulmonary hypertension. Eur. Respir. J. 2020, 57, 2002828. [CrossRef]

8. Boon, G.J.A.M.; Ende-Verhaar, Y.M.; Bavalia, R.; El Bouazzaoui, L.H.; Delcroix, M.; Dzikowska-Diduch, O.; Huisman, M.V.;
Kurnicka, K.; Mairuhu, A.T.A.; Middeldorp, S.; et al. Non-invasive early exclusion of chronic thromboembolic pulmonary
hypertension after acute pulmonary embolism: The InShape II study. Thorax 2021, 76, 1002–1009. [CrossRef]

9. Galderisi, M.; Cosyns, B.; Edvardsen, T.; Cardim, N.; Delgado, V.; di Salvo, G.; Donal, E.; Sade, L.E.; Ernande, L.; Garbi, M.; et al.
Standardization of adult transthoracic echocardiography reporting in agreement with recent chamber quantification, diastolic
function, and heart valve disease recommendations:an expert consen-sus document of the European Association of Cardiovascular
Imaging. Eur. Heart J. Cardiovasc. Imaging 2017, 18, 1301–1310.

10. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Gold-stein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from
the American Society of Echocardiography and the European Association of Cardiovascular Im-aging. Eur. Heart J. Cardiovasc.
Imaging 2015, 16, 233–271. [CrossRef]

11. Held, M.; Hesse, A. A symptom-related monitoring program following pulmonary embolism for the early detection of CTEPH: A
prospective observational registry study. BMC Pulm. Med. 2014, 14, 141.

12. Habib, G.; Torbicki, A. The role of echocardiography in the diagnosis and management of patients with pulmo-nary hypertension.
Eur. Respir. Rev. Eur. Respir. Soc. 2010, 19, 288–299. [CrossRef] [PubMed]

13. Dunlap, B.; Weyer, G. Pulmonary Hypertension: Diagnosis and Treatment. Am. Fam. Physician 2016, 94, 463–469.
14. Janda, S.; Shahidi, N.; Gin, K.; Swiston, J. Diagnostic accuracy of echocardiography for pulmonary hypertension: A systematic

review and meta-analysis. Heart 2011, 97, 612–622. [CrossRef] [PubMed]
15. Kitabatake, A.; Inoue, M.; Asao, M.; Masuyama, T.; Tanouchi, J.; Morita, T.; Mishima, M.; Uematsu, M.; Shimazu, T.; Hori, M.; et al.

Noninvasive evaluation of pulmonary hypertension by a pulsed Doppler technique. Circulation 1983, 68, 302–309. [CrossRef]
[PubMed]

16. Dzikowska-Diduch, O.; Kostrubiec, M.; Kurnicka, K.; Lichodziejewska, B.; Pacho, S.; Miroszewska, A.; Bródka, K.; Skowrońska,
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Abstract: Background: Decreased hemoglobin concentration was reported to predict long term
prognosis in patients various cardiovascular diseases including congestive heart failure and coronary
artery disease. We hypothesized that hemoglobin levels may be useful for post discharge prog-
nostication after the first episode of acute pulmonary embolism. Therefore, the aim of the current
study was to evaluate a potential prognostic value of a decreased hemoglobin levels measured at
admission due to the first episode of acute PE for post discharge all cause mortality during at least
2 years follow up. Methods: This was a prospective, single-center, follow-up, observational, cohort
study of consecutive survivors of the first PE episode. Patients were managed according to ESC
current guidelines. After the discharge, all PE survivors were followed for at least 24 months in our
outpatient clinic. Results: During 2 years follow-up from the group of 402 consecutive PE survivors
29 (7.2%) patients died. Non-survivors were older than survivors 81 years (40–93) vs. 63 years
(18–97) p < 0.001 presented higher sPESI 2 (0–4) vs. 1 (0–5), p < 0.001 driven by a higher frequency
of neoplasms (37.9% vs. 16.6%, p < 0.001); and had lower hemoglobin (Hb) level at admission
11.7 g/dL (6–14.8) vs. 13.1 g/dL (3.1–19.3), p < 0.001. Multivariable analysis showed that only Hb
and age significantly predicted all cause post-discharge mortality. ROC analysis for all cause mortal-
ity showed AUC for hemoglobin 0.688 (95% CI 0.782–0.594), p < 0.001; and for age 0.735 (95% CI
0.651–0.819) p < 0.001. A group of 59 subjects with hemoglobin < 10.5 g/dL showed mortality rate
of 16.9% (OR for mortality 4.19 (95% CI 1.82–9.65), p-value < 0.00, while among 79 patients with
Hb > 14.3 g/dL only one death was detected. Interestingly, patients in age > 64 years hemoglobin
levels < 13.2 g/dL compared to patients in the same age but with >13.2 g/dL showed OR 3.6 with
95% CI 1.3–10.1 p = 0.012 for death after the discharge. Conclusions: Lower haemoglobin measured
in the acute phase especially in patients in age above 64 years showed significant impact on the
prognosis and clinical outcomes in PE survivors.

Keywords: pulmonary embolism; follow-up after pulmonary embolism; long term mortality after
pulmonary embolism; predictors of survival after pulmonary embolism

1. Introduction

Acute pulmonary embolism (PE) is not only life-threatening disease in the acute phase
but also affects long term prognosis of PE survivors. PE patients may also experience
serious adverse events at long term, in particular in the first years after PE diagnosis espe-
cially recurrent venous thromboembolism (VTE) and chronic thromboembolic pulmonary
hypertension (CTEPH) [1]. Importantly PE survivors have an increased all-cause mortality
risk [2]. Therefore, in order to optimize patients follow-up after acute PE it is recommended
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to ensure an integrated patient care after PE which should include interdisciplinary stan-
dardized management and treatment [1,3]. Clinical indices including pulmonary embolism
severity index assessed in the acute phase were reported to predict accurately long-term
mortality [4]. Notably, widely available biomarkers such as NT-proBNP and hemoglobin
concentration were reported to predict long term prognosis not only in patients after
congestive heart failure [5,6] or coronary artery disease [7], but also after exacerbation of
chronic obstructive pulmonary disease or even pneumonia [8,9]. We hypothesized that
hemoglobin levels may be useful for post discharge prognostication after the first episode
of acute pulmonary embolism. Therefore, the aim of the current study was to evaluate a
potential prognostic value of a decreased hemoglobin levels measured at admission due to
the first episode of acute PE for post discharge all cause mortality during at least 2 years
follow up.

2. Material and Methods

This was a prospective, single-center, follow-up, observational, cohort study of con-
secutive survivors of the first PE episode, managed in a single reference centre as part of
the “PE-aWARE” registry (NCT03916302). The PE-aWARE (Pulmonary Embolism WAr-
saw REgistry) is an on-going single-centre prospective observational study of consecutive
patients with confirmed acute pulmonary embolism. Its main objective is to collect and
provide information on patients’ characteristics, management and outcome including short
and long term survival, the frequency of chronic thromboembolic pulmonary hypertension
and recurrences. The diagnosis of PE was objectively confirmed using contrast-enhanced
computed tomography pulmonary angiogram when thromboembolic were visualized in
at least segmental or more proximal pulmonary artery. At the admission due to acute PE
transthoracic echocardiography routine laboratory tests including high-sensitivity troponin
and NT-proBNP were performed. Echocardiographic examination was performed with
a Philips iE 33 system (Philips Medical System, Andover, MA, USA) with 2.5–3.5 MHz
transducers, within the first 24 h after admission. The dimensions of the right and left
ventricles were measured in the four chamber RV focused view and R view at the level
of the mitral and tricuspid valve tips in late diastole, as defined by the R wave of the
continuous ECG tracing. Moreover, during hospitalization of PE index episode information
was collected on PE severity according to ESC risk stratification model which included
hemodynamic stability, right ventricular dysfunction detected at echocardiography or
CTPA, and signs of myocardial injury assessed with elevated troponin plasma levels, and
comorbidities [3] (congestive heart failure, coronary artery disease, chronic lung diseases,
neoplasms). The simplified Pulmonary Embolism Severity Index (sPESI) with 1 point for
each of the following: age > 80 years, history of cancer, chronic cardiopulmonary disease,
pulse ≥ 110 beats/min, systolic blood pressure < 100 mmHg, oxygen saturation < 90% was
calculated for every patient [10]. Patients were managed according to ESC’s current guide-
lines [3]. After the discharge, all PE survivors excluding moribund patients were followed
for at least 24 months in our outpatient clinic. Bed ridden patients with advanced, end
stage generalized cancer, requiring nursing care were regarded as moribund patients. After
the acute PE phase they were transferred from our department to nursing facilities.

All patients were anticoagulated for at least 6 months. The decision to extend antico-
agulation was based on the current ESC recommendations [1,3]. Briefly, anticoagulation
was terminated only in patients with transient major VTE risk factor, while in subjects with
unprovoked PE or when major or intermediate risk factors persisted such as active cancer,
anticoagulation by default was continued undetermined unless high bleeding risk was
present. During the index hospitalization or within 30 days after the discharge all patients
were subjected to a routine age and gender specific screening for neoplasms. Control visits
were performed in a standardized way by one of the coauthors (ODD, SP, AWC). During the
first visit not only clinical status was assessed but it was also focused on results of age and
sex specific cancer screening. During every control visit taking place every 6–9 months rou-
tine diagnostic laboratory tests were performed. After 6 month of anticoagulation patients
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reporting persistent or new onset functional limitations were referred for echocardiography.
Subsequent detailed diagnostic workup was planned by managing physician.

At the end of the follow-up patients underwent a control visit or at least were inter-
viewed by phone. Ninety patients who discontinued outpatient care in our outpatient clinic
mostly due to distant residence or limitation in mobility could not be reached by phone. In
this group information on clinical status, the cause and date of potential death was obtained
from record of National Health Insurance which collects health records of all citizens of
Poland. We recorded all-cause mortality, objectively confirmed VTE recurrences, CTEPH
diagnosed according to ESC criteria [3], severe bleedings according to ISTH criteria [11],
and neoplasm diagnosed during the follow-up.

3. Statistics

Baseline characteristics of patients are presented as parameters or median followed
by interquartile range. The Shapiro–Wilk test was used to identify continuous variables
with a skewed distribution which were then compared using the Mann–Whitney U test or
Chi-square test. All tests were two-sided. For all performed tests p-values of <0.05 were
considered significant. Receiver operating characteristic (ROC) analysis was used to de-
termine the area under the curve (AUC) and the corresponding 95% confidence intervals
(CIs). The prognostic relevance of analyzed parameters was assessed using univariable
analysis, subsequently multivariable analysis was performed with use of logistic regres-
sion, including factors statistically important in univariate analysis Odds ratio (OR) was
calculated for cutoff values identified with Youden index in ROC analysis. All analyses
were performed using the STATISTICA13 data analysis software system (Dell Software,
USA) or the MedCalc data analysis software system (MedCalc Software, Ostend, Belgium).

4. Results

Patients Characteristics and Management

In the current study, we included 402 PE survivors after the first PE episode diagnosed
and managed in our department (216 women and 186 men (aged 62.6 ± 19.51 years) and
subsequently followed in our outpatient clinic for at least 2 years (Table 1). Additional
19 patients with acute PE managed in our department died during the hospital stay or were
moribund patients who after the acute PE phase were transferred from our department
to nursing homes and died shortly after. All those 19 patients were not included into
the current study. At PE diagnosis 53% of all analyzed 402 patients had significant VTE
risk factor: preexisting active neoplasm or diagnosed during the index hospitalization
(18.2% patients), major trauma or surgery (34% patients). At admission intermediate risk
PE was diagnosed in 74.4% of studied patients, while low risk PE and high risk in 21.4% and
4.2%, respectively. After the discharge, all patients were managed in our outpatient clinic
with regular control visits. During the follow-up, new neoplasms were diagnosed in
additional 13 (3.2%) patients.

All patients with detected decreased hemoglobin level below 10 g/dL on admission,
underwent diagnostic work up for its causes during the index hospitalization or within
30 days after the discharge. Eventually, in 12 patients active chronic or acute bleeding was
detected (6 gastro intestinal, 3 urinary tract, 3 central nervous system), while in 21 others
anemia was related to chronic diseases such as chronic kidney disease or hematological
disorders. During the index hospitalization, blood was transfused in order to discharge
them with hemoglobin level above 9 g/dL.

After the discharge, 10% of all patients with transient major risk factors for VTE were
anticoagulated for 6 months only. Moreover, in additional 3.5% subjects anticoagulation
was stopped due to significant bleedings that occurred during follow-up or high bleeding
risk. Additionally, 6 patients (1.5%) decided to stop anticoagulation despite physician
advice. The remaining patients were anticoagulated in the long term.

In 90 patients who could not be reached by phone, clinical status was assessed with
data from records of national health insurance. Due to clinically assessed very compromised
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prognosis based on clinical data and lack of follow-up data including type of anticoagula-
tion they were not included in the analysis.

Table 1. Clinical characteristics and all-cause mortality during follow-up of 402 consecutive
PE survivors.

All Patients
n = 402

Survivors
n = 373

Nonsurvivors
n = 29

p-Value

Female/Male, n 216/186 197/176 19/10 0.19

Age, years 57.5 (18–97) 63 (18–97) 81 (40–93) <0.001

Chronic heart failure, n (%) 71 (17.7%) 63 (16.9%) 8 (27.5%) 0.15

Coronary artery disease,
n (%) 23 (5.7%) 20 (5.4%) 3 (10.4%) 0.25

Chronic lung disease, n (%) 45 (11.2%) 40 (10.7%) 5 (17.3%) 0.28

Active neoplasm at PE diagnosis, n (%) 73 (18.2%) 62 (16.6%) 11 (37.9%) 0.004

Neoplasm diagnosed during follow-up, n (%) 13 (3.2%) 9 (2.4%) 4 (13.8%) <0.001

Unprovoked PE, n (%) 190 (47%) 180 (48%) 10 (34%) 0.21

Major surgery, n (%) 35 (8.7%) 33 (8.8%) 2 (6.9%) Ns

sPESI, points 1.5 (0–5) 1 (0–5) 2 (0–4) <0.001

Low 86 (21.4%) 84 (22.5%) 2 (6.9%)

0.13PE severity, n (%) Intermediate 299 (74.4%) 273 (73.2%) 26 (89.7%)

High 17 (4.2%) 16 (4.3%) 1 (3.4%)

right to left ventricular ratio
> 1 in echo 4 chamber view, n (%) 101 (32.4%) 94 (32.7%) 7 (29.2%) 0.72

LV EF (%) 60 (15–70) 60 (15–70) 60 (20–65) 0.08

Troponin (μg/L) 0.0175
(0.003–1.59) 0.038 (0.003–1.59) 0.074 (0.01–0.8) 0.17

NT-proBNP (pg/mL) 3710.5 (2–28,879) 344.5 (5–28,879) 1440 (74–12,330) 0.004

D-dimer (μg/L) 19,050
(2–111,459) 4558 (2–111,459) 4613 (580–26,945) 0.79

Hemoglobin at admission (g/dL) 10 (3.1–19.3) 13.1 (3.1–19.3) 11.7 (6–14.8) <0.001

Plasma creatinine (mg/dL) 1.04 (0.33–6.5) 0.9 (0.33–5.4) 1 (0.48–6.5) 0.36

estimated glomerular filtration rate
(CockroftGault, mL/min) 89.18 (9.2 ≥ 100) 80.11 (10.9 ≥ 100) 59.52 (9.2 ≥ 100) 0.03

PE—pulmonary embolism, sPESI simplified Pulmonary Embolism Severity Index.

During a 2-year follow-up from the group of 402 consecutive PE survivors, 29 (7.2%)
patients died. There were an additional 19 in-hospital deaths (all-cause 2 years mortality in
432 “all comers” was 11.4%). The latter group was not included in the analysis. Causes of
29 deaths included: severe infection or sepsis (13 cases), fatal bleeding (4 cases), progression
of advanced neoplastic disease (3 cases), congestive heart failure (8 cases), and 1 case of
recurrent VTE. The median time from discharge to death was 239 days varying from 14 to
1901 days. Subjects who died were older than survivors and had higher sPESI driven espe-
cially by a higher frequency of active neoplasms (37.9% vs. 16.6%, p < 0.001). Interestingly,
elevated NT-proBNP level at admission, decreased eGFR and lower hemoglobin level char-
acterized patients who died during the follow-up. Notably, PE severity in the acute phase
assessed by ESC risk stratification model did not influence survival after the discharge.
Multivariable analysis showed that only older age (p < 0.01) and lower hemoglobin level
at admission (p < 0.01) were relevant for survival during the follow-up, while neoplasms
were not.
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We performed receiver operating characteristics analysis for hemoglobin concertation
and for age in the prediction of all-cause mortality after the discharge. For hemoglobin
AUC was 0.688 (95% CI 0.782–0.594), p-value < 0.001; Youden index based on ROC curve
analysis was 13.2 g/dL. AUC for age was 0.735 (95% CI 0.651–0.819), p-value < 0.001 and
age of 64 years was identified with Youden Index (Figure 1).

Figure 1. Receiver Operator Characteristics of haemoglobin concentration at admission and age of
2 year mortality in 402 PE survivors. AUC Area under the curve, CI—confidence interval.

Using ROC curve we selected 2 cut-off point values of hemoglobin level. A group of
59 subjects with hemoglobin at admission below 10.5 g/dL included 10 post-discharge deaths
(mortality rate 16.9%). Thus, this hemoglobin level predicted post-hospital 2-year mortality
with the sensitivity 34.5% (95% CI 17.9% to 54.3%) and specificity 86.7% (95% CI 83.01–90.12%),
PPV of 16.95% (95% CI 9.82–27.66%) and NPV of 5.62% (3.91–8.03%). Moreover, hemoglobin
below 10.5 g/dL increased post-discharge mortality risk with OR of 4.19 (95% CI 1.82–9.65),
p-value < 0.001. Another cut of value, hemoglobin level above 14.3 g/dL indicated low
post-discharge mortality. Among 79 patients with hemoglobin level > 14.3 g/dL only one
death was detected (mortality rate 1.26%). Thus, this cut off value showed high NPV of
98.73% (95% CI 91.84–99.82%), and low PPV of 8.81% (95% CI 8.13–9.53%).

Using age and hemoglobin cut off values defined by Youden index in the ROC analyses
we assessed OR of all cause mortality in 4 groups. The group of patients in age ≥ 64 years
hemoglobin levels < 13.2 g/dL compared to patients in the same age but with >13.2 g/dL
showed OR 3.6 with 95% CI 1.3–10.1 p = 0.012 for death after the discharge. Moreover, when
patients with age < 64 years and Hb ≥ 13.2 g/dL s were used as reference only patients
in age ≥ 64 years hemoglobin levels < 13.2 g/dL showed significant OR for increased
mortality (Table 2).

Table 2. Prognostic value of age and hemoglobin levels in PE survivors.

n Deaths Mortality OR
OR When Group with Age < 64 Years

and Hb > 13.2 g/dL as Reference

Age < 64 years and
Hb > 13.2 g/dL 97 1 1.03%

2.1 95% CI 0.2–23.7,
p = 0.54

1 as reference

Age < 64 years and
Hb < 13.2 g/dL 93 2 2.15% 2.1 95% CI 0.2–23.7, p = 0.54

Age > 64 years and
Hb > 13.2 g/dL 89 5 5.62%

3.6
95% CI 1.3–10.1

p = 0.012

5.7 95% CI 0.7–49.9, p = 0.11

Age > 64 years and
Hb < 13.2 g/dL 118 21 17.80%

20.8
95% CI 2.7–157.6,

p = 0.003
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5. Discussion

The major findings of our study can be summarized as follows. During at least 2 years
of follow-up of a group of 402 consecutive PE survivors 29 (7.2%) patients died. There
were 19 additional in hospital deaths. All-caused 2 years mortality in 432 “all comers”
was 11.4%. It should be underlined that this group of patients who died during hospital
stay or were moribund and were transferred to nursing facilities was not included in
further analysis. In the group discharged home hemoglobin level below 10.5 g/dL assessed
at the admission identifies subjects at risk of increased mortality in long term after the
discharge due to the first PE episode with OR of 4.19 (95% CI 1.82–9.65), p-value < 0.001.
Whereas hemoglobin levels above 14.3 g/dL indicate a benign clinical course during
follow-up. Moreover, since increased age and decreased hemoglobin levels were found
to be significant in multivariable analysis we especially patients in advanced age with
low haemoglobin level are at risk of post discharge mortality. The group of patients in
age ≥ 64 years hemoglobin levels < 13.2 g/dL compared to patients in the same age but
with >13.2 g/dL showed OR 3.6 with 95% CI 1.3–10.1 p = 0.012 for death after the discharge.
We suggest that specially elderly PE survivors with decreased hemoglobin levels should
be carefully supervised and followed. Austin Chin Chwan Ng et al. showed that lower
serum hemoglobin and elevated troponin-T ≥ 0.1 μg/L at the time of PE are independent
predictors of long-term mortality post PE [12].

It was reported that anemia, with hemoglobin levels < 13.0 g/dL in male adults and
<12.0 g/dL in female adults, is an independent predictor of reduced exercise capacity,
quality of life, and recurrent hospitalizations [13]. Moreover, anemia has been shown
to be associated with increased mortality in both acute and chronic heart failure [14–16].
McCullough et al. reported that anemia in patients with heart failure is independently
associated with an excess hazard for all-cause mortality and all-cause hospitalization [17].
Chronic and acute anemia lead also to poor outcomes in myocardial infarction and is
a marker of an increased risk in one-year cardiovascular mortality in patients with ST
elevation myocardial infarction [18,19]. In our study, patients with hemoglobin levels at
hospital admission below 10.5 g/dL had the most severe prognosis, and among those
whose concentration was above 14.3 g/dL, the prognosis was definitely better. There was
only one death among 79 patients with hemoglobin levels above 14.3 g/dL.

NT-proBNP has been evaluated to stratify risk in patients with acute PE and remains
the only biomarker that seems to be a strong predictor of 30-day prognosis [20]. Effects on
short-term survival of troponin and creatinine concentrations have also been reported [21].
However, NT-proBNP was reported to be a good risk stratification marker in identifying
low-risk patients who could be treated in an outpatient setting [22]. Despite the fact that
NT-proBNP levels are predictors for adverse long-term outcomes in patients with known
heart failure or pulmonary arterial hypertension [23], Bassan et al. showed that BNP
measured at hospital admission in patients with non ST elevation acute coronary syndrome
is a strong, independent predictor of very long-term all-cause mortality [24]. There is
a lack of data on the effect of NT-proBNP on admission on distant complications after
pulmonary embolism.

There are few reports of a post-pulmonary embolism follow-up [25,26], and there are
hardly any that link data from the acute period of the disease to distant sequelae. Prog-
nostic factors such as biomarker levels contribute to long-term morbidity after pulmonary
embolism and are not fully elucidated. Although several studies have reported that among
the survivors of an acute PE there is an ongoing increased risk of death long-term [27,28],
current guidelines from ESC provide the same recommendation for follow-up after PE
regardless of the expected survival and long-term outcome [3]. Identifying acute PE predic-
tors of long-term mortality would allow to develop a detailed plan of care for PE patients
with the worst prognosis.

In our study, nearly 400 PE patients were followed for at least 24 months. Elevated
NT-proBNP and lower hemoglobin levels in the acute phase showed a significant impact
on the prognosis and clinical outcomes in PE survivors.
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6. Limitations of the Current Study

This is a single center study performed in a referral center focused on the management
of venous thromboembolism both in the acute phase and in outpatient care. Causes of
deaths were extracted from data of health insurance and were not adjudicated. Therefore,
the results of the current study should be interpreted with caution.

7. Conclusions

Lower haemoglobin measured in the acute phase especially in patients in age above
64 years showed significant impact on the prognosis and clinical outcomes in PE survivors.
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CTEPH chronic thromboembolic pulmonary hypertension
CI confidence intervals
ESC European Society of Cardiology
HR heart rate
ISTH International Society on Thrombosis and Haemostasis
MD mean/median differences
NPV negative predictive value
NT-proBNP N-terminal pro-brain natriuretic peptide
OR odds ratio
PE pulmonary embolism
PH pulmonary hypertension
PPV positive predictive value
RHC right heart catheterisation
sPESI simplified Pulmonary Embolism Severity Index
ROC receiver operating characteristic
VTE venous thromboembolism
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20. Akgüllü, Ç.; Ömürlü, I.K.; Eryılmaz, U.; Avcil, M.; Dağtekin, E.; Akdeniz, M.; Güngör, H.; Zencir, C. Predictors of early death in
patients with acute pulmonary embolism. Am. J. Emerg. Med. 2015, 33, 214–221. [CrossRef]

21. Vuilleumier, N.; Le Gal, G.; Verschuren, F.; Perrier, A.; Bounameaux, H.; Turck, N.; Sanchez, J.-C.; Mensi, N.; Perneger, T.;
Hochstrasser, D.; et al. Cardiac biomarkers for risk stratification in non-massive pulmonary embolism: A multicenter prospective
study. J. Thromb. Haemost. 2009, 7, 391–398. [CrossRef]

22. Hendricks, S.; Dykun, I.; Balcer, B.; Totzeck, M.; Rassaf, T.; Mahabadi, A.A. Higher BNP/NT-pro BNP levels stratify prognosis
equally well in patients with and without heart failure: A meta-analysis. ESC Heart Fail. 2022. [CrossRef] [PubMed]

23. Boucly, A.; Weatherald, J.; Savale, L.; Jaïs, X.; Cottin, V.; Prevot, G.; Picard, F.; de Groote, P.; Jevnikar, M.; Bergot, E.; et al. Risk
assessment, prognosis and guideline implementation in pulmonary arterial hypertension. Eur. Respir. J. 2017, 50, 1700889.
[CrossRef] [PubMed]

24. Bassan, F.; Bassan, R.; Esporcatte, R.; Santos, B.; Tura, B. Very Long-Term Prognostic Role of Admission BNP in Non-ST Segment
Elevation Acute Coronary Syndrome. Arq. Bras. Cardiol. 2016, 106, 218–225. [CrossRef] [PubMed]

25. Kahn, S.R.; Houweling, A.H.; Granton, J.; Rudski, L.; Dennie, C.; Hirsch, A. Long-term outcomes after pulmonary embolism:
Current knowledge and future research. Blood Coagul. Fibrinolysis Int. J. Haemost. Thromb. 2014, 25, 407–415. [CrossRef]
[PubMed]

26. Konstantinides, S.V.; Barco, S.; Rosenkranz, S.; Lankeit, M.; Held, M.; Gerhardt, F.; Bruch, L.; Ewert, R.; Faehling, M.; Freise, J.; et al.
Late outcomes after acute pulmonary embolism: Rationale and design of FOCUS, a prospective observational multicenter cohort
study. J. Thromb. Thrombolysis 2016, 42, 600–609. [CrossRef]

20



J. Clin. Med. 2022, 11, 7100

27. Heit, J.A.; Silverstein, M.D.; Mohr, D.N.; Petterson, T.M.; O’Fallon, W.M.; Melton, L.J., III. Predictors of survival after deep vein
thrombosis and pulmonary embolism: A population-based, cohort study. Arch. Intern. Med. 1999, 159, 445–453. [CrossRef]

28. Klok, F.; Zondag, W.; Van Kralingen, K. Patient Outcomes after Acute Pulmonary Embolism: A Pooled Survival Analysis of
Different Adverse Events. Am. J. Respir. Crit. Care Med. 2010, 181, 501–506. [CrossRef]

21





Citation: Kasiak, P.S.; Buchalska, B.;

Kowalczyk, W.; Wyszomirski, K.;

Krzowski, B.; Grabowski, M.; Balsam,

P. The Path of a Cardiac

Patient—From the First Symptoms to

Diagnosis to Treatment: Experiences

from the Tertiary Care Center in

Poland. J. Clin. Med. 2022, 11, 5276.

https://doi.org/10.3390/jcm11185276

Academic Editors: Michał Ciurzyński
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Abstract: Cardiovascular diseases (CVDs) are major concerns in the healthcare system. An individual
diagnostic approach and personalized therapy are key areas of an effective therapeutic process. The
major aims of this study were: (1) to assess leading patient problems related to symptoms, diagnosis,
and treatment of CVDs, (2) to examine patients’ opinions about the healthcare system in Poland, and
(3) to provide a proposal of practical solutions. The 27-point author’s questionnaire was distributed in
the Cardiology Department of the Tertiary Care Centre between 2nd September–13th November 2021.
A total of 132 patients were recruited, and 82 (62.12%; nmale = 37, 45.12%; nfemale = 45, 54.88%) was
finally included. The most common CVDs were arrhythmias and hypertension (both n = 43, 52.44%).
23 (28.05%) patients had an online appointment. Of the patients, 66 (80.49%) positively assessed
and obtained treatment, while 11 (13.41%) patients declared they received a missed therapy. The
participants identified: (1) waiting time (n = 31; 37.80%), (2) diagnostic process (n = 18; 21.95%), and
(3) high price with limited availability of drugs (n = 12; 14.63%) as the areas that needed the strongest
improvement. Younger patients more often negatively assessed doctor visits (30–40 yr.; p = 0.02) and
hospital interventions (40–50 yr.; p = 0.008). Older patients (50–60 years old) less often negatively
assessed the therapeutic process (p = 0.01). The knowledge of the factors determining patient
adherence to treatment and satisfaction by Medical Professionals is crucial in providing effective
treatment. Areas that require the strongest improvement are: (1) waiting time for an appointment
and diagnosis, (2) limited availability and price of drugs, and (3) prolonged, complicated diagnostic
process. Providing practical solutions is a crucial aspect of improving CVDs therapy.

Keywords: cardiologic care; cardiovascular disease; diagnosis; quality of care; treatment

1. Introduction

Cardiovascular diseases (CVDs), primarily ischemic heart disease and stroke, are one
of the leading causes of death worldwide [1,2]. Despite numerous efforts, the prevalence
and incidence of CVDs are still rising, especially in low- and middle-income countries [1].
Hence, it is of the highest importance to develop new, effective methods of treatment and
implement them in health care systems [3]. If the introduced changes should be effective
and respond to the patient’s needs, it is crucial to acknowledge physicians with the current
requirements and the areas that need improvement [3]. As part of the patients’ involvement,
it is also worth knowing what they pay attention to during their hospitalization and
appointments. It will further facilitate physicians’ cooperation with patients and provide
more personalized therapy.

Individualized treatment and diagnostic approaches are essential elements of effective
therapy [2,4]. It is especially important in CVD management, as CVDs affect all ages and
social groups, and numerous diseases could be treated in outpatient circumstances [1,5]. A
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correctly implemented treatment protocol facilitates the development of patient compliance,
which remains the main pillar of the cardiological care [4,5]. Developing the patient’s
voluntary rigor (i.e., regularity in taking medications, measuring the blood pressure, heart
rate, and other vital functions, as implementing proper lifestyle changes) and compliance
with medical recommendations reduces the overload on particular hospital departments [5].

Currently, many variables are described as negatively affecting adherence to rec-
ommendations provided by medical professionals [6]. The main predictors are lack of
understanding of the treatment protocol and goals of the therapy, insufficient patient health
education, and factors related to the limited availability of drugs, their high price, and
long waiting times for appointments [7]. However, the problem with developing unified
compliance recommendations is the constantly changing attitude of patients, their expec-
tations, and areas of healthcare where improvement is required [8,9]. Hence, providing
comprehensive reports and collecting therapy outcomes in hospitals of all levels of specialty
(including primary, secondary, and tertiary care Centers) is a crucial element in increasing
the effectiveness of the health care system.

We assume that the improvement of the effectiveness of the health care system, and
in particular the field of cardiology, will increase patient satisfaction with the therapy and
have a positive impact on their compliance.

The aims of this study were: (1) to assess patients’ opinions about the recommenda-
tions they receive from their attending physicians, (2) to recognize the steps the patients
are taking to obtain a diagnosis of their symptoms, and (3) to identify the main ways of
knowledge that patients use for self-education about their CVDs, (4) to point out major
areas that require improvement, and (5) provide the direction of potential changes in the
healthcare sector.

2. Materials and Methods

2.1. General Study Design and Data Collection Process

The questionnaire was fulfilled by 132 patients from the cardiology department at
the tertiary care diagnostic center (University Clinical Center of the Medical University of
Warsaw; https://uckwum.pl/, accessed on 17 July 2022). Data were collected at (1) the
Clinical Department of General Cardiology, and (2) the Department of Intensive Cardiac
Care. The clinic consists of 4 sub-departments and offers a wide spectrum of diagnostics and
treatment, from basic procedures (Echocardiography), through more specialized (Cardiac
ablation) to highly advanced (TricValve®; P+F Products & Features GMBH, Wessling,
Germany). The inclusion criteria were: (1) admission to the hospital at the cardiology
department, (2) answering all questions (no empty fields). In order to maximize the
credibility of the analyzed data and to exclude people with unviable and lacking answers
(with a high risk of misunderstanding the survey and study assumptions), the data-cleaning
process was applied. All participants met criterion number 1. Patients who did not meet
criterion number 2 were excluded from further analysis (n = 50; 37.88%). A total of 82
patients (62.12%) met all inclusion criteria. Data were collected from 2 September 2021 to
13 November 2021. The patient’s name and the room they were staying in the clinic were
noted during hospital admission (only clinicians know the patients’ data). This enabled
verification of patients and ensured that no one completed the questionnaire more than
once, but also that all patients fulfilled the form. The questionnaire did not include the
question for name or surname; therefore, it was fully anonymous. Patients received a
questionnaire during their hospital admission. Data were obtained via in-person meetings
with the usage of the paper survey or via the online form. The participant could receive
a link to an interactive questionnaire and complete it during the hospital stay from any
device at any time. The terms of participation in the study and data anonymity regulations
were described at the beginning of the form. By completing the survey, participants gave
their informed consent to participate in the study. Participation in the study was fully
voluntary. Patients did not receive any financial or material benefits for completing the
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questionnaire. According to the regulations of the Bioethics Committee of the Medical
University of Warsaw, the study did not require registration and further consent.

2.2. Construction of the Questionnaire

The 27-point questionnaire was prepared and jointly agreed upon by experts and
physicians from the hospital’s cardiology clinic. The survey consisted of the author’s
original questions related to (1) demographic data of participants, (2) past medical history,
(3) diagnostic process, (4) current medical conditions and therapeutic process, (5) personal
thoughts about the disease and health care sector. The survey consisted of two types of
questions—(1) closed (n = 17) and (2) open (n = 10)—in which patients could provide their
own answers. In the last two questions, participants could express their own thoughts
about the disease and feelings related to the therapeutic process or health care system
functioning in Poland. The original questionnaire form is available in the printed English
version at the Supplementary Material (S1—Questionnaire form) and in the Polish online
version via the link (https://docs.google.com/forms/d/e/1FAIpQLSf97PdpxCVIraD_
ZWgNMabAR8kRbDPacouAbqO3zUoxuRqtKg/formResponse; accessed on 17 July 2022).

2.3. Data Analysis

The data were exported to the Excel spreadsheet (Microsoft Corporation, Redmond,
WA, USA). Statistical analysis was performed in the STATISTICA software (version 13.3,
StatSoft Polska Sp. z o.o., Kraków, Poland) and SPSS software (version 28; IBM SPSS,
Chicago, IL, USA). Basic calculations were made, and categorical data were calculated as
numbers (n) with percentages (%). General linear models and one-way ANOVA [10,11]
were applied to assess correlations between clinical and demographic variables and were
presented in accordance with the unified APA guidelines [12]. The results were additionally
presented with the usage of 95% confidence intervals (CI). The borderline for statistically
significant results was defined as p-value = 0.05. Graphical abstract was created with
BioRender.com (https://biorender.com/, accessed on 26 July 2022; BioRender, Toronto,
ON, Canada).

3. Results

3.1. Study Group Characteristic

We collected surveys from 82 patients. Of the patients, 37 (45.12%) were females and
45 (54.88%) were males. The majority of the patients (n = 57; 69.51%) were above 60 years
old, while 13 (15.85%) patients were between 50–60 years old, 7 (8.54%) were 40–50 years
old, and 5 (6.10%) individuals were 30–40 years old. The most common conditions and
complexes the patients were diagnosed with depending on their age are presented in
Table 1. Briefly, the most frequent were arrhythmias (n = 43; 52.44%) and hypertension
(n = 43; 52.44%). Table 2 presents the symptoms experienced by the patients stratified
by age. The most frequently reported symptom was dyspnea (n = 26; 31.71%). A total
of 38 (46.34%) patients were reading about their symptoms on the Internet. A total of
62 (75.61%) patients had diagnostic tests. The diagnostic tests were reimbursed to the
majority of the patients (n = 63; 76.83%), and 17 (20.73%) of them had private health
insurance. A total of 61 (74.39%) patients had an attending physician. The first step in the
diagnostic investigation was an examination by the physician (n = 45; 54.88%) as presented
in Table 3. Most of the patients had control appointments, which usually occurred every
3 months (n = 38; 46.34%). Only 23 (28.05%) patients had an online appointment with
a cardiologist (n = 6; 7.32% had a paid fee for an online appointment). The majority of
patients (n = 66; 80.49%) felt “taken care of” at the hospital. In total, 33 (40.24%) patients
reported that cardiac disease negatively affects their daily living. Only 11 (13.41%) patients
said that the therapies they received were missed. The most frustrating elements in the
diagnostic process were the appointments with the doctors (n = 31; 37.81%), medical tests
(n = 18; 21.95%), and the purchase of medications (n = 12; 14.63%). Figure 1 shows duration
of the diagnostic investigations.
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Table 1. Conditions and complexes which the patients were diagnosed with. Data are additionally
stratified by age and presented as the number of patients with a percentage of the whole population
or a particular subgroup.

Condition/Complex Whole Population 30–40 Years 40–50 Years 50–60 Years >60 Years

n of
Patients

% of the
Group

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

Arrythmias 43 (52.44%) 3 (6.98%) 4 (9.30%) 5 (11.63%) 31 (72.09%)

Hypertension 43 (52.44%) 3 (6.98%) 4 (9.30%) 8 (18.60%) 28 (65.12%)

Overweight 25 (30.49%) 1 (4.00%) 4 (16.00%) 6 (24.00%) 14 (56.00%)

Type 2 diabetes
mellitus 24 (29.27%) 1 (4.17%) 2 (8.33%) 6 (25.00%) 15 (62.50%)

Coronary artery
disease 23 (28.05%) 0 (0.00%) 0 (0.00%) 5 (21.74%) 18 (78.26%)

Heart failure 17 (20.73%) 2 (11.76%) 1 (5.88%) 3 (17.65%) 11 (64.71%)

Hypercholesterolemia 14 (17.07%) 0 (0.00%) 3 (21.43%) 2 (14.29%) 9 (64.29%)

Chronic pulmonary
disease 13 (15.85%) 0 (0.00%) 2 (15.38%) 1 −7.69% 10 −76.92%

Hypothyroidism 13 (15.85%) 0 (0.00%) 3 (23.08%) 2 (15.38%) 8 (61.54%)

Depression 10 (12.20%) 2 (20.00%) 1 (10.00%) 2 (20.00%) 5 (50.00%)

Atherosclerosis 9 (10.98%) 0 (0.00%) 0 (0.00%) 0 (0.00%) 9 (100.00%)

Valvular heart
disease 5 (6.10%) 0 (0.00%) 2 (40.00%) 1 (20.00%) 2 (40.00%)

Table 2. Symptoms reported by the patients during the diagnostic process. Data are additionally
stratified by age and presented as the number of patients with a percentage of the whole population
or a particular subgroup.

Symptom Whole Population 30–40 Years 40–50 Years 50–60 Years >60 Years

n of
Patients

% of the
Group

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

Dyspnea 26 (31.71%) 2 (7.69%) 2 (7.69%) 5 (19.23%) 17 (65.38%)

Pain in the chest 20 (24.39%) 1 (5.00%) 2 (10.00%) 2 (10.00%) 15 (75.00%)

Exertion fatigue 20 (23.17%) 3 (15.00%) 2 (10.00%) 2 (10.00%) 13 (65.00%)

Palpitations 19 (20.73%) 2 (10.53%) 1 (5.26%) 2 (10.53%) 14 (73.68%)

Tiredness 17 (9.76%) 1 (5.88%) 1 (5.88%) 2 (11.76%) 13 (76.47%)

Fainting 8 (3.66%) 1 (12.50%) 2 (25.00%) 2 (25.00%) 3 (37.50%)

Edema 3 (3.66%) 0 (0.00%) 2 (66.67%) 0 (0.00%) 1 (33.33%)

Cough 3 (31.71%) 1 (33.33%) 0 (0.00%) 0 (0.00%) 2 (66.67%)

Table 3. The first step in the diagnostic process. Data are additionally stratified by age and pre-
sented as the number of patients who declared a particular step as the first during the diagnostic
process and the percentage of the whole population or a particular subgroup. Abbreviations: GP,
general practitioner.

First Diagnostic Step Whole Population 30–40 Years 40–50 Years 50–60 Years >60 Years

n of
Patients

% of the
Group

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

n of
Patients

% of the
Subgroup

Reimbursed
examination by the GP 45 (54.88%) 3 (6.67%) 5 (11.11%) 6 (13.33%) 31 (68.89%)

Examination by the
cardiologist 18 (21.95%) 2 (11.11%) 2 (11.11%) 2 (11.11%) 12 (66.67%)

Calling an ambulance 9 (10.98%) 0 (0.00%) 0 (0.00%) 2 (22.22%) 7 (77.78%)

Appointment at the
hospital 6 (7.32%) 0 (0.00%) 1 (16.67%) 1 (16.67%) 4 (66.67%)

Paid examination by
the GP 4 (4.88%) 0 (0.00%) 0 (0.00%) 1 (25.00%) 3 (75.00%)
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Figure 1. The time in which the patients obtained definitive diagnosis. Data are presented as the
number of patients and the percentage of the whole population.

3.2. Clinical Characteristic

The females more commonly received the diagnosis of hypothyroidism (p = 0.02,
F[1, 63] = 5.49), and males more frequently received the diagnosis of valvular heart disease
(p = 0.04, F[1, 63] = 4.35). Younger patients (30–40 years old) pointed out that the appoint-
ments with the doctor were the most frustrating elements in the diagnostic process (p = 0.02,
F[1, 61] = 5.83). Furthermore, they more often bought the drugs on the Internet or did not
buy any drugs at all, rather than buying drugs at the pharmacy (p = 0.04, F[1, 61] = 4.38).
Patients aged 40–50 years rated the hospital interventions as the most frustrating (p = 0.008,
F[1, 61] = 7.54). Patients aged 50–60 years less frequently had atherosclerosis than other
conditions (p = 0.03, F[1, 62] = 5.06). However, the oldest patients (above 60 years of age)
more commonly were diagnosed with atherosclerosis than with other conditions (p = 0.0007,
F[1, 62] = 12.68), and rated the medical tests less frustrating (p = 0.01, F[1, 61] = 7.08). For
further analysis related to the clinical characteristics of participants see Figure 2.

3.3. Open Questions

The questionnaire also contained open questions numbers 26 and 27. Patients could
express their own opinions and add commentaries about CVD-related lifestyle restrictions
and online appointments. Descriptive responses acquired from each patient are presented
in Supplementary material (S2—Answers in open questions). Briefly, participants mostly re-
ported the negative impact of their CVD on numerous lifestyle areas, indicating worsening
workability, and a decrease in physical fitness. Individuals also declared that daily activities
such as shopping or household chores are more difficult for them. Patients underlined that
they prefer stationary visits to online methods. They indicated the possibility of performing
a wider spectrum of diagnostic tests and direct contact with their attending physician
as a major advantage of in-person appointments. Respondents expressed their negative
thoughts about the medical care system in Poland, pointing out its ineffectiveness, long
waiting times, and lack of receiving proper treatment recommendations. The answers
varied in characteristics and length, from single comments to multi-sentence statements. A
minority of the respondents claimed a positive outcome, mostly expressing gratitude to
medical professionals for their work.

27



J. Clin. Med. 2022, 11, 5276

Figure 2. The results of general linear models. (A) The frustration of the appointment at the doctor
in the group of patients aged between 30 and 40 years. (B) The method of buying the drugs in the
group of patients aged between 30 and 40 years. (C) The occurrence of atherosclerosis in the group of
patients aged between 50 and 60 years. (D) The occurrence of hypothyroidism in males and females.
(E) The frustration of the medical tests in the group of patients aged above 60 years. (F) The occurrence
of valvular heart disease in males and females. (G) The frustration of the hospital interventions in the
group of patients aged between 40 and 50 years. (H) The occurrence of atherosclerosis in the group of
patients aged above 60 years. Panels show box-and-whiskers plots. The panels present the statistical
relationship between particular variables at the X and Y axes. The longer the whiskers are and the
more centrally the median point is located between variables, the weaker correlation between the
two variables presented at the X and Y axes.

28



J. Clin. Med. 2022, 11, 5276

4. Discussion

In this study, we present the variable opinions of patients from a highly specialized
cardiology clinic at a tertiary care center in Poland. The unquestionable advantage of this
study is the protocol of data collection. All questionnaires were obtained from registered
and other individuals. Data were provided during in-person meetings or in an online-based
controlled setting, which maximized the credibility of the received responses. It allowed
for reliable conclusions, and the data collected in this way provide valuable material for
the preparation of practical solutions and recommendations.

The novelty of this study is also its comprehensive approach because our survey covers
various stages of cardiac care, from the occurrence of the earliest symptoms, by obtaining a
definitive diagnosis, to the undergoing full treatment process. We also examined additional
patients’ opinions on medical education, their sources of health knowledge, attitudes to
attending physicians, etc.

Finally, we prepared a set of practical recommendations and solutions, the implemen-
tation of which should increase the effectiveness of cardiological care, and thus positively
impact the patient’s compliance.

The study population was mostly the elderly, above 60 years of age, which is commonly
seen in the case of CVDs [13]. This implies that diagnostic investigations should be
specifically accustomed to older patients so that they will receive the proper treatment.

The majority declared they felt “taken care of”, which is one of the indicators of
receiving good healthcare and proper diagnostic procedures [14]. Our results are in line
with those provided by Deaton et al., because in other hospitals CVD patients also are
satisfied with the amount of care they receive [15].

However, as much as 40% of our patients reported that they have a decreased quality
of life due to CVD, which negatively affected their daily living. Unfortunately, a decreased
quality of life is commonly seen in people with CVDs [16,17]. Thus, we explored one of the
areas where special efforts have to be made in improving the well-being of the patients.
Perhaps that could be achieved by additional psychological and social care [18], as CVD
is associated with numerous limitations in variable lifestyle areas such as occupational
abilities [19], and these restrictions strongly affect mental health as well.

As the most frequently reported constraints were worsening workability, and a de-
crease in physical fitness, the patients should receive the appropriate rehabilitation after
the treatment to overcome the inconveniences [20,21]. We propose simple solutions that
could be considered by employers to include: (1) modification of the work mode, e.g., by
limiting night or unbroken shifts, and (2) extending the number of vacation/rest days for
patients with CVD. There is also a wide field for the application of medical rehabilitation
and fitness training [21,22]. During visits and at discharge from the hospital, patients
should receive personalized recommendations from their attending physicians regarding
physical activity, its amount (i.e., number of sessions per week), form (i.e., strength or
cardio training, yoga, etc.), and intensity (based on “speech test”, percentage of maximal
heart rate, oxygen uptake, or subjective feeling) [23]. A similar solution has already been
introduced at the University Clinical Center of the Medical University of Warsaw, referred
to as Managed Care after Acute Myocardial Infarction (“KOS-zawal”). Wita et al. found that
cardiac post-infarction rehabilitation can reduce mortality by as much as 45%. Moreover,
the data suggest that patients are satisfied with such a treatment protocol despite it being
implemented only as part of outpatient hospital care [24].

The patients also highlighted the negatives associated with healthcare in Poland such
as ineffectiveness, long waiting times, and lack of receiving proper treatment recommen-
dations. This may be due to a lack of human resources, shortened appointment time
spent for discussing and explaining doubts, as well as the lack of funding for the hospital
sector [25,26]. Government investments [27] in medical education (e.g., by increasing the
number of universities, places of internships, and improving the current education envi-
ronment) would allow not only an increase in the number of graduates but also primarily
increase the number of specialist doctors [28,29]. The general practitioner is responsible
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for screening tests and long-term monitoring of a CVD patient [30,31], whereas the spe-
cialist is responsible for definitive diagnosis and prescribing advanced, patient-centered,
and individualized treatment [32,33]. In an effective cardiac care scheme, the role of both
specialists—general practitioners and specialists, and their collaboration is crucial. What
is more, general practitioners in Poland are overworked. Hence, it is difficult for them to
conduct effective screening tests, and therefore patients are later admitted to a specialized
diagnostic center. Thus, they are presented with more advanced conditions [34].

To summarize, all these factors contribute to the lengthened time needed to make a
proper diagnosis and, perhaps, could provide missed therapies. Consequently, the above-
described variables lower the patient’s compliance, their tendency to trust the medical
professionals, and let them provide and control a comprehensive therapeutic process [6,35].
Moreover, those factors favor the patient’s search for alternative and faster methods of
treatment which often are not supported by evidence-based medicine and derive from
beliefs and subjective feelings [35].

4.1. Further Studies Directions

As this study was the first use of the questionnaire, it has not yet been externally
validated in other populations. To improve the precision and accuracy of the quality of
life assessment for cardiologic patients, we recommend further studies which apply our
questionnaire for varied populations (both healthy and clinical), and perhaps pair it with
other well-studied, validated quality of life questionnaires (i.e., WHOQOL-100 [36] and the
WHOQOL-BREF [37]).

As our study was conducted at a tertiary care hospital in Poland and this study
is single-center experience, the results will be most valuable locally and regionally to
improve the quality of care provided in Poland. We recommend that further studies should
compare our questionnaire and similar forms (i.e., CMS-mandated HCAHPS survey [38])
to investigate its transferability.

4.2. Limitations

Some limitations should be mentioned when analyzing the results. The study group is
primarily small, and further populational studies on wider samples should be conducted
(perhaps including patients from local hospitals to enrich sample variability). The incidence
of certain diseases (e.g., arrhythmias) may differ from the general characteristics due to the
specialization profile of the hospital. Moreover, the declared diseases of the patients have
not been verified with the actually diagnosed ones in their medical documentation. Hence,
a few inaccuracies may occur as patients are not always able to accurately define their
condition [39]. We did not ask patients about their economic status and individuals with
higher salaries could describe the treatment and particular procedures as expensive in other
conditions than those with lower income. Thus, our outcomes have to be interpreted care-
fully. Due to the data’s self-reported characteristics, they could be subjective. To minimize
the impact of the above-mentioned limitations, we applied an additional data cleaning
protocol and provided precise instructions for each part of the questionnaire. Moreover, we
recommend further studies of similar protocols on variable and wide populations at all
levels of cardiac care.

5. Conclusions

CVD patients assessed the effectiveness of the cardiac care system in Poland as mod-
erate with numerous areas requiring improvement. Despite, the majority being declared
“taken care of”, younger participants often reported negative outcomes. The areas that
were most commonly indicated as needed improvement were the availability and price of
drugs, as well as waiting time for and the quality of medical appointments. Knowledge
about the current situation and patient opinions provides valuable information for medical
professionals and should be used in the development of long-term programs to increase
the effectiveness of healthcare systems.
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Abstract: Smoking is a leading cause of preventable mortality. It affects both the health and economic
situation within societies. The aim of the study is to perform an epidemiological analysis of smoking
among professionally active adults in Poland in the years 2016–2020 and its Strong Relationship
with Cardiovascular Co-morbidities. The article retrospectively analyzed the records of 1,450,455
who underwent occupational medicine examinations between 2016 and 2020. Statistical analyses
performed using IBM SPSS Statistics 25 software were performed. In general, irrespective of the
year of measurement, 11.6% of women and 17.1% of men declared smoking. After sorting by year of
measurement, we found that the percentage of female smokers was decreasing, while that of males
remained relatively consistent. In the case of BMI, it was found that among tobacco smokers the
percentage of people with normal body weight decreases with successive years of measurement,
while the percentage of overweight and level I obesity increases. Moreover, we analyzed in detail
the occurrence of particular comorbidities in the group of people who declared smoking. The most
common diseases in this group were: arterial hypertension (39%), lipid disorders (26.7%), and
hypertension and lipid disorders (16.5%). Active preventive measures are necessary to reduce the
number of smokers and the negative impact of smoking on the occurrence of comorbid diseases.

Keywords: cardiovascular diseases; cigarette smoking; professionally active adult population

1. Introduction

The proportion of cigarette smokers in Europe remains high, with around 21% of
adults reporting that they are active smokers [1]. However, cohort studies performed
in Europe present the percentage of smokers in the group of 16–20-year-olds as being
in decline. This phenomenon is observed in all parts of Europe (Northern, Eastern, and
Western Europe) except Southern Europe, where smoking has remained at levels since 1990.
The initiation rate in early adolescence (11–15 years) has increased since 1990, especially in
Western Europe. The lowest rates of tobacco initiation are observed in Western Europe [2].

In recent years, there has been a decline in the percentage of people who declare
themselves smokers. This is attributed to restrictions introduced by individual European
countries [3,4]. The Framework Convention on Tobacco Control is a further impetus in
the global fight against smoking [5]. However, studies on the age of initiation of smoking
are still missing–according to the 2015 Eurobarometer, 19% of Europeans started smoking
before the age of 15 [6].
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Since 2015, active smoking has been linked to more than five million deaths per year
coming from an estimated one billion smokers, while around 600,000 deaths are explained
by exposure to passive smoking [7].

Smoking is a leading cause of preventable mortality. It is one of the factors that increase
the risk of respiratory diseases, allergies, cardiovascular diseases, and cancer [8]. Young
people whose organs are still developing are particularly vulnerable to these diseases.
There are many studies that show that exposure to the effects of smoking during the growth
period can have a significant impact on health between generations [9–11]. In addition,
smoking cessation significantly reduces the risk of cancer and heart disease after 12 months
of not smoking [12]. Ultimately, people who smoke tobacco products for many years have
a lower willingness to quit smoking [13], which results from addiction and low motivation
to change their habits [13,14].

Smoking tobacco affects both the health and economic situation within a society.
Research by Baker [15] confirmed that tobacco smoking increases absenteeism and decreases
professional activity at work among employees from the USA, Europe, and China. These
trends improved significantly after cessation of smoking–workers who quit smoking up to
four years prior experienced both significant increases in work productivity and fewer days
of absence from work. Other studies have shown that US workers who smoke cigarettes
lose an average of 2–3 working days per year due to health consequences when compared to
workers who have never smoked [16–18]. Studies conducted in the Netherlands, Germany,
and China gave similar results [19–21].

Apart from individual health disorders and occupational troubles, smoking entails
very high collateral monetary costs. These are mainly felt as the added costs of providing
health care to workers for treatment of diseases resulting from long-term smoking. Still,
farther-reaching costs arise from aggregate losses to countries as a result of early smoking
mortality [22].

Proper communication between the doctors and patients disclosing their smoking
is a very significant factor. Doctors rarely recommend quitting smoking among older
adults [23], mainly because the patient is highly addicted or lacks tangible health benefits.
However, it is worth noting that quitting smoking in old age may still bring significant
health benefits, extend life expectancy and quality [24], and reduce the risk of disability [25].
In addition, quitting smoking can significantly increase the potential benefits for employers,
employees, and society as a whole [26].

One of the primary difficulties in developing programs to change the habits of smokers
is understanding the more fundamental causes of tobacco addiction; analysis of the ages
at which smoking initiation takes place also seems to be important–it should be noted,
however, that most publications focus only on the sheer prevalence of smoking in societies.
Understanding the reasons underlying tobacco use would almost certainly allow for the
development of more effective prevention strategies. Current research indicates that
undertaken actions are most effective in lower socioeconomic groups [27].

There have been multiple approaches taken to broadly curb tobacco use. One pre-
ventive approach was increasing the price of a pack of cigarettes. Analyses show that
this mainly affected young people whose budgets tend to be more sensitive to price in-
creases [28]. Another approach–limiting exposure to tobacco product advertising–was also
introduced [29]. The most direct measure–introducing bans on smoking in public places–
failed to yield any clear conclusions supporting its efficacy in reducing the percentage of
people using tobacco products. European studies conducted in 2019 [30] show that raising
prices for tobacco products and limiting places where it is permissible to smoke reduces the
number of active smokers mainly in adults up to 65 years of age; the reverse relationship is
visible in people over 65 years of age.

Post-quitting productivity gains have prompted many employers to support workers
in quitting smoking by investing in tobacco cessation programs and behavioral interven-
tions [31]. Employers incurring the costs of implementing smoking cessation programs
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also see measurable benefits–the average duration of professional activity of non-smokers
is longer than that of active smokers [32].

The aim of the study is to perform a cross-sectional study of smoking among profes-
sionally active adults in Poland in the years 2016–2020 and its Strong Relationship with
Cardiovascular Co-morbidities.

2. Materials and Methods

The article retrospectively analyzed the subsequent records of professionally active
adults who underwent occupational medicine examinations between January 2016 and
April 2020. In total, the results of 1,450,455 initial, control, and periodic visits as components
of occupational medicine certifications were analyzed. During the study, sex, age, height,
weight, voivodship of residence, period of validity of medical certification, and data from
medical history (subjective assessment of health, smoking) were controlled. We did not
exclude any patients. We present data of all subsequent patients. Detailed characteristics of
the studied patients are presented in Appendix A.

Statistical Analysis

Statistical analyses performed using IBM SPSS Statistics 25 software for Windows,
Version 27.0. Armonk, NY:IBM Corp were performed [26]. The percentages (with 95% CI)
and numbers of observations were used to analyze qualitative data; to characterize the
quantitative data: mean (M), standard deviation (SD), median (Me), skewness, kurtosis,
and the minimum and maximum statistics were used. Significant statistical results were
considered where the probability of making a type I error was less than 5% (p < 0.05). For
statistical calculations we used: chi-square analysis (Bonferroni’s correction was used to
test column proportions) and U Mann–Whitney test.

3. Results

The chi-square analysis in the cross tables showed that the percentage of declared
smokers slightly decreased with each passing year. It is worth noting, however, that the
largest decrease in the percentage of declared smokers occurred between 2016 and other
years, taken individually (see Table 1).

Table 1. Relationship between smoking and measurement time-data as percentage for the year of
measurement (with 95% CI) 1.

2016 2017 2018 2019 2020 Total

No 85.2% a
(±0.2%)

85.5% b
(±0.1%)

85.8% c
(±0.2%)

85.7% b,c
(±0.2%)

85.8% b,c
(±0.3%)

85.6%
(±0.2%)

Yes 14.8% a
(±0.2%)

14.5% b
(±0.1%)

14.2% c
(±0.2%)

14.3% b,c
(±0.2%)

14.2% b,c
(±0.3%)

14.4%
(±0.2%)

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

3.1. Characteristics of Declared Smokers

In general, irrespective of the year of measurement, 11.6% of women and 17.1% of men
declared smoking. After sorting by year of measurement, we found that the percentage
of female smokers was decreasing, while that of males remained relatively consistent (see
Figure 1).
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Figure 1. Percentage of declared smokers by sex and year of measurement (95% CI: women group:
±0.3%, men group: ±0.5%).

The age of people declaring smoking ranged from 15 to 88 years (M = 37.52; SD = 12.37).
There were no considerable changes in declared tobacco smoking in individual age groups
in the analyzed years–only in 2020 was there a slight increase in the percentage of smokers
in the 35–54 and 55–69 age groups, along with a slight increase in the 18–35 age group (see
Table 2).

Table 2. Relationship between age and measurement time–percentages (with 95% CI) by year of
measurement (analysis only for people declaring smoking) 1.

2016 2017 2018 2019 2020 Total

<18 0.1% a
(±0.1%)

0.1% a
(±0.1%)

0.1% a
(±0.1%)

0.0% a
(±0.1%) n/a 0.1%

(±0.1%)

18–35 51.1% a
(±0.4%)

50.9% a
(±0.3%)

51.2% a
(±0.3%)

50.8% a
(±0.3%)

45.9% b
(±0.2%)

50.7%
(±0.3%)

35–54 35.9% a
(±0.3%)

36.1% a
(±0.2%)

35.8% a
(±0.3%)

36.3% a
(±0.2%)

39.5% b
(±0.3%)

36.2%
(±0.3%)

55–69 12.8% a
(±0.2%)

12.8% a
(±0.2%)

12.7% a
(±0.2%)

12.6% a
(±0.2%)

14.4% b
(±0.2%)

12.8%
(±0.2%)

>69 0.1% a
(±0.1%)

0.1% a
(±0.1%)

0.2% b
(±0.1%)

0.2% b
(±0.1%)

0.2% b
(±0.1%)

0.2%
(±0.1%)

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

In the case of BMI, it was found that among tobacco smokers the percentage of people
with normal body weight decreases with successive years of measurement, while the
percentage of overweight and level I obesity increases (see Table 3).
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Table 3. Relationship between BMI and measurement time–percentages (with 95% CI) by the year of
measurement (analysis only for people declaring smoking) 1.

2016 2017 2018 2019 2020 Total

Underweight 2.8% a
(±0.2%)

2.8% a
(±0.2%)

2.7% a,b
(±0.3%)

2.8% a
(±0.3%)

2.4% b
(±0.2%)

2.8%
(±0.2%)

Normal body
mass

47.0% a
(±0.5%)

46.3% b
(±0.4%)

45.5% c
(±0.4%)

44.8% d
(±0.4%)

43.1% e
(±0.4%)

45.7%
(±0.4%)

overweight 34.2% a
(±0.7%)

34.2% a
(±0.6%)

34.8% a,b
(±0.6%)

34.5% a,b
(±0.7%)

35.4% b
(±0.7%)

34.5%
(±0.6%)

Obesity type I 12.2% a
(±0.2%)

12.8% b
(±0.3%)

13.1% b,c
(±0.3%)

13.4% c
(±0.2%)

14.6% d
(±0.2%)

13.0%
(±0.2%)

Obesity type II 2.9% a
(±0.2%)

3.0% a
(±0.1%)

3.1% a
(±0.2%)

3.4% b
(±0.2%)

3.5% b
(±0.2%)

3.1%
(±0.2%)

Obesity type III 0.8% a
(±0.1%)

0.8% a
(±0.1%)

0.8% a
(±0.1%)

1.0% b
(±0.1%)

0.9% a,b
(±0.1%)

0.8%
(±0.1%)

Total 100.00% 100.00% 100.00% 100.00% 100.00%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

The average number of months for the occupational medicine certificates was approxi-
mately 29 months (M = 29.09; SD = 13.47).

3.2. Smoking and Diagnosis According to ICD-10

Table 4 shows the relationship between those who declared cigarette smoking and
the occurrence of individual ICD-10 categories (p < 0.001). It turned out that in the case of
selected categories (such as factors influencing health status and contact with health care
and cardiovascular diseases) a higher percentage of diagnoses was associated with people
who declared smoking.

Table 4. The relationship between cigarette smoking and the occurrence of individual ICD-10
categories—percentages (with 95% CI) of the smoking category 1.

Smoking
Total

No Yes

Selected infectious and parasitic diseases 0.6% a (±0.05%) 0.5% b (±0.04%) 0.6% (±0.05%)

Cancers 0.6% a (±0.06%) 0.4% b (±0.05%) 0.5% (±0.05%)

Diseases of blood and hematopoietic organs
and selected diseases involving immunological
mechanisms

0.1% a (±0.01%) 0.1% b (±0.01%) 0.1% (±0.01%)

Disorders of endocrine secretion, nutritional
status, and metabolic changes 10.3% a (±0.5%) 8.8% b (±0.4%) 10.0% (±0.4%)

Mental and behavioral disorders 0.3% a (±0.04%) 0.4% b (±0.04%) 0.3% (±0.04%)

Nervous system diseases 0.5% a (±0.07%) 0.5% a (±0.06%) 0.5% (±0.06%)

Diseases of the eye and eye appendages 8.9% a (±0.10%) 9.4% b (±0.09%) 9.0% (±0.10%)

Diseases of the ear and mastoid process 0.9% a (±0.03%) 1.0% b (±0.04%) 0.9% (±0.3%)

Cardiovascular disease 9.0% a (±0.10%) 9.5% b (±0.08%) 9.0% (±0.10%)

Respiratory system diseases 5.4% a (±0.12%) 4.7% b (±0.14%) 5.3% (±0.12%)

Digestive system diseases 2.4% a (±0.15%) 2.1% b (±0.09%) 2.4% (±0.11%)
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Table 4. Cont.

Smoking
Total

No Yes

Diseases of the skin and subcutaneous tissue 2.3% a (±0.22%) 1.7% b (±0.16%) 2.2% (±0.17%)

Diseases of the musculoskeletal system and
connective tissue 3.9% a (±0.12%) 3.6% b (±0.17%) 3.9% (±0.13%)

Diseases of the genitourinary system 2.4% a (±0.14%) 1.6% b (±0.14%) 2.3% (±0.14%)

Pregnancy, childbirth and the postpartum
period 0.4% a (±0.08%) 0.2% b (±0.06%) 0.4% (±0.06%)

Selected conditions starting in the perinatal
period 0.0% a (±0.01%) 0.0% a (±0.02%) 0.0% (±0.01%)

Congenital malformations, distortions, and
chromosomal aberrations 0.0% a (±0.01%) 0.0% b (±0.01%) 0.0% (±0.01%)

Symptoms, signs, and abnormal results of
clinical and laboratory tests; not elsewhere
classified

3.4% a (±0.18%) 2.9% b (±0.16%) 3.4% (±0.16%)

Injury, poisoning, and other specific effects of
external factors 2.2% a (±0.03%) 2.1% b (±0.02%) 2.2% (±0.03%)

External causes of illness and death 0.2% a (±0.01%) 0.1% b (±0.02%) 0.2% (±0.01%)

Factors influencing health condition and
contact with health services 46.2% a (±0.45%) 50.5% b (±0.41%) 46.8% (±0.42%)

Total 100.0% 100.0% 100.0%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

Additionally, after dividing cardiovascular diseases into groups, we observed that
in the case of ischemic heart disease a higher percentage of cases was found in people
who declared smoking; however, for arterial hypertension, the opposite relationship was
obtained. The exact results are shown in the Table 5 below.

Table 5. Relationship between cigarette smoking and the incidence of individual ICD-10 groups
(cardiovascular diseases)–percentages (with 95% CI) for the smoking category 1.

Smoking
Total

No Yes

Acute rheumatic disease 0.0% a (±0.1%) n/a 0.0% (±0.1%)

Chronic rheumatic heart disease 0.0% a (±0.1%) 0.0% a (±0.1%) 0.0% (±0.1%)

Hypertension 87.0% a (±0.3%) 86.3% b (±0.3%) 86.9% (±0.3%)

Ischemic heart disease 7.1% a (±0.2%) 8.8% b (±0.1%) 7.4% (±0.2%)

Cardiopulmonary syndrome and pulmonary circulation diseases 0.0% a (±0.1%) 0.0% a (±0.1%) 0.0% (±0.1%)

Other heart conditions 1.8% a (±0.1%) 1.8% a (±0.1%) 1.8% (±0.1%)

Cerebral vessel diseases 0.2% a (±0.1%) 0.3% a (±0.1%) 0.2% (±0.1%)

Diseases of arteries, arterioles, and capillaries 0.4% a (±0.1%) 0.4% a (±0.1%) 0.4% (±0.1%)

Diseases of the veins, lymph vessels, and lymph nodes, not
elsewhere classified 3.3% a (±0.3%) 2.3% b (±0.2%) 3.1% (±0.2%)

Other and unspecified disorders of the circulatory system 0.1% a (±0.1%) 0.1% a (±0.1%) 0.1% (±0.1%)

Total 100.0% 100.0% 100.0%

1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

38



J. Clin. Med. 2022, 11, 4111

Analyzing the relationship between selected diseases and declared smoking, it turned
out that in the group of smokers a higher percentage of people with hypertension and
type 2 diabetes was observed; in the case of lipid disorders, the opposite correlation was
obtained (see Table 6).

Table 6. Relationship between cigarette smoking and the occurrence of selected diseases–percentages
(with 95% CI) of the smoking category 1.

Smoking
Total

No Yes

Hypertension 44.5% a (±0.1%) 48.7% b (±0.1%) 45.1% (±0.1%)
Type 2 diabetes 8.2% a (±0.2%) 8.9% b (±0.2%) 8.3% (±0.2%)
Lipid disorders 43.6% a (±0.4%) 37.5% b (±0.3%) 42.8% (±0.3%)
Coronary artery
disease 3.6% a (±0.1%) 5.0% b (±0.1%) 3.8% (±0.1%)

Total 100.0% 100.0% 100.0%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

3.3. Cigarette Smoking and Comorbidities

The figure below shows the occurrence of particular comorbidities in the group of
people who declared smoking. The most common diseases in this group were: arterial
hypertension (39%), lipid disorders (26.7%), and hypertension and lipid disorders (16.5%).
The remaining diseases occurred in less than 5% of the patients (see Figure 2).

Figure 2. Occurrence of comorbidities in the group of people who declared smoking (95% CI:
hypertension: ±0.1%, lipid disorders: ±0.3%; others: ±0.1%).

Moreover, we confirmed that people who declared smoking cigarettes have signifi-
cantly more diagnosed diseases as compared to people who do not smoke (p < 0.001). The
obtained results are presented graphically in the Figure 3 below.
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Figure 3. Number of diagnosed comorbidities in the group of people declaring or not smoking (with SD).

4. Discussion

In this study, we examined in detail the rates of smoking in Poland using data from
2016–2020. In general, irrespective of the year of measurement, 11.6% of women and
17.1% of men declared smoking. After sorting by year of measurement, we found that
the percentage of female smokers was decreasing, while that of males remained relatively
consistent. Clearly, the proportion of cigarette smokers in Poland remains high, it is lower
than in other European countries [1,2]. In addition, we are very pleased with the delicate
downward trend, which, in our opinion, requires intensive legislative changes to strengthen
it, i.e., significantly lowering the percentage of active smokers in the group of professionally
active Poles [33].

The relationship between smoking and obesity is not clear and published studies have
produced conflicting results. Some studies showed no relationship between smoking and
obesity, and some give quite different data based on the metabolic effects of nicotine (re-
stricted absorption, reduced calorific intake, increased metabolic rate, and thermogenesis).
The Mendelian randomization analysis of UK Biobank data indicated that each standard
deviation increment in body mass index (4.6) increased the risk of being a smoker (odds
ratio 1.18 (95% confidence interval 1.13 to 1.23), p < 0.001) [34–36].

In our study, it was clearly found that among tobacco smokers the percentage of
people with normal body weight decreases with successive years of measurement, while
the percentage of overweight and level I obesity increases. In our opinion, along with the
increase in the number of obese patients, it is another factor contributing to the development
of comorbidities in this group of patients [34,35].

The relationship between cigarette smoking and the occurrence of individual ICD-10
categories is obviously marked in the group of patients with cardiovascular diseases [37–40].
It is due to mechanisms, which we present in Figure 4.
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Figure 4. Pathophysiologic mechanisms of tobacco smoke in cardiovascular disease.

Moreover, it turned out that in the group of smokers a higher percentage of people
with hypertension, ischemic heart disease, and type 2 diabetes was observed. therefore, in
the largest Polish epidemiological study in the field of cigarette smoking, we are consistent
with the results of international studies on cardiovascular risk [37–40]. Moreover, we
confirmed that people who declared smoking cigarettes have significantly more diagnosed
diseases as compared to people who do not smoke (p < 0.001)

5. Conclusions

Active preventive actions are necessary to reduce the number of smokers and the
negative impact of smoking on the occurrence of comorbid diseases.
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Appendix A. Additional Analyzes

The study included 1,450,455 visits to occupational medicine (collected from 931,985 unique
Patients) from 2016–2020. The exact number of collected results depending on the year of
measurement is presented below.
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Figure A1. The number of visits analyzed versus the year of measurement.

In terms of sex, the results of men accounted for a slightly higher percentage (51.6%).
Along with the successive stages of the study, the percentage of surveyed men slightly
increased (see Figure A2).

Figure A2. Sex distribution depending on the year of measurement (95% CI: ±0.2%).

The age of the respondents ranged between 14 and 90 years (M = 36.59; SD = 11.56).
A slight trend was observed indicating the mean age of the examined patients slightly
increased with each year of measurement (see Figure A3). Clarification: patients can change
age categories if their change in age necessitates this; this is not to be misinterpreted as a
tautological restatement of the patients aging with time.

The exact distribution of age groups depending on the year of measurement is pre-
sented in the table below. It was found that with successive years of measurement, a
decreased percentage of people aged 18–35 and an increased percentage in the age group
35–54 were observed; in the case of the remaining age groups, the trends were not as clear
as in the case of these two age categories.
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Figure A3. Patient age distribution versus the year of measurement.

Table A1. Distribution of age groups versus the year of measurement (with 95% CI).

2016 2017 2018 2019 2020 Total

<18 0.0%
(±0.1%)

0.0%
(±0.1%)

0.1%
(±0.1%)

0.1%
(±0.1%)

0.0%
(±0.2%)

0.1%
(±0.2%)

18–35 54.5%
(±0.2%)

54.3%
(±0.3%)

53.3%
(±0.2%)

52.5%
(±0.2%)

46.8%
(±0.2%)

53.2%
(±0.2%)

35–54 35.7%
(±0.2%)

35.8%
(±0.2%)

36.7%
(±0.2%)

37.6%
(±0.2%)

41.9%
(±0.3%)

36.8%
(±0.2%)

55–69 9.6%
(±0.1%)

9.7%
(±0.1%)

9.8%
(±0.1%)

9.7%
(±0.1%)

11.1%
(±0.1%)

9.8%
(±0.1%)

>69 0.1%
(±0.1%)

0.1%
(±0.1%)

0.2%
(±0.1%)

0.2%
(±0.1%)

0.3%
(±0.1%)

0.2%
(±0.1%)

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

There were also no significant differences in terms of the distribution of the respon-
dents by year of measurement and the voivodeship of residence (see Table A2).

Table A2. Distribution of voivodships depending on the year of measurement (with 95% CI).

2016 2017 2018 2019 2020 Total

Lower Silesia 12.6%
(±0.2%)

13.1%
(±0.2%)

12.7%
(±0.1%)

13.0%
(±0.1%)

13.6%
(±0.2%)

12.9%
(±0.2%)

Kuyavian-
Pomeranian

3.9%
(±0.1%)

4.1%
(±0.1%)

4.1%
(±0.1%)

3.8%
(±0.1%)

3.7%
(±0.1%)

4.0%
(±0.1%)

Lublin 0.9%
(±0.1%)

0.9%
(±0.1%)

0.9%
(±0.1%)

0.8%
(±0.1%)

0.7%
(±0.1%)

0.8%
(±0.1%)

Lubusz 1.4%
(±0.1%)

1.4%
(±0.1%)

1.5%
(±0.1%)

1.6%
(±0.1%)

1.9%
(±0.1%)

1.5%
(±0.1%)

Lodz 7.2%
(±0.1%)

7.1%
(±0.1%)

6.6%
(±0.1%)

6.7%
(±0.2%)

6.3%
(±0.1%)

6.9%
(±0.1%)
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Table A2. Cont.

2016 2017 2018 2019 2020 Total

Lesser 10.9%
(±0.1%)

11.2%
(±0.2%)

11.8%
(±0.2%)

11.3%
(±0.2%)

11.6%
(±0.2%)

11.3%
(±0.2%)

Mazowieckie 33.6%
(±0.2%)

32.0%
(±0.3%)

30.8%
(±0.3%)

28.6%
(±0.2%)

29.0%
(±0.2%)

31.0%
(±0.2%)

Opole 1.1%
(±0.1%)

1.1%
(±0.1%)

1.1%
(±0.1%)

1.2%
(±0.1%)

1.2%
(±0.1%)

1.1%
(±0.1%)

Subcarpathian 2.0%
(±0.1%)

2.4%
(±0.1%)

3.4%
(±0.1%)

3.1%
(±0.1%)

2.8%
(±0.1%)

2.8%
(±0.1%)

Podlasie 1.8%
(±0.1%)

1.9%
(±0.1%)

1.7%
(±0.1%)

1.6%
(±0.1%)

1.5%
(±0.1%)

1.7%
(±0.1%)

Pomeranian 6.2%
(±0.1%)

6.3%
(±0.1%)

6.8%
(±0.2%)

7.3%
(±0.1%)

6.5%
(±0.1%)

6.7%
(±0.1%)

Silesian 6.1%
(±0.1%)

6.2%
(±0.1%)

6.2%
(±0.1%)

8.2%
(±0.1%)

8.3%
(±0.1%)

6.8%
(±0.1%)

Świetokrzyskie
0.7%

(±0.1%)
0.7%

(±0.1%)
0.7%

(±0.1%)
0.7%

(±0.1%)
0.7%

(±0.1%)
0.7%

(±0.1%)

Warmia-
Masurian

2.1%
(±0.1%)

1.9%
(±0.1%)

2.0%
(±0.1%)

2.1%
(±0.1%)

2.1%
(±0.1%)

2.0%
(±0.1%)

Greater 7.0%
(±0.2%)

6.8%
(±0.2%)

6.7%
(±0.3%)

6.4%
(±0.2%)

6.7%
(±0.2%)

6.7%
(±0.2%)

West
Pomeranian

2.6%
(±0.1%)

3.0%
(±0.1%)

3.0%
(±0.1%)

3.5%
(±0.1%)

3.5%
(±0.1%)

3.1%
(±0.1%)

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
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Abstract: For several decades, a steady increase in the percentage of overweight and obese people
has been observed all over the world. There are many studies available in the literature emphasizing
the relationship of overweight and obesity with the occurrence of other diseases. The aim of this
study is to characterize the prevalence of obesity and severe obesity, as well as their changes over
time, among professionally active adults who underwent occupational medicine examinations in
Poland in 2016–2020, for the POL-O-CARIA 2016–2020 study. In total, the results of 1,450,455 initial,
control and periodic visits as part of the occupational medicine certificate were analyzed. Statistical
calculations were performed with the use of IBM SPSS Statistics 25. In both groups (men/women),
a significant decrease was observed every year for people who had normal body weight. In addition,
the tendency to increase in people with I and III degrees of obesity was more strongly observed
in the male group. A significant relationship was also observed between BMI categories and the
occurrence of all analyzed comorbidities: hypertension, type 2 diabetes, lipid disorders and coronary
artery disease (chi2 (70) = 12,228.11; p < 0.001). Detailed results showed that in the group of patients
diagnosed with hypertension or lipid disorders, significant differences were observed between all
groups; it turned out that as the BMI level increased (I, I, III), there was an increase in the percentage of
occurrence of hypertension (38.1%, 41% and 45.3%, respectively) and type 2 diabetes (3.2%, 4.6% and
5.8%, respectively) (p < 0.001). Our analysis indicates that the prevalence of adult obesity and severe
obesity will continue to increase nationwide, with an accompanying large increase in comorbidities.

Keywords: BMI index; professionally active adult population; cardiovascular diseases; obesity

1. Introduction

For several decades, a steady increase in the percentage of overweight and obese
people has been observed all over the world. More and more countries declare problems
with controlling this epidemic. This disease affects children as well as adults [1]. According
to the WHO definition, obesity is abnormal or excessive accumulation of fat that negatively
affects health. Obesity is diagnosed when the BMI level exceeds or is equal to 30 kg/m2 [2].
According to data published by WHO in 2014, the percentage of people with obesity in
Poland is 25.1% [3]. The main cause of obesity is a long-term imbalance between the
amount of calories consumed and the body’s demands [4]. Diet, lifestyle and genetics have
a significant influence on the occurrence of obesity [5].
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1.1. Obesity and Comorbidities

There are many studies available in the literature emphasizing the relationship of
overweight and obesity with the occurrence of other diseases. A meta-analysis carried
out in 2015 showed that each increase in weight by 5 kg significantly increases the risk
of developing post-menopausal breast (11%), endometrial (39%), ovarian cancer (13%)
and male colon cancer (9%) [6]. Cohort studies conducted in Europe (Austria, Norway,
Sweden) under the Me-Can 2.0 program showed that overweight people up to 40 years
of age significantly increase their chance of developing endometrial, male renal cell and
male colon cancer [7]. Obesity is a chronic and metabolic disease; therefore, it affects the
occurrence of cardiovascular diseases [8]. It affects the structural and functional changes in
the cardiovascular system, e.g., causing decreased cardiac output, increased left ventricular
mass and wall thickness [9]. The association of obesity with hypertension, coronary artery
disease and diabetes is also scientifically confirmed [10,11].

1.2. The Global Obesity Epidemic

For several decades, a steady increase in the percentage of overweight and obese
people has been observed. Most countries in the world are affected. Current reports show
that more people worldwide die from overweight and obesity than from underweight [12].
Obesity is the main reason for the development of NCDs (non-communicable diseases),
which since 2010 have been responsible for 86% of deaths and 77% of other diseases in
Europe. Over the past 40 years, there has been a sharp increase in the percentage of people
with obesity; since 1975, the percentage of people with obesity has increased from 1% to
6–8%. Women saw an increase from 6% to 15%, while men increased from 3% to 11% [13].
There are four levels of obesity, distinguished on the basis of an analysis of the 30 most
populous countries in the world [14]:

- Level 1—characterized by a higher prevalence of obesity in women than men (more
often in adults than children) and in people with a higher socioeconomic status. This
level is most commonly observed in South Asia and Sub-Saharan Africa.

- Level 2—at this stage there is a significant increase in obesity in the adult group and
a decrease in children. The importance of gender and socioeconomic status is not
as clear as in level 1. This stage is most often observed in Latin America and the
Middle East.

- Level 3—the most characteristic for the inhabitants of Europe. A higher obesity rate is
observed more often in the group of people with a low socioeconomic status, but it is
worth noting the increase in the percentage of obese people in the group of women
with high economic status and in the group of children.

- Level 4—there are few countries classified to this stage. It is characterized by a decrease
in the prevalence of obesity. The research results do not allow for an unequivocal
determination of the relationship between the prevalence of obesity and gender and
socioeconomic status.

The two regions with a dynamic increase in obesity are North America and Europe [14].

1.3. Actions to Reduce the Obesity Epidemic

Obesity is a multidimensional disease that affects many spheres of life. Hence, it is
advisable to provide long-term support for patients suffering from this disease. Current
activities aimed at controlling and reducing obesity in society focus on the analysis of the
occurrence of civilization diseases, followed by body weight. It seems important to focus
on the many dimensions of the fight against obesity (diet, physical activity, changes in
behavior), which will translate into an improvement in the quality of life. Attention is
also paid to the growing interest in surgical methods of obesity treatment [15]. In Europe,
the prevalence of overweight increased from 48% in 1980 to 59.6% in 2015; in the case of
obesity, the incidence increased fromd 15.5% in 1980 to 22.9% in 2015. Moreover, a lower
probability of obesity was reported among women (in the group of people aged 20 to 44);
an inverse relationship was observed in the group of people over 45 years of age.
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1.4. Obesity and Professional Activity

Work is recognized as a source that may influence overweight and obesity [16]. Em-
ployers take measures to promote healthy eating habits and increase physical activity
among employees [17]. Employers increasingly organize free fruits and vegetables in their
offices for their employees [18]. The factors that may increase the chance of overweight
and obesity in the workplace are sedentary work, stress and sleep problems [19]. Office
work and sedentary work increase the likelihood of obesity among employees [20]. The
research by Shields and Tremlay (2008) confirmed the existence of a positive relationship
between obesity and spending free time sitting (e.g., while using a computer) [21]. There
are also several studies that do not confirm the relationship between sedentary work or
leisure activities and the prevalence of overweight and obesity [22]. An important factor
associated with overweight and obesity is also stress experienced in the workplace [23].

1.5. Aim of the Study

The aim of the study is to characterize professionally active adults who underwent
occupational medicine examinations in Poland in 2016–2020. Due to the exploratory nature
of the research, the article did not put forward research hypotheses. Instead, research
questions were asked that define the main subject of the analysis: how the intensity of
obesity changes over time and how it coexists with other diseases [24].

2. Materials and Methods

The article analyzes the results of the POL-O-CARIA 2016–2020 study, concerning
adults who are professionally active and visited in the years January 2016–April 2020
as part of occupational medicine. The data for analysis was provided by the LUX MED
Group. In total, the results of 1,450,455 initial, control and periodic visits as part of the
occupational medicine certificate were analyzed. During the study, sex, age, province of
residence, information on the period of the issued medical certificate and data contained in
the medical history (subjective assessment of health, smoking) were controlled. Detailed
characteristics of the studied patients are presented in Appendix A.

For several decades, a steady increase in the percentage of overweight and obese
people has been observed. For this reason, it seems extremely important to monitor the
prevalence of obesity in individual social groups. The study of professionally active adults
is important for several reasons. It is important to monitor the health condition and forecast
the occurrence of specific civilization diseases in a given society. The occurrence of certain
diseases (e.g., obesity, hypertension, diabetes) translates into shorter medical certificates
enabling employment.

Statistical Analysis

Statistical calculations were performed with the use of IBM SPSS Statistics 25 [25].
Percentage and number of occurrences were used to analyze qualitative data, while the
following were used to characterize qualitative data: mean (M), standard deviation (SD),
median, skewness, kurtosis, and the minimum and maximum values. Significant statistical
results were considered to be those where the probability of making a type I error was
lower than 5% (p < 0.05). The following were used for statistical calculations: chi-square
analysis in cross tables (Bonferroni correction was used to test column proportions) and
one-way analysis of variance (Scheffe’s post hoc test was used for mean comparisons). The
charts were made in the R program [26].

3. Results

3.1. Information on BMI

It was observed that, with successive years of measurement, the percentage of over-
weight and obesity (regardless of degree) increased, while the percentage of people with
normal body weight significantly decreased. Detailed results are presented in Table 1.
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Table 1. Body mass index (BMI) distribution depending on the year of measurement.

2016 2017 2018 2019 2020 Total

underweight 3.40% a 3.40% a 3.40% a 3.20% a 2.90% a 3.30%
normal body weight 51.60% a 51.10% a 50.20% b 49.30% b 46.90% c 50.30%

overweight without obesity 31.40% a 31.50% a 32.00% a 32.20% a 33.50% a 31.90%
I degree of obesity 10.40% a 10.70% a,b 11.00% b,c 11.50% c 12.50% d 11.00%
II degree of obesity 2.50% a 2.60% a 2.70% a,b 2.90% b 3.30% b 2.70%
III degree of obesity 0.70% a 0.70% a 0.80% a,b 0.80% a,b 0.90% b 0.80%

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Each letter in subscript represents a subset of the year category whose column proportions do not differ signifi-
cantly at the level of 5%.

In the case of BMI, it was shown that the longest medical certificates for professionally
active Poles were received by people with normal body weight, which equaled about
34 months. In the group of people with overweight and obesity, it was observed that,
along with the degree of obesity, the average number of months in which the decision
was issued decreased significantly (see Table 2). According to doctor decision, patients
with overweight received medical certificates for work for an average of about 30 months.
The ability to work was significantly worse in patients with obesity of the I degree (about
28 months), obesity of the II degree (about 27 months) and obesity of the III degree (almost
26 months); the details are presented in Table 2.

Table 2. Descriptive statistics on the average number of months of the issued medical certificate
depending on BMI.

Underweight
Normal Body

Weight
Overweight without

Obesity
I Degree of

Obesity
II Degree of

Obesity
III Degree of

Obesity

M 35.46 34.01 30.63 28.24 27.10 25.99
Me 36.00 36.00 36.00 24.00 24.00 24.00
SD 12.28 12.63 13.06 13.07 12.90 12.72

Skewness −0.71 −0.57 −0.25 −0.05 0.05 0.14
Kurtosis −0.02 −0.50 −0.80 −0.91 −0.66 −0.83

Min 0.00 0.00 0.00 0.00 0.00 0.00
Max 156.00 156.00 178.00 155.00 156.00 60.00

M—mean; Me—median; SD—standard deviation.

3.2. Patient Characteristics Depending on the BMI Level

Chi-square analysis showed that, for both women and men, similar trends were
observed regarding the dynamics of occurrence of individual BMI categories. In both
groups, a significant decrease was observed every year for people who had normal body
weight. In addition, the tendency to increase in people with I and III degrees of obesity was
more strongly observed in the male group (see Table 3).

Table 3. Relationship between BMI and measurement time, as well as patients’ sex; data presented as
percentage of the year of measurement 1.

2016 2017 2018 2019 2020 Total

Women

underweight 6.1% a 6.2% a 6.0% a 5.8% b 5.4% c 6.00%
normal body weight 64.4% a 63.7% b 62.7% c 62.0% d 60.3% e 63.00%

overweight without obesity 19.6% a 19.9% a 20.7% b 20.9% b 22.0% c 20.40%
I degree of obesity 7.1% a 7.3% a 7.5% b 8.0% c 8.6% d 7.50%
II degree of obesity 2.1% a 2.2% b 2.2% b 2.4% c 2.8% d 2.30%
III degree of obesity 0.7% a 0.8% b 0.8% b,c 0.8% c,d 0.9% d 0.80%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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Table 3. Cont.

2016 2017 2018 2019 2020 Total

Men

underweight 0.8% a 0.8% a,b 0.9% b,c 0.9% c 0.8% a,b 0.80%
normal body weight 39.3% a 38.9% b 38.3% c 37.9% d 35.5% e 38.40%

overweight without obesity 42.7% a,b,c,d 42.8% c,d 42.7% b,d 42.4% b 43.2% a,c 42.70%
I degree of obesity 13.6% a 14.0% b 14.3% c 14.7% d 15.9% e 14.30%
II degree of obesity 2.9% a 2.9% a 3.2% b 3.3% b 3.7% c 3.10%
III degree of obesity 0.6% a 0.7% a 0.8% b 0.8% c 0.9% c 0.70%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

Significant differences, regardless of the year of measurement, were observed using
a one-way analysis of variance for the age and time for which the measurement was issued
(in both cases, the significance of differences between the groups was p < 0.001). The exact
results are discussed below.

In the case of patients’ age, post hoc analysis with Scheffe’s correction showed that
only between people with II and III degrees of obesity were there no differences for the
average age; in other cases, the significance of differences between individual groups was
p < 0.001. The highest average age was observed for people with obesity, while the lowest
was observed for people with underweight or normal weight (see Figure 1).

Figure 1. Average age depending on the BMI category (in the figure, all groups are statistically
significantly different, at least at the p < 0.001 level; due to the number of groups compared, results
for differences are not shown in the figure).

Patients with normal body weight most often occurred in the group under 35 years of
age, while the percentage of people with obesity (especially I degree) increased significantly
in each age category (see Table 4).
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Table 4. Relationship between BMI and patients’ age; data presented as percentage of age group 1.

<18 18–35 35–54 55–69 >69 Total

underweight 14.3% a 5.1% b 1.4% c 0.5% d 0.6% d 3.30%
normal body weight 61.7% a 60.1% a 41.7% b 27.5% c 26.9% c 50.20%

overweight without obesity 17.5% a 25.6% b 37.8% c 44.8% d 49.9% e 32.00%
I degree of obesity 4.0% a 7.0% b 14.4% c 20.9% d 18.2% e 11.10%
II degree of obesity 1.9% a 1.7% a 3.7% b 5.0% c 4.0% b 2.70%
III degree of obesity 0.5% a,b,c,d 0.5% d 1.1% c 1.2% b 0.4% a,d 0.80%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

Table 5 presents the same data by changing the percentage to the BMI category. The
obtained results showed that, together with the higher BMI level, the percentage of people
under 35 years of age decreased in each group. In the case of people aged 35–69, it was
obtained that they were more often classified into the group with obesity or overweight,
compared to groups with normal body weight.

Table 5. Relationship between BMI and age of patients; data presented as percentage of the BMI category 1.

Underweight
Normal

Body Weight
Overweight

Without Obesity
I Degree of

Obesity
II Degree of

Obesity
III Degree of

Obesity
Total

<18 0.2% a 0.1% b 0.0% c 0.0% d 0.0% c 0.0% b,c,d 0.10%

18–35 83.2% a 64.1% b 42.9% c 33.7% d 32.8% e 34.7% f 53.50%

35–54 15.0% a 30.5% b 43.3% c 47.8% d 49.3% e 50.5% f 36.70%

55–69 1.5% a 5.3% b 13.5% c 18.2% d 17.6% e 14.7% f 9.60%

>69 0.0% a 0.1% b 0.3% c 0.3% c 0.2% c 0.1% b 0.20%

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

When analyzing the time periods for issuing a medical certificate, significant differ-
ences between the groups were also observed. A linear trend was obtained showing that,
along with the BMI level, the average number of months of the issued decision decreased.
In addition, post hoc analysis with Scheffe’s correction showed that significant differences
were observed between all BMI categories. Detailed results are presented below (see
Figure 2).

Patients with normal weight or underweight were less likely to smoke than overweight
or obese patients. This relationship was observed regardless of the year of measurement
(see Figure 3).

The relationship between BMI categories and subjective health assessment was also
examined. It was found that people who subjectively assessed their own health as good,
less often than people who assessed their health as very good, were classified into the group
of people with normal body weight. An inverse relationship was obtained for overweight
and obese people. Detailed results are presented below Table 6.
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Figure 2. Average number of months for the issued medical certificate depending on the BMI category
(in the figure, all groups are statistically significantly different, at least at the p < 0.05 level; due to the
number of groups compared, results for differences are not shown in the figure).

Figure 3. Percentage of people declaring smoking depending on the BMI category (due to the number
of groups compared, results for differences are not shown in the figure).
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Table 6. Relationship between BMI and subjective assessment of health; data presented as percentage
of the health assessment.

Subjective Health Assessment
Total

Good Very Good

underweight 3.00% 3.80% 3.40%
normal body weight 47.00% 55.20% 50.70%

overweight without obesity 33.10% 30.20% 31.80%
I degree of obesity 12.60% 8.60% 10.80%
II degree of obesity 3.30% 1.80% 2.60%
III degree of obesity 1.00% 0.40% 0.70%

Total 100.00% 100.00% 100.00%

Table 7 shows the relationship between selected diseases and BMI categories. A sig-
nificant relationship between variables was obtained (p < 0.001). The most pronounced
differences were observed for hypertension (with increasing BMI level, the percentage of
people with this disease increased), and for lipid disorders and type 2 diabetes.

Table 7. Relationship between BMI and the incidence of selected diseases; data presented as percent-
age of the BMI category 1.

Underweight
Normal Body

Weight
Overweight

without Obesity
I Degree of

Obesity
II Degree of

Obesity
III Degree
of Obesity

Total

Hypertension 29.6% a 38.4% b 45.3% c 50.5% d 52.3% e 55.4% f 44.9%
Type 2 diabetes 8.6% a 5.8% b 6.9% c 10.6% d 15.6% e 18.3% f 8.1%
Lipid disorders 58.9% a 52.3% b 43.9% c 35.1% d 28.9% e 23.8% f 43.4%

Coronary
disease 2.9% a,b,c,d 3.4% d 4.0% c 3.8% c 3.2% b,d 2.5% a 3.7%

Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%
1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

3.3. BMI and Observed Comorbidities

A significant relationship was also observed between BMI categories and the occur-
rence of comorbidities (chi2 (70) = 12,228.11; p < 0.001). Detailed results showed that in
the group of patients diagnosed with hypertension or lipid disorders, significant differ-
ences were observed between all groups; it turned out that, as the BMI level increased, the
percentage of occurrence of a given disease increases. A comparison of all comorbidities
depending on BMI level is shown in the Table 8 below.

Table 8. Relationship between BMI and comorbidities; data presented as percentage of BMI 1.

Underweight
Normal

Body
Weight

Overweight
without
Obesity

I Degree of
Obesity

II Degree of
Obesity

III Degree
of Obesity Total

Hypertension 26.1% a 30.5% b 33.7% c 38.8% d 41.0% e 45.3% f 34.1%
Type 2 diabetes 7.8% a 4.1% b 2.8% c 3.2% d 4.6% b 5.8% e 3.5%
Lipid disorders 57.7% a 47.3% b 33.0% c 19.7% d 11.6% e 7.5% f 33.8%

Coronary disease 2.0% a 1.2% b 1.0% c 0.6% d 0.4% d,e 0.2% e 0.9%
Hypertension + Type 2 diabetes 0.6% a 0.9% a 2.0% b 4.3% c 7.7% d 10.7% e 2.5%
Hypertension + Lipid disorders 4.2% a 11.6% b 19.5% c 21.9% d 20.1% c 17.0% e 17.3%

Hypertension + Coronary disease 0.3% a 0.6% a 0.9% b 1.0% b 0.9% b 1.1% b 0.8%
Type 2 diabetes + Lipid disorders 0.4% a 0.7% a 1.1% b 1.5% c 1.8% d 1.4% b,c,d 1.1%

Type 2 diabetes + Coronary disease 0.1% a,b,c 0.0% c 0.1% b 0.1% a 0.2% a 0.1% a,b,c 0.1%
Lipid disorders + Coronary disease 0.4% a,b,c 0.7% c 0.7% c 0.4% b 0.3% a,b 0.1% a 0.6%
Hypertension + Type 2 diabetes +

Lipid disorders 0.2% a 0.9% b 2.7% c 5.0% d 8.1% e 8.5% e 2.9%

Hypertension + Type 2 diabetes +
Coronary disease 0.1% a,b,c 0.1% c 0.2% b 0.4% a 0.4% a 0.4% a 0.2%
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Table 8. Cont.

Underweight
Normal

Body
Weight

Overweight
without
Obesity

I Degree of
Obesity

II Degree of
Obesity

III Degree
of Obesity Total

Hypertension + Lipid disorders +
Coronary disease 0.3% a 1.2% b,c 2.0% d 2.0% d 1.5% c 0.8% a,b 1.7%

Type 2 diabetes + Lipid disorders +
Coronary disease 0.1% a,b,c,d 0.0% c,d 0.0% b,d 0.1% a 0.1% a,b,c,d 0.1% a,b,c,d 0.1%

All 0.2% a 0.6% b 1.0% c 1.3% d 1.1% c,d 0.6%
Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

1 Each letter in subscript represents a subset of the year category whose column proportions do not differ
significantly at the level of 5%.

The cross-tabulation chi-square analysis performed confirmed that there was an as-
sociation between age and comorbidities (chi2(56) = 16,758.06; p < 0.001). In the case of
hypertension, it was obtained that the prevalence of hypertension was more common in
those aged 18–54 compared to other age groups. In addition, the prevalence of lipid disor-
ders was significantly different in each of the age groups; a trend was observed showing
that the diagnosis of this disease decreased with age. A detailed comparison of the age
groups for the other diseases is shown below Table 9.

Table 9. Relationship between age and comorbidities; data presented as percentage of age group 1.

Age
Total

<18 18–35 35–54 55–69 >69

Hypertension 66.7% a,b,c 37.7% c 34.3% b 31.6% a 30.2% a 34.3%
Type 2 diabetes 33.3% a 6.7% a 2.8% b 2.6% c 2.5% b, c 3.5%
Lipid disorders 44.3% d 35.8% c 18.6% b 7.1% a 33.2%

Coronary disease 0.5% c 0.8% b 1.8% a 2.0% a 1.0%
Hypertension + Type 2 diabetes 0.9% d 2.1% c 4.8% b 6.6% a 2.6%
Hypertension + Lipid disorders 8.7% d 18.3% c 22.1% b 19.0% a,c 17.3%

Hypertension + Coronary disease 0.1% d 0.5% c 2.1% b 4.5% a 0.8%
Type 2 diabetes + Lipid disorders 0.6% c 1.1% b 1.5% a 1.4% a,b 1.1%

Type 2 diabetes + Coronary disease 0.0% d 0.0% c 0.2% b 0.6% a 0.1%
Lipid disorders + Coronary disease 0.1% c 0.5% b 1.3% a 1.9% a 0.6%
Hypertension + Type 2 diabetes +

Lipid disorders 0.4% c 2.2% b 6.5% a 8.1% a 3.0%

Hypertension + Type 2 diabetes +
Coronary disease 0.0% d 0.1% c 0.6% b 1.9% a 0.2%

Hypertension + Lipid disorders +
Coronary disease 0.1% d 1.1% c 4.3% b 9.0% a 1.7%

Type 2 diabetes + Lipid disorders +
Coronary disease 0.0% b 0.0% b 0.2% a 0.4% a 0.1%

All 0.0% d 0.2% c 1.8% b 4.7% a 0.6%
Total 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

1 Each letter in subscript represents a subset of the age category whose column proportions do not differ
significantly at the level of 5%.

4. Discussion

In this study, we used data from 931,985 unique adult patients and applied an ana-
lytical approach that provided estimates of BMI trends. Analyses on the prevalence of
obesity in Poland were present in previous years; however, none of them were concerning
the current years, and they were not based on such a large group of patients.

Unique in our analysis is also the correlation with the average number of months for
the issued medical certificate, and the correlation with the coexistence of other serious
diseases, mainly of the cardiovascular system. It is very worrying that, with the increase in
BMI, the ability to work is limited, and we did not include patients who, due to obesity
and comorbidities, do not try to work at all.
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We would like to point out that, in this very large group of patients, we have confirmed
the coexistence of diseases that significantly reduce the quality of life of patients, and their
coexistence clearly depends on the degree of obesity.

Our data showed that one third of the professionally active women and almost two
thirds of the professionally active men are overweight or obese. This result is extremely dis-
turbing. Moreover, we demonstrated a trend showing an increase in the phenomenon over
time, which raises concerns in terms of access to medical care and the cost of medical care.
The data clearly indicate that the phenomenon is not uniform in all regions of the country.
In additional materials, we present unique data indicating the diversification of obesity
depending on the region of the country. Although grade II and grade III obesity were once
a rare condition, our findings may suggest that they will soon be the most common BMI
category in the patient populations. Given that physicians are not well equipped to treat
obese patients, the continuing trend will be a major challenge for healthcare as a whole.

5. Conclusions

Further annual assessment of the prevalence of obesity and comorbidities seems neces-
sary to prepare the health care system for treating growing number of obese, professionally
active Poles, and to take the most effective measures to inhibit the trend.
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Appendix A. Additional Analyzes

The study included 1,450,455 visits to occupational medicine (collected from 931,985 unique
patients) from 2016–2020. The exact number of collected results depending on the year of
measurement is presented below.

 
Figure A1. The number of visits analyzed versus the year of measurement.
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In terms of sex, the results of the men accounted for a slightly higher percentage
(51.6%). Along with the successive stages of the study, the percentage of surveyed men
slightly increased (see Figure A2).

 
Figure A2. Sex distribution depending on the year of measurement.

The age of the respondents ranged between 14 and 90 years (M = 36.59; SD = 11.56).
A slight trend was observed indicating the mean age of the examined patients slightly
increased with each year of measurement (see Figure A3). Clarification: patients can change
age categories if their change in age necessitates this; this is not to be misinterpreted for
a tautological restatement of the patients aging with time.

 
Figure A3. Patient age distribution versus the year of measurement.

The exact distribution of age groups depending on the year of measurement is pre-
sented in the table below. It was found that, with successive years of measurement,
a decreased percentage of people aged 18–35 and an increased percentage in the age group
35–54 were observed. In the case of the remaining age groups, the trends were not as clear
as in the case of these two age categories.
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Table A1. Distribution of age groups versus the year of measurement.

2016 2017 2018 2019 2020 Total

<18 0.00% 0.00% 0.10% 0.10% 0.00% 0.10%
18–35 54.50% 54.30% 53.30% 52.50% 46.80% 53.20%
35–54 35.70% 35.80% 36.70% 37.60% 41.90% 36.80%
55–69 9.60% 9.70% 9.80% 9.70% 11.10% 9.80%
>69 0.10% 0.10% 0.20% 0.20% 0.30% 0.20%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%

There were also no significant differences in terms of the distribution of the respon-
dents by year of measurement and the voivodeship of residence (see Table A2).

Table A2. Distribution of voivodeships depending on the year of measurement.

2016 2017 2018 2019 2020 Total

Lower Silesia 12.60% 13.10% 12.70% 13.00% 13.60% 12.90%
Kuyavian-Pomeranian 3.90% 4.10% 4.10% 3.80% 3.70% 4.00%

Lublin 0.90% 0.90% 0.90% 0.80% 0.70% 0.80%
Lubusz 1.40% 1.40% 1.50% 1.60% 1.90% 1.50%

Lodz 7.20% 7.10% 6.60% 6.70% 6.30% 690%
Lesser 10.90% 11.20% 11.80% 11.30% 11.60% 11.30%

Mazowieckie 33.60% 32.00% 30.80% 28.60% 29.00% 31.00%
Opole 1.10% 1.10% 1.10% 1.20% 1.20% 1.10%

Subcarpathian 2.00% 2.40% 3.40% 3.10% 2.80% 2.80%
Podlasie 1.80% 1.90% 1.70% 1.60% 1.50% 1.70%

Pomeranian 6.20% 6.30% 6.80% 7.30% 6.50% 6.70%
Silesian 6.10% 6.20% 6.20% 8.20% 8.30% 6.80%

Świetokrzyskie 0.70% 0.70% 0.70% 0.70% 0.70% 0.70%
Warmia-Masurian 2.10% 1.90% 2.00% 2.10% 2.10% 2.00%

Greater 7.00% 6.80% 6.70% 6.40% 6.70% 6.70%
West Pomeranian 2.60% 3.00% 3.00% 3.50% 3.50% 3.10%

Total 100.00% 100.00% 100.00% 100.00% 100.00% 100.00%
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Abstract: Background: The extent of aortic replacement for aneurysms of the distal ascending aorta
remains controversial and opinions vary between standard cross-clamp resection and open hemiarch
anastomosis in circulatory arrest and selective cerebral perfusion. As the deleterious effects of
extended circulatory arrest are well-known, borderline indication for distal ascending aorta aneurysm
repair must be outweighed against the potential risk of complications related to the open anastomosis.
In the present study, we describe our own approach consisting of “transversal arch clamping” for
exhaustive resection of aneurysms of the distal ascending aorta without open anastomosis and we
present the postoperative outcomes. Methods: Between May 2017 and December 2019, 35 patients
with aneurysm of the ascending aorta (20 male, 15 female) underwent replacement with repair of the
lesser curvature without circulatory arrest. Pre-operative, intraoperative, and postoperative clinical
outcomes were retrospectively withdrawn from our institutional database and analyzed. Results:
Maximal diameter of distal ascending aorta was 47.5 mm. Patient median age was 66 years (IQR 14)
(range 42–86). Preoperative logistic median EuroSCORE II was 17% (IQR 11.3). Median duration
of cardiopulmonary bypass and cardiac arrest were 137 (IQR 64) and 93 (IQR 59) min, respectively.
In-hospital and 30-day mortality were 0%. There were no cases with acute low output syndrome,
surgical re-exploration for bleeding, kidney injury requiring dialysis, or wound infection. Disabling
stroke was observed in one patient (2.9%). There was one case of major ventricular arrhythmia (2.9%).
Conclusions: Our institutional experience suggests that this novel technique is safe and feasible. It
facilitates complete resection of the aortic ascending aneurysm avoiding circulatory arrest, antegrade
cerebral perfusion, additional peripheral cannulation, and all related complications.

Keywords: ascending aorta aneurysm; aortic replacement; technique of distal anastomosis

1. Introduction

Regarding current evidence, the extent of aortic replacement in borderline aneurysms
of the distal ascending aorta remains controversial and opinions vary between standard
cross-clamp aortic resection and open hemiarch anastomosis in hypothermic circulatory
arrest [1–3]. During the so-called “conventional” ascending aorta replacement, approxi-
mately 2 cm of the distal aorta ascendens may remain unresected without open anastomosis
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technique. This could lead to a certain degree of diameter mismatch between graft and
proximal arch. As a consequence, the remaining aneurysmatic tissue may predispose
patients to a further arch dilatation with aneurysm formation on the long run. On the other
hand, “open” distal anastomosis and hemiarch reconstruction in hypothermic circulatory
arrest (HCA) allows a more complete resection of aneurysmatic tissue [3–5]. However,
the use of HCA results in prolonged extracorporeal circulation with potential end organ
ischemia. In addition, this procedure requires a peripheral arterial cannulation that can
potentially cause further related complications.

There are several surgical techniques concerning distal anastomosis for the resection
of the ascending aorta aneurysms with or without HCA [1,6,7]. At our institution, we
developed a new approach of transversal arch clamping with closed distal anastomosis
for avoiding circulatory arrest, antegrade cerebral perfusion, and additional peripheral
cannulation while allowing a more complete resection of aneurysmatic tissue.

In this study, we present our technique and discuss our institutional experience and
outcomes in patients with borderline indication for aneurysms of the distal ascending
aorta. Moreover, we retrospectively analyzed aortic diameter size of the resected aneurys-
matic aorta in order to identify a potential reference value for the application of our
institutional method.

2. Patients and Methods

Local ethics committee approval was granted for the collection of patient data as well as
follow up (approval number 2020-076-f-S). The present study includes 35 patients between
May 2017 and December 2019 who underwent an elective replacement of an ascending aorta
aneurysm with our institutional method of transversal arch clamping. The preoperative
workup included either computed tomography angiography (CTA), echocardiography, or
coronary angiography (in patients older than 50 years). The indication for surgical aortic
replacement was according to the 2014 ESC Guidelines [8]. The decision whether patients
were suitable for “transversal arch clamping” was made intraoperatively, based on surgical
assessment and the extent of aneurysm reaching into the aortic arch. All baseline data
of patients, including ascending aorta diameter, aortic valve characteristics, and major
comorbidities are presented in Table 1.

Table 1. Demographic patient data.

Preoperative Variables Median/N IQR/%

Age (years) 66 14
Sex (female) 15 43%

BMI 29 5
History of stroke 14 40%
Diabetes mellitus 3 8.6%

Dyslipidemia 13 37.1%
Arterial hypertension 28 80%

Peripheral vascular disease 1 2.9%
Cerebrovascular disease 2 5.7%

Abdominal aortic aneurysm 1 2.9%
COPD 7 20%

Preoperative history of stroke 3 8.6%
NYHA 1.8 1

Creatinine peak (mg/dL) 1.0 0.3
Hemoglobin (g/dL) 13.9 2.6

Atrial fibrillation 7 20%
Aortic diameter (mm) 57 7
Bicuspid aortic valve 18 51%

Redo 2 5.7%
EuroSCORE II 8.7 2.5
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IBM SPSS Statistics for Windows, Version 22 (IBM Corp, Armonk, NY, USA) was
used for statistical analysis. A Kolmogorow–Smirnow test with Lilliefors correction was
applied across the data and revealed a normal distribution of data regarding aortic diameter
(K = 0.19635, p = 0.05217). Median was used presenting the variables.

2.1. Surgical Technique

NIRS control with left radial and femoral pressure monitoring was applied during all
procedures. Cardiopulmonary bypass was established using arterial cannulation of the
distal aortic arch directly below the left subclavian artery and venous cannulation of the
right atrium. In most cases, Seldinger technique with echocardiographic control of the
wire position in the aorta descendens was used for arterial cannulation. In our opinion
based on our institutional experience, in this way, the cannula can be safely introduced
at an acute angle in the descending aorta facilitating cannulation. Without Seldinger
technique there is the risk of potential aortic dissection due to tangential introduction of the
cannula. Myocardial protection is achieved either by retrograde cold blood cardioplegia in
case of full median sternotomy or, in case of L-shaped partial upper sternotomy, initially
anterograde through the aortic wall followed by selective cannulation of coronary ostia.
Figure 1 demonstrates our institutional approach step by step.

 
Figure 1. Stepwise approach of our institutional method of transversal arch clamping. (A) A
schematic picture of the Satinsky clamp placement in relation to ascending aneurysm (1) and the
position of the aortic cannula (2). (B) Intraoperative view showing complete resection of ascending
aortic aneurysm. (C) Display of the Satinsky clamp for the “transversal arch clamping”. (D) A picture
after the completion of ascending aorta replacement and repair of the lesser curvature of the aortic
arch. BCA: brachiocephalic artery; LCA: left carotid artery.

First, a conventional clamping is performed proximal to the brachiocephalic artery
(BCA) (Figure 1A). Second, in cardiac arrest, aneurysmatic tissue is resected right below the
clamp (at the level of the BCA) and at the sinotubular junction (STJ). Once the ascending
aorta has been trimmed, the aortic arch should be mobilized dorsally by separating the
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aorta from the periaortic tissue. In this regard, it is of utmost importance to extend the
distal preparation exposing zone 3 of the aorta. At this point, the Satinsky clamp can be
safely placed in order to expose the lesser curvature for removal. This maneuver enables
complete mobilization of the aortic arch under visual control. Third, a Satinsky clamp
is then (under low-flow cardiopulmonary bypass) placed distal to the first clamp at the
outflow of the brachiocephalic artery and transversal to the aortic arch allowing maximal
removal of the lesser curvature (Figure 1B,C). Prosthesis size is determined according to the
diameter of the sinotubular junction in case of a supracoronary replacement or to conduit
size when aortic root is replaced. The selected prosthesis is trimmed and tailored for distal
anastomosis leaving a prosthesis bevel for accommodation to the lesser curvature. After
proximal arch resection the distal anastomosis is carried out by means of continuous 4-0
polypropylene suture using a periaortic Teflon felt strip. The proximal anastomosis was
then tailored according to the necessity of concomitant procedures (i.e., composite graft
implantation, aortic root reconstruction). BioGlue® (CryoLife, Inc., Kennesaw, GA, USA)
was applied for sealing of the suture line (Figure 1D).

2.2. Retrospective Biplanar Measurement

In order to identify a potential reference value for the application of our institutional
method regarding suitable aneurysmatic diameter at the different levels of the ascending
aorta we retrospectively performed biplanar measurement. CT angiography scans were
reconstructed automatically using Aquarius iNtuition (TeraRecon Inc., Foster City, CA, USA).

Based on ECG-gated computed tomography angiograms (CTAs) biplanar measure-
ments at the level of the sinotubular junction (STJ) and immediately proximal to the origin
of the brachiocephalic artery (BCA), the supposed position of the clamp, have been per-
formed. Exemplary biplanar measurement with automated 3D reconstruction is displayed
in Figure 2. According to the data, a suggested reference value for suitable diameter size of
the respected levels of aneurysmatic aorta for the application of our institutional method of
transversal arch clamping was evaluated.

 

Figure 2. Exemplary biplanar measurement with automated 3D reconstruction using
Aquarius iNtuition.

3. Results

Patient median age was 66 years (IQR 14) (range 42–86). Patient demographics and
concomitant procedures are summarized in Table 1. The median diameter of the ascending
aorta was 57 mm (IQR 7) (range 50–72 mm). Half of the patients (51%) had a bicuspid aortic
valve. Preoperative EuroSCORE II was 8.7 (IQR 2.5).

The median duration of surgery, CPB time and cross clamp time were 232, 137, and
93 min, respectively. Mild hypothermia was applied in all cases with average nadir tempera-
ture about 32 ◦C. Concomitant CABG procedure took place in 10 (28.6%) patients. Additional
Bentall operation, partial Yacoub procedure, and Wheat procedure were performed in 14
(40.0%), 5 (14.3%), and 3 (8.6%) patients of the study group, respectively. Minimally invasive
approach through L-shaped partial upper sternotomy was performed in 8 (22.9%) patients.
Intraoperative data and concomitant procedures are summarized in Table 2.
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Table 2. Intraoperative data and concomitant procedures.

Operative Variables Median/N IQR/%

Duration of surgery (min.) 232 99
CPB time (min.) 137 64

Cross clamp time (min.) 93 59
Nadir temperature (min.) 32 1

Concomitant CABG 10 28.6%
Bentall operation 14 40.0%

Partial Yacoub procedure 5 14.3%
Wheat procedure 2 5.7%

Partial upper sternotomy 8 22.9%

The postoperative results are shown in Table 3. There were neither in-hospital nor
30-day mortality cases. The length of ICU and IMC stay was 2.8 (IQR 2.5) days, the median
mechanical ventilation time lasted 9.4 (IQR 3) h. The mean amount of blood loss was
724 (IQR 320) mL and none of the patients required a re-exploration for revision. One
patient (2.9%) had a postoperative stroke with residual hemiparesis at discharge. Delirium
requiring drug treatment was reported in nine patients (27.7%) There was no postoperative
kidney injury requiring dialysis. In one patient with postoperative creatinine value of
2.6 mg/dL the renal function was restored due to medical treatment and volume manage-
ment. Deep wound infections were not observed. In 19 out of 35 patients, CTA based,
biplanar measurements of the sinotubular junction (STJ) and the base of the brachiocephalic
artery (the designated clamping site) were analyzed retrospectively in order to objectify the
surgeon’s “instinct” and identify a potential reference size (regarding suitable diameter) for
the application of this technique.

Table 3. Postoperative outcomes.

Postoperative Variables Median/N IQR/%

Hospital stay (d) 10 2.5
In-hospital mortality 0 0%

30-day mortality 0 0%
Length of ICU/IMC stay (d) 2.8 2.5

Duration of mechanical
ventilation (h) 9.4 3

Tracheostomy 0 0%
Low output syndrome 0 0%

Surgical re-exploration for
bleeding 0 0%

Drainage loss (mL) 724 320
CPR 1 2.9%

Disabling stroke 1 2.9%
Delirium 9 27.7%
Dialysis 0 0%

Creatinine peak mg/dL 0.9 0.4
Wound/sternal infection 0 0%

NYHA 1.6 1

The missing CTAs are due to the following reasons: In ten patients with bicuspid
valve and dilatated aorta echocardiography was used for indication. In two patients,
indication was based on aortography due to concomitant CABG procedure. In four patients
the decision was made intraoperatively without additional preoperative imaging. Using
Aquarius iNtuition® for biplanar measurement the median diameter of the STJ and BCA
origin (designated clamping site) were 45.7 mm (range: 24.5–57 mm) and 40.9 mm (range:
35.7–47.5 mm), respectively.
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4. Discussion

To date, there is no consensus regarding the optimal surgical approach for borderline
aneurysms of the distal ascending aorta. Although open hemiarch anastomosis requiring
initial peripheral cannulation and HCA is necessary for the treatment of type A aortic
dissection, the same approach seems exaggerated for the purpose of extensive repair of
borderline aneurysms of the distal ascending aorta, even if parts of the aortic arch are
involved. However, several retrospective studies [9,10] have shown that the open hemiarch
approach is a similarly safe method and does not increase the risk for cardiac, neurological,
pulmonary, or hemorrhagic complications in the immediate postoperative period. On the
other hand, no prospective studies are available. We know from our own experience that
aortic surgery with HCA is not an “easy walk” and contains a potential risk of coagulation
disorder with postoperative bleeding as well as potential cerebral injury as a result of
air embolism, insufficient perfusion, or other potential complications like ischemia of the
abdominal organs or extremities. Furthermore, the extrathoracic arterial cannulation itself
via right axillary artery and/or femoral artery carries the risk for associated complications
such as brachial plexus injury, ischemia, bleeding, and lymphatic fistula.

In our opinion, the above-mentioned potential risks for the treatment of borderline
aneurysms of the distal ascending aorta do not justify a rigid application for aneurysms of
the distal ascending aorta. Rather, a tailored approach seems to be indicated as it enables to
maximize resection of aneurysmatic tissue—even in cases with aortic arch involvement.

Our institutional approach claims to achieve both, balancing exhaustive resection
of aneurysmatic tissue while preventing additional damage. In our setting, despite the
double clamping of the aorta (first, in a conventional manner and then transversally—
see Figure 1), the surgeon can achieve a more exhaustive resection and thus reduce the
associated risks of undissected aneurysmatic tissue. This is reached through the maneuver
of clamp replacement under visual control through mobilization of the dorsal wall of the
aortic arch. This allows the application of the Satinsky clamp without multiple attempts
and thus avoids possible iatrogenic aortic wall injury.

In our institutional experience, this technique can be applied safely in the majority
of patients with borderline aneurysms. However, one must consider that any multiple
replacements of the clamp could lead to potential plaque loosing or rupture. It is self-
explanatory that this should be avoided in patients with sclerotic distal ascending aortas or
visible (via sonography) or manual palpation at the intended clamping site.

In our patient population, there was no bleeding at the distal anastomosis region as a
result of the suture penetration due to aortic tension during clamping. The application of
the transversal arch clamping generally did not result in a deviation from the initial surgical
plan. In our opinion, this is due to the accurate preoperative planning. Moreover, our
outcomes suggest that this method does not increase the risk for additional neurological
deficits, strokes, or an increase in cardiac or non-cardiac associated death.

We also believe that our technique with formation of a “prosthesis bevel” for repair
of the lesser curvature of the aortic arch stabilizes the aortic arch and thus prevents the
formation of new aneurysms, even if performed in an open manner.

Another benefit of this approach might be the prevention of hypothermic circulatory
arrest enabling even the “lesser experienced” surgeon to reach maximized resection of
all aneurysmatic tissue in even more complex cases of borderline aneurysms of the distal
ascending aorta. This enables low volume centers to reach better outcomes. We have
identified some limitations of our study, which are mainly expressed by the retrospective
design and the lack of a control group. We aimed to reduce the subjective assessment of the
surgeon by identifying a potential reference value for the application of our institutional
method regarding suitable aneurysmatic diameter at the different levels of the ascending
aorta through biplanar measurement.

Our data suggests that up to an aortic diameter of 47.5 mm at the BCA origin des-
ignated clamping site our method of transversal arch clamping can safely be applied.
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Routinely implemented biplanar measurement might become a standardized approach for
the assessment of aneurysmatic aneurysms to identify suitable candidates for this approach.

5. Conclusions

Transversal arch clamping of aneurysms of the distal ascending aorta (reaching into
the aortic arch) seems to be a safe and feasible method in order to achieve maximized
resection of aneurysmatic tissue. Waiving the disadvantages of hypothermic circulatory
arrest with antegrade cerebral perfusion and potential risks of peripheral cannulation may
qualify this approach to become a standard approach in low volume centers and for less
experienced surgeons.
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Abstract: Aims: The objective of the study was to evaluate the effects of individually prescribed
hybrid comprehensive telerehabilitation (HCTR) implemented at patients’ homes on left ventricular
(LV) diastolic function in heart failure (HF) patients. Methods and results: The Telerehabilitation in
Heart Failure Patients trial (TELEREH-HF) is a multicenter, prospective, randomized (1:1), open-label,
parallel-group, controlled trial involving HF patients assigned either to HCTR involving a remotely
monitored home training program in conjunction with usual care (HCTR group) or usual care only
(UC group). The patient in the HCTR group underwent a 9-week HCTR program consisting of two
stages: an initial stage (1 week) conducted in hospital and the subsequent stage (eight weeks) of
home-based HCTR five times weekly. Due to difficulties of proper assessment and differences in the
evaluation of diastolic function in patients with atrial fibrillation, we included in our subanalysis
only patients with sinus rhythm. Depending on the grade of diastolic dysfunction, patients were
assigned to subgroups with mild diastolic (MDD) or severe diastolic dysfunction (SDD), both in
HCTR (HCTR-MDD and HCTR-SDD) and UC groups (UC-MDD and UC-SDD). Changes from
baseline to 9 weeks in echocardiographic parameters were seen only in A velocities in HCTR-MDD
vs. UC-MDD; no significant shifts between groups of different diastolic dysfunction grades were
observed after HCTR. All-cause mortality was higher in UC-SDD vs. UC-MDD with no difference
between HCTR-SDD and HCTR-MDD. Higher probability of HF hospitalization was observed in
HCTR-SDD than HCTR-MDD and in UC-SDD than UC-MDD. No differences in the probability of
cardiovascular mortality and hospitalization were found. Conclusions: HCTR did not influence
diastolic function in HF patients in a significant manner. The grade of diastolic dysfunction had an
impact on mortality only in the UC group and HF hospitalization over a 12–24-month follow-up in
HCTR and UC groups.
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1. Introduction

Heart failure (HF) is a major challenge in modern healthcare and is increasing with
the aging of the population. The pathophysiology in HF is determined by altered cardiac
output, reduced cardiac contractility, myocardial stiffness, increased filling pressure of LV
and diastolic dysfunction [1]. Diastolic HF has been found to occur in more than 50% of
patients with systolic HF [2,3]. The diastolic phase becomes shorter, which exacerbates
the pre-existing impairment of left ventricular (LV) filling. Thus, diastolic irregularities
lead to elevated pressure in the pulmonary circulation, causing shortness of breath [4].
Diastolic dysfunction is usually accompanying systolic dysfunction. Echocardiography is a
key imaging method for the evaluation of diastolic function. Echocardiographic estimation
of LV filling pressure can be drawn from algorithms accounting for Doppler velocities at
the mitral valve, tissue Doppler imaging techniques and data of left atrium size [5,6].

There is a need for echocardiographic evaluation in all patients with HF in the qualifi-
cation process for cardiac rehabilitation.

The most typical clinical symptoms reported by the patients are dyspnea and low
exercise tolerance (fatigue and weakness upon exertion). Exercise dyspnea is also the
earliest clinical manifestation in patients with diastolic HF, as tachycardia upon exertion
triggers the pathomechanism of dyspnea. Thus, it is interesting to determine if cardiac
rehabilitation can influence diastolic dysfunction in HF patients. HF is associated with
progressive exercise intolerance. According to the 2020 Sports Cardiology ESC guidelines,
exercise-based cardiac rehabilitation is recommended in all stable individuals with HF [7] to
improve exercise capacity, quality of life, and to reduce the risk of the rehospitalization [8].
Because of the high mortality associated with chronic heart failure [9], there is need for
wider implementation of evidence-based management.

The Telerehabilitation in Heart Failure Patients trial (TELEREH-HF) study [10,11] is
the largest prospective, multicenter, and randomized clinical trial to date that assessed
a 9-week hybrid comprehensive telerehabilitation (HCTR) compared to usual care (UC)
in HF patients, and had the data regarding diastolic dysfunction in HF with reduced
ejection fraction.

The TELEREH-HF trial supported the statement that telemedicine may offer a novel
model of organization and HCTR may facilitate the implementation of the comprehensive
management of HF patients. TELEREH proved that telerehabilitation is well accepted, safe,
and effective with high adherence in HF patients. Our trial confirmed that HCTR improved
quality of life in HF patients.

There are scarce data regarding the prognostic impact of diastolic dysfunction in
HF patients, participating or not in cardiac telerehabilitation. What is more, HCTR is an
attractive option for HF treatment during the COVID-19 pandemic.

Research Objectives

The objective of the study was to evaluate the effects of individually prescribed HCTR
on left ventricular diastolic function in HF patients. We focused on the impact of HCTR
regarding the severity of diastolic dysfunction, mild versus severe. We assessed the survival
probability depending on discrepancies in left ventricular diastolic function.

2. Methods

TELEREH-HF is a multicenter, prospective, randomized (1:1), open-label, parallel-
group, controlled trial involving patients with HF assigned either to the HCTR program in
conjunction with UC (HCTR group) or UC only (UC group). Patients were qualified for the
TELEREH-HF study (ClinicalTrials.gov NCT 02523560) with New York Heart Association
(NYHA) class I, II or III HF with LV ejection fraction (LVEF) 40% or less after hospitalization
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due to worsening of HF within 6 months prior to randomization. The aim of the study was
to determine whether the potential improvement in functional outcomes and quality of life
after a 9-week training period improves clinical outcomes during an extended follow-up of
12 to 24 months.

The study was performed in accordance with the Helsinki Declaration and Polish
legal regulations. Each patient gave informed consent. The study was approved by the
Bioethics Committee at the National Institute of Cardiology in Warsaw. Patient data were
verified by an independent Data Security Monitoring Council. The task of the Clinical
Endpoint Committee, without knowledge of randomization, was to review hospitalizations
and deaths.

The inclusion and exclusion criteria are presented elsewhere in design documents [10,11].
In the presented subanalysis, only patients with sinus rhythm were qualified. A patient
in the HCTR group underwent a 9-week HCTR program with two stages: the first stage
(1 week) was conducted in the hospital and the next stage (8 weeks) of HCTR was conducted
at home 5 times a week. The telerehabilitation program includes three training ranges:
aerobic endurance training, Nordic walking, breathing muscles training, exercises with
light resistance and strength exercises.

2.1. Echocardiography Assessment

Echocardiography exams were performed by experienced echocardiographists on
different echo machines on each site (GE Vivid 6, GE Vivid 4, Philips Epiq 8, Acuson CV70).
Diameters of heart chambers were measured on long axis view, while left atrium volume
was assessed in four-chamber apical view. The LVEF was determined by biplane Simpson’s
method. Mitral inflow was evaluated by PW Doppler sample volume between mitral
leaflet tips.

Mitral inflow was assessed by measurement of: early diastolic mitral inflow velocity (E
wave), late diastolic mitral inflow velocity (A wave), deceleration time of E wave (DTE), and
E/A ratio. On pulsed-wave tissue Doppler imaging, annular E’ velocity was measured on
medial wall (E’ med.) and lateral wall of left ventricle (E’ lat). E velocity divided by mitral
annular E’ velocity was calculated at medial wall (E/E’ med) and lateral wall (E/E’ lat),
and then average value was calculated (E/E’ avg). Jet velocity of tricuspid regurgitation
(TR) was calculated on continues wave Doppler. Normal mitral inflow was determined as
both E/A ≤ 0.8 and E ≤ 50 cm/s. When mitral inflow shows an E/A ≤ 0.8 but the peak
E velocity is >50 cm/sec, or if the E/A ratio is >0.8 but <2, other signals are necessary for
accurate evaluation. Due to the lack of measurement of left atrium volume, we used only
2 criteria: TR jet peak velocity by color Doppler and average E/E’ ratio.

To determine diastolic dysfunction, we used algorithm for estimation of LV filling
pressures and grading LV diastolic function in patients with HFrEF recommended by the
American Society of Echocardiography and the European Association of Cardiovascular
Imaging [5]. We excluded patients with AF because of differences of assessment of diastolic
function in case of AF (altered pattern of mitral inflow, lack of A wave, variability in
cycle length, common occurrence of LA enlargement regardless of filling pressures). I
grade diastolic dysfunction with normal left atrium pressure was called as mild diastolic
dysfunction (MDD). Severe diastolic dysfunction was defined as characterized by increased
left atrium pressure, and so it consisted of both grade II and III dysfunction.

Thus, regarding grade of diastolic dysfunction, patients assigned to HCTR group were
divided into HCTR-MDD and HCTR-SDD. Analogically, among patients from UC care,
there were UC-MDD and UC-SDD subgroups.

Patients were followed during 14–26 months after for all-cause mortality, cardiovas-
cular (CV) mortality, all-cause mortality, CV hospitalizations, HF hospitalizations, and
composite points previously listed.
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2.2. Statistical Analyses

Results are reported as numbers and percentages for categorical variables, or means ± SD
(baseline characteristic) or means and 95% confidence intervals (difference between 9-week
value and baseline) for continuous variables. Comparisons between groups on baseline
characteristics were performed by the chi-square test of independence or the Fisher exact
test (when the number of expected events was less than 5), the Cochran Mantel-Haenszel
test, or Student’s t-test (or Satterthwaite method), respectively. Differences in change over
time between groups were compared using a correction of variance analysis for baseline
measurement level and body surface area, hypertension, loop diuretics, and NYHA class.
Interactions between groups and diastolic dysfunction were studied. The rate of events
(all-cause mortality, all-cause hospitalization, cardiovascular mortality, and cardiovascular
hospitalization) was estimated using Kaplan–Meier curves and made using the log-rank
test with the Tukey–Kramer correction for multiple comparisons. Two-sided p < 0.05 was
considered statistically significant. The analyses were made using SAS statistical software
version 9.4 (SAS Institute, Inc., Cary, NC, USA).

3. Results

Between the beginning of June 2015 and the end of June 2017, we randomized 850 el-
igible patients in a 1:1 ratio to either a HCTR plus usual care group (HCTR group) or a
usual care only (UC group).

Among enrolled patients, sinus rhythm necessary for proper assessment of diastolic
function was present in 512 patients. Echocardiography was performed twice before and
after intervention (HCTR group) or observation (UC group) in 472 patients. The study flow
diagram is shown in Figure 1.

Figure 1. Study flow with algorithm for estimation of LV filling pressures and grading LV diastolic
function in patients with HFrEF.

Normal mitral inflow was found in 329 patients. First grade and mild diastolic
dysfunction was found in 306 patients. Second grade diastolic dysfunction was present
in 14 patients, when the restrictive pattern of mitral inflow with E/A ≥ 2 in 119 patients.
Severe diastolic dysfunction was diagnosed in 119 patients. It was impossible to determine
left atrial pressure and diastolic dysfunction in 28 patients.
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Among patients assigned to the HCTR group with sinus rhythm, 168 patients had
mild diastolic dysfunction (HCTR-MDD) and 67 patients had severe diastolic dysfunction
(HCTR-SDD). Among patients assigned to the UC group with sinus rhythm, 143 patients
had mild diastolic dysfunction (UC-MDD) and 66 patients had severe diastolic dysfunction
(UC-SDD). On Figure 1, diastolic dysfunction criteria and groups are presented.

The study groups HCTR and UC did not significantly differ in terms of baseline
clinical parameters, demographic data, and treatment, except for a higher prevalence of
hypertension and more frequent use of loop diuretics in UC-SDD than in HCTR-SDD.
Moreover, patients in the UC-MDD and HCTR-MDD groups differed in NYHA classes and
body surface area. The baseline characteristics of the cohort at randomization are presented
in Table 1. Echocardiographic parameters at randomization are listed in Table 2. There
were only differences between HCTR-MDD and UC-MDD in DTE parameters at baseline.

Table 1. Baseline characteristics.

MDD (n = 311) SDD (n = 133)

HCTR-MDD
n = 168

UC-MDD
n = 143

p1
HCTR-SDD

n = 67
UC-SDD

n = 66
p2

Males. n (%) 151 (89.9) 131 (91.6) 0.602 59 (88.1) 57 (86.4) 0.770

Age (years). mean ± SD 60.9 ± 10.8 60.9 ± 10.3 0.977 62.3 ± 13.6 62.6 ± 10.2 0.911

Left Ventricular Ejection Fraction (%).
mean ± SD 32.7 ± 6.2 32.2 ± 6.7 0.552 27.8 ± 6.3 27.7 ± 7.4 0.931

BSA (m2) 2.01 ± 0.22 2.06 ± 0.21 0.038 1.93 ± 0.20 1.96 ± 0.20 0.419

Etiology of heart failure. n (%)

Ischaemic 117 (69.6) 90 (62.9)
0.212

43 (64.2) 45 (68.2)
0.626Non-ischeamic 51 (30.4) 53 (37.1) 24 (35.8) 21 (31.8)

Previous medical history. n (%)

Coronary artery disease 115 (65.4) 88 (61.5) 0.202 44 (65.7) 45 (68.2) 0.758
Myocardial infarction 104 (61.9) 81 (56.6) 0.346 44 (65.7) 39 (59.1) 0.433
Angioplasty 79 (47.0) 66 (46.1) 0.878 33 (49.2) 36 (54.5) 0.541
Coronary artery bypass grafting 25 (14.9) 21 (11.7) 0.961 11 (16.4) 8 (12.1) 0.480
Hypertension 101 (60.1) 97 (67.8) 0.159 34 (50.7) 45 (68.2) 0.041
Stroke 9 (5.4) 7 (4.9) 0.854 2 (3.0) 8 (12.1) 0.055
Chronic kidney disease 21 (12.5) 19 (13.3) 0.836 18 (26.9) 14 (21.2) 0.446
Hyperlipidemia 85 (50.6) 63 (44.1) 0.250 31 (46.3) 27 (40.9) 0.533
Diabetes 56 (33.3) 47 (32.9) 0.931 21 (31.3) 24 (36.4) 0.541

Functional status

NYHA I. n (%) 19 (11.3) 32 (22.4)
0.007

8 (11.9) 3 (4.5)
0.254NYHA II. n (%) 127 (75.6) 85 (59.4) 45 (67.2) 45 (68.2)

NYHA III. n (%) 22 (13.1) 26 (18.2) 14 (20.9) 18 (27.3)

Treatment

Beta-blocker 161 (95.8) 137 (95.8) 0.990 63 (94.0) 66 (100) 0.119
ACEI/ARB 159 (94.6) 137 (95.8) 0.634 58 (86.6) 58 (87.9) 0.821
Digoxin 9 (5.4) 5 (3.5) 0.430 8 (11.9) 5 (7.6) 0.397
Loop diuretics 116 (69.0) 100 (69.9) 0.866 52 (77.6) 61 (92.4) 0.017
Spironolactone/eplerenone 138 (82.1) 118 (82.5) 0.931 54 (80.6) 53 (80.3) 0.966
Aspirin/clopidogrel 121 (72.0) 89 (62.2) 0.066 37 (55.2) 43 (65.1) 0.243
Anticoagulants 23 (13.7) 22 (15.4) 0.672 19 (28.4) 18 (27.3) 0.889
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Table 1. Cont.

MDD (n = 311) SDD (n = 133)

HCTR-MDD
n = 168

UC-MDD
n = 143

p1
HCTR-SDD

n = 67
UC-SDD

n = 66
p2

Statins 146 (86.9) 120 (83.9) 0.455 50 (74.6) 52 (78.8) 0.570
CIEDs 122 (72.6) 117 (81.8) 0.055 58 (86.6) 54 (81.8) 0.453
Implantable

cardioverter-defibrillator 75 (61.5) 78 (66.7)
0.482

39 (67.2) 33 (61.1)
0.310CRT-P 3 (2.5) 2 (1.7) 0 0

CRT-D 42 (34.4) 37 (31.6) 19 (32.8) 19 (35.2)

Abbreviations: NYHA—New York Heart Association class; ACEI—angiotensin-converting enzyme inhibitors;
ARB—angiotensin receptor blockers; CIEDs—cardiovascular implantable electronic devices; CRT-P—cardiac
resynchronization therapy; CRT-D—cardiac resynchronization therapy and cardioverter-defibrillator; DM—
diabetes mellitus; BSA—body surface area; HCTR-MD—patients in hybrid comprehensive telerehabilitation
arm with mild diastolic dysfunction; HCTR-SDD—patients in hybrid comprehensive telerehabilitation arm with
severe diastolic dysfunction; HFrEF—heart failure with reduced ejection fraction; UC-MDD—patients in usual
care arm with mild diastolic dysfunction; UC-SDD—patients in usual care arm with severe diastolic dysfunction.

Table 2. Baseline parameters of echocardiographic parameters.

MDD (n = 311) SDD (n = 133)

HCTR-MDD
n = 168

UC-MDD
n = 143

p1
HCTR-SDD

n = 67
UC-SDD

n = 66
p2

E 0.53 ± 0.16 0.55 ± 0.17 0.421 0.93 ± 0.24 0.93 ± 0.24 0.962

A 0.70 ± 0.17 0.73 ± 0.17 0.219 0.39 ± 0.18 0.43 ± 0.18 0.224

E/A 0.79 ± 0.29 0.79 ± 0.33 0.983 2.63 ± 0.91 2.43 ± 0.97 0.267

DTE 230 ± 59 222 ± 64 0.241 164 ± 49 172 ± 54 0.432

E/E’ lat 8.09 ± 3.07 8.03 ± 3.02 0.883 17.3 ± 8.6 15.4 ± 7.1 0.223

E/E’ med 9.53 ± 3.2 9.50 ± 3.07 0.935 19.1 ± 10.0 22.5 ± 10.1 0.067

E/E’ avg 8.81 ± 2.61 8.77 ± 2.46 0.904 18.2 ± 8.3 19.0 ± 7.6 0.586

LA 42.8 ± 6.0 43.2 ± 5.8 0.546 46.3 ± 7.0 47.6 ± 6.4 0.254

LAA 23.0 ± 4.8 24.0 ± 5.9 0.113 28.5 ± 6.2 28.2 ± 6.8 0.854

TR velocity 2.03 ± 0.46 2.04 ± 0.49 0.894 2.8 ± 0.7 2.9 ± 0.7 0.557

EF 32.8 ± 6.1 32.1 ± 6.7 0.330 27.9 ± 6.4 28.0 ± 7.4 0.937

E/A ≤ 0.8 (n, %) 112 (66.7) 98 (68.5)
0.727

1 (1.5) 1 (1.5)
0.185E/A 0.8–2 (n, %) 56 (33.3) 45 (31.5) 3 (4.5) 9 (13.6)

E/A > 2 (n, %) 0 0 63 (94.0) 56 (84.8)

DTE ≤ 160 (n, %) 15 (9.0) 18 (12.6)
0.004

37 (56.1) 34 (53.1)
0.870DTE 160–200 (n, %) 26 (15.7) 10 (29.4) 17 (25.8) 16 (25.0)

DTE ≥ 200 (n, %) 125 (75.3) 83 (58.0) 12 (18.2) 25 (21.9)

E/E’ avg > 14 (n, %) 1 (0.6) 2 (1.4) 0.595 44 (65.7) 49 (75.4) 0.221

TR velocity > 2.8 (n, %) 1 (0.6)
(n = 141)

0 (0)
(n = 119) 1.00 23 (43.4)

(n = 52)
27 (51.9)
(n = 53) 0.382

Abbreviations: HCTR-MDD—patients in hybrid comprehensive telerehabilitation arm with mild diastolic dys-
function; HCTR-SDD– patients in hybrid comprehensive telerehabilitation arm with severe diastolic dysfunction;
HFrEF—heart failure with reduced ejection fraction; UC-MDD—patients in usual care arm with mild diastolic
dysfunction; UC-SDD—patients in usual care arm with severe diastolic dysfunction; LVEF—Left Ventricular Ejec-
tion Fraction; E—early diastolic mitral inflow velocity; A—late diastolic mitral inflow velocity; DTE—deceleration
time of E wave; E’ med—E’ velocity at medial wall; E’ lat—E’ velocity at lateral wall; E/E’ avg—average value of
E/E’ at medial and lateral wall of the left ventricle; TR velocity—tricuspid regurgitation (TR) jet velocity; LA—left
atrium diameter; LAA—left atrium area.
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Changes from baseline to 9 weeks in echocardiographic parameters were seen only
in A velocities (delta from baseline to 9 weeks 0.06 (0.01;0.11) in HCTR-MDD vs. −0.03
(−0.11;0.04) in UC-MDD; p interaction = 0.008) and tricuspid regurgitation velocity (−0.10
(−0.28;0.08) in HCTR-SDD vs. 0.23 (−0.03;0.49) in UC-SDD; p interaction = 0.007). No
significant shifts between groups of different diastolic dysfunction grade were observed
after HCTR (Table 3).

Table 3. Changes from baseline to 9 weeks in echocardiographic parameters (adjusted for baseline
measure, body Surface area, hypertension, loop diuretics, NYHA class).

MDD (n = 311) SDD (n = 133)

HCTR-MDD
n = 168

UC-MDD
n = 143

Difference
[95% CI] *

p *
HCTR-
SDD
n = 67

UC-SDD
n = 66

Difference
[95% CI] *

p *
p

Interaction

Δ 9 week—baseline [95% CI] * Δ 9 week—baseline [95% CI] *

E [m/s] 0.01
(−0.03;0.08)

−0.02
(−0.05;0.01)

0.03
(−0.02;0.08) 0.526 0.01

(−0.05;0.05)
0.03

(−0.02;0.08)
−0.02

(−0.10;−0.05) 0.864 0.163

A 0.03
(−0.01;0.06)

−0.03
(−0.06;−0.01)

0.06
(0.01;0.11) <0.010 −0.01

(−0.06;0.04)
0.02

(−0.02;0.07)
−0.03

(−0.11;0.04) 0.648 0.008

E/A −0.03
(−0.14;0.09)

−0.02
(−0.13;0.10)

−0.01
(−0.19;0.17) 0.992 −0.03

(−0.24;0.19)
0.00

(−0.20;0.21)
−0.03

(−0.32;0.25) 0.989 0.844

DTE 7.7
(−3.9;19.4)

4.5
(−6.7;15.8)

3.2
(−16.0;22.4) 0.973 −23.9

(−41.6;−6.1)
−22.6

(−39.9;−5.3)
−1.3

(−31.1;28.6) 0.999 0.744

E/E’ lat −0.08
(−1.05;0.90)

−0.27
(−1.21;0.67)

0.19
(−1.37;1.76) 0.989 2.07

(0.53;3.61)
1.42

(−0.02;2.86)
0.65

(−1.78;3.61) 0.901 0.684

E/E’ med −0.78
(−1.92;0.35)

−0.97
(−2.07;0.13)

0.19
(−1.63;2.01) 0.993 1.86

(0.14;3.58)
2.38

(0.56;4.20)
−0.52

(−3.36;2.32) 0.965 0.587

E/E’ avg −0.32
(−1.25;0.61)

−0.51
(−1.41;0.40)

0.19
(−1.29;1.66) 0.988 1.79

(0.34;3.24)
1.55

(0.09;3.01)
0.24

(−2.04;2.52) 0.993 0.958

LA LAX 0.03
(−0.83;0.89)

−0.66
(−1.49;0.17)

0.69
(−0.73;2.11) 0.597 0.72

(−0.55;1.98)
−0.24

(−1.50;1.02)
0.96

(−1.22;3.13) 0.670 0.789

LAA 4CH −0.24
(−0.98;0.49)

−0.69
(−1.40;0.01)

0.45
(−0.75;1.66) 0.764 1.70

(0.55;2.85)
1.14

(0.05;2.23)
0.56

(−1.35;2.46) 0.875 0.904

TR velocity −0.17
(−0.28;−0.06)

−0.07
(−0.18;0.04)

−0.10
(−0.28;0.08) 0.462 0.18

(0.02;0.34)
−0.05

(−0.21;0.10)
0.23

(−0.03;0.49) 0.106 0.007

EF 2.17
(1.45;2.88)

1.14
(0.45;1.82)

1.03
(−0.15;2.21) 0.111 1.06

(0.01;2.11)
1.27

(0.23;2.31)
−0.21

(−2.03;1.60) 0.990 0.138

Abbreviations: HCTR-MDD—patients in hybrid comprehensive telerehabilitation arm with mild diastolic dys-
function; HCTR-SDD–patients in hybrid comprehensive telerehabilitation arm with severe diastolic dysfunction;
HFrEF—heart failure with reduced ejection fraction; UC-MDD—patients in usual care arm with mild diastolic
dysfunction; UC-SDD—patients in usual care arm with severe diastolic dysfunction; LVEF—left ventricular ejec-
tion fraction; E—early diastolic mitral inflow velocity; A—late diastolic mitral inflow velocity; DTE—deceleration
time of E wave; E’ med—E’ velocity at medial wall; E’ lat—E’ velocity at lateral wall; E/E’ avg—average value of
E/E’ at medial and lateral wall of the left ventricle; TR velocity—tricuspid regurgitation (TR) jet velocity; LA—left
atrium diameter; LAA—left atrium area. * regarding Difference [95% CI].

Understanding the impact of volume overload in HF patients, we were checking
the weight gain before every session of cardiac rehabilitation. We did not notice any
BMI changes of statistical importance between analyzed subgroups regarding diastolic
dysfunction.

All-cause mortality was higher in UC-SDD vs. UC-MDD (24 (36.4%) vs. 42 (29.4%),
p < 0.001), with no difference between HCTR-SDD and HCTR-MDD (24 (35.8%) vs. 49
(29.2%), p = 0.064) (Figure 2). No difference in the probability of CV mortality and hospi-
talization were found in HCTR and UC groups (Figures 3 and 4). The probability of CV
hospitalization was not associated with diastolic dysfunction. A higher probability of HF
hospitalization (Figure 5) was seen in HCTR-SDD compared to HCTR-MDD (46 (68.6%) vs.
65 (38.7%), p < 0.001, retrospectively) and in UC-SDD compared to UC-MDD (40 (60.6%) vs.
55 (38.5%), p < 0.001, retrospectively).
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Figure 2. Kaplan–Meier Plot of all-cause mortality-free survivals in subgroups regarding diastolic
function and rehabilitation.

Figure 3. Kaplan–Meier plot of cardiovascular mortality-free survival in subgroups regarding
diastolic function and rehabilitation.
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Figure 4. Kaplan–Meier plot of cardiovascular hospitalization in subgroups regarding diastolic
function and rehabilitation.

Figure 5. Kaplan–Meier plot of heart failure hospitalization in subgroups regarding diastolic function
and rehabilitation.
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4. Discussion

Currently, many research centers conduct projects aimed at optimizing non-invasive
therapy in order to prevent HF progression [12]. Telemedicine is one of the solutions
dedicated to this group of patients, also with HF [13]. Until now, there have been no large
available data on the diastolic dysfunction in patients with HFrEF who were randomized
to HCTR or UC. Our study, for the first time, describes the impact of diastolic dysfunction
severity on prognosis in HF patients, in the context of a telerehabilitation program.

Imaging tests provide many important information necessary in the diagnosis and
prognosis of patients with HF. In a group of 31 patients after an acute cardiovascular event,
we assessed the effect of rehabilitation on the functional remodeling of the LV. It has been
observed that rehabilitation leads to a reverse functional remodeling of the LV and an
improvement in functional reserve [14]. Cardoso et al. also investigated the mechanisms
associated with myocardial reverse remodeling in patients with HF with reduced and
preserved LVEF, but still detailed data regarding the impact of cardiac rehabilitation on
parameters of cardiac magnetic resonance imaging, vasomotor endothelial function, cardiac
sympathetic activity imaging and serum biomarker are not available [15].

An important reason for examining diastolic function in patients with decreased LVEF
is the assessment of LV filling pressure. Diastolic dysfunction with increased LV filling
pressure determines the prognosis [16].

Diastolic dysfunction of the LV results in decreased exercise tolerance, and is as-
sociated with poor prognosis in patients, particularly the elderly [17]. Physical activity
may improve clinical outcomes in patients with HF, including patients with end-stage HF
treated with implantable devices to assist the LV [18]. However, the influence of exercise
training on the diastolic function of the LV in patients with cardiovascular diseases remains
controversial [19].

There are only a few papers regarding the influence of cardiac rehabilitation on
diastolic function, mostly in patients with chronic coronary syndromes or after myocar-
dial infarction.

Wuthiwaropas et al. analyzed the influence of a 3-month-old rehabilitation on the
hemodynamic parameters of the myocardium in patients with coronary artery disease.
Out of 24 (96%) patients: 12 (50%) had an improvement in diastolic function, 2 (8%) had a
normal diastolic function all the time, 9 (38%) remained at the same level, and one (4%)
had a deterioration in diastolic function [20]. At this point, it is worth emphasizing that the
second largest group of patients studied did not benefit—the diastolic function, despite
rehabilitation, did not change. Those results correspond to ours, but in the HF population.

Lee et al. determined the impact of cardiac rehabilitation on diastolic function and
prognosis in patients after a history of acute myocardial infarction. The parameters E/E’
>14, velocity e’ of the septum <7 cm/s, left atrial volume index (LAVI) > 34 mL/m2 and
maximum TR velocity > 2.8 m/s were compared. In the group undergoing cardiac rehabili-
tation, an improvement in the examined parameters was observed. The authors proved that
cardiac rehabilitation was significantly associated with favorable diastolic function after
myocardial infarction. Those results are in contrast to our study in the HF population, but
in that study authors compared patients participating in cardiac rehabilitation sufficiently
with those not participating sufficiently [21].

In the next study, 98 patients with moderate-to-severe, mild, and preserved LVEF
were randomly assigned to exercise training plus UC or UC alone in a randomization
ratio of 2:1. Cardiac rehabilitation increased the mean ratio of early-to-late mitral inflow
velocities (E/A ratio) and decreased deceleration time (DT) of early filling in patients with
mild and preserved LVEF. In patients with advanced diastolic dysfunction (DT < 160 ms),
rehabilitation decreased E/A ratio and increased DT, both of which were unchanged after
UC alone. Importantly, cardiac rehabilitation decreased left ventricular dimensions in
patients with mild and moderate-to-severe reductions in LVEF but not in patients with
preserved LVEF [22].
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Pearson et al. evaluated the effect of exercise training on diastolic function in patients
with HF. Data from five studies in HF with preserved ejection fraction (HFpEF) patients,
with a total of 204 participants, also demonstrated a significant improvement in E/E’ in
exercise group [23].

In the recent study on patients with acute coronary syndromes, the adopted criteria and
detailed analysis of the tested diastolic dysfunction parameters did not show a significant
effect of cardiac rehabilitation on diastolic function in the studied group. At this point, it
is worth emphasizing that most of the patients enrolled in the study underwent STEMI.
Moreover, the majority of respondents had a history of several years of high blood pressure.
The matrix and the collagen fibers in the heart determine the effectiveness of the mechanical
systole and diastole. Cardiac perfusion disorders activate macrophages and increase the
concentration of transforming factors, e.g., TGF-beta1 (transforming growth factor beta 1).
As a result, there is proliferation of fibroblasts and an increase in collagen content in the
cell stroma and around the vessels [24]. STEMI is dominated by the process of structural
degradation of collagen fibers under the influence of activated proteolytic enzymes. This
starts stromal fibrosis with a disturbed ratio of collagen fibers, which increases muscle
stiffness and generates disorders of its relaxation, and finally compliance. According to
Soholm et al. Diastolic dysfunction in the early phase after STEMI determines the extent of
myocardial damage and significantly reduces the effect of myocardial salvage treatment
after three months. Thus, the presence of post-STEMI diastolic dysfunction is indicative of a
poorer prognosis [25]. It is possible that the changes described in the study groups overlap
with early changes generated by long-term hypertension, myocardial fibrosis and existing
LV filling abnormalities. Therefore, they could observe permanent diastolic disorders,
which, due to the irreversible nature of changes in the stroma, we are unable to reverse.
Moreover, it is highly prevalent in hypertensive patients and is associated with increased
cardiovascular morbidity and mortality [26]. Those results are not consistent with our
results, because our population was HF patients.

The analysis carried out by Acar RD et al. was aimed at assessing the influence of
cardiac rehabilitation on the LV diastolic function. The study was performed in a group of
82 patients after acute myocardial infarction. A significant improvement in the E/A wave
ratio was observed; however, DTE and isovolumic relaxation time (IVRT) did not change
significantly [27].

On the other hand, in another study, after an eight-week rehabilitation program in the
group of patients after myocardial infarction, the authors also did not find a significant
improvement in the examined echocardiographic parameters [28]. Similarly, after an 8-week
endurance exercise program, despite the improvement in exercise capacity parameters,
they did not notice a significant improvement in diastolic or systolic function [29]. The
similarity to our work is the typical duration of cardiac rehabilitation.

Our study is the first randomized trial investigating the effect of comprehensive
cardiac rehabilitation in HF patients with reduced ejection fraction on diastolic function.
Some observed changes in echocardiographic parameters of diastolic function were not
pronounced enough after 8-week HCTR. With the intention to see more clear beneficial
effects of hybrid comprehensive telerehabilitation versus usual care rehabilitation on the
diastolic function, the duration and volume of HCTR might be greater. We noticed an
interesting observation regarding the prognostic impact of diastolic dysfunction severity
on all-cause mortality in UC patients. Moreover, we observed a higher probability of HF
hospitalization in case of SDD in both HCTR and UC arms.

5. Conclusions

Hybrid comprehensive telerehabilitation did not influence diastolic function in HF
patients in a significant manner. The grade of diastolic dysfunction had an impact on
mortality only in the UC group and HF hospitalization over a 12–24-month follow-up in
HCTR and UC groups. Nevertheless, it is well known that cardiac rehabilitation in patients
with HF may reduce the risk of rehospitalization and may reduce HF-related hospital
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admissions. The use of modern technologies for HCTR is helpful to overcome accessibility
barriers to cardiac rehabilitation. HCTR should be considered a tool of great importance in
HF patients.

Limitations

Our conclusions are drawn up only in patients with sinus rhythm, when atrial fib-
rillation is not uncommon in HF patients. In our study, the lack of influence of HCTR on
diastolic function can be explained by its duration of 8 weeks. To see a better effect, longer
probably and a more intensive program are needed. We could not determine the grade of
diastolic dysfunction in some patients because of the lack of biplane measurement of left
atrium volume. According to the recent echocardiographic guidelines, we used two cri-
teria during the second step of diastolic function assessment after the characterization of
mitral inflow.
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Abstract: Objective: To assess the performance of ten electrocardiographic (ECG) parameters regard-
ing the prediction of left ventricular systolic dysfunction (LVSD) after a first ST-segment-elevation
myocardial infarction (STEMI). Methods: We analyzed 249 patients (74.7% males) treated with pri-
mary percutaneous coronary intervention (PCI) included into a single-center cohort study. We sought
associations between baseline and post-PCI ECG parameters and the presence of LVSD (defined as
left ventricular ejection fraction [LVEF] ≤ 40% on echocardiography) 6 months after STEMI. Results:
Patients presenting with LVSD (n = 52) had significantly higher values of heart rate, number of
leads with ST-segment elevation and pathological Q-waves, as well as total and maximal ST-segment
elevation at baseline and directly after PCI compared with patients without LVSD. They also showed
a significantly higher prevalence of anterior STEMI and considerably wider QRS complex after PCI,
while QRS duration measurement at baseline showed no significant difference. Additionally, patients
presenting with LVSD after 6 months showed markedly more severe ischemia on admission, as
assessed with the Sclarovsky-Birnbaum ischemia score, smaller reciprocal ST-segment depression
at baseline and less profound ST-segment resolution post PCI. In multivariate regression analysis
adjusted for demographic, clinical, biochemical and angiographic variables, anterior location of
STEMI (OR 17.78; 95% CI 6.45–48.96; p < 0.001), post-PCI QRS duration (OR 1.56; 95% CI 1.22–2.00;
p < 0.001) expressed per increments of 10 ms and impaired post-PCI flow in the infarct-related artery
(IRA; TIMI 3 vs. <3; OR 0.14; 95% CI 0.04–0.46; p = 0.001) were identified as independent predictors
of LVSD (Nagelkerke’s pseudo R2 for the logistic regression model = 0.462). Similarly, in multiple
regression analysis, anterior location of STEMI, wider post-PCI QRS, higher baseline number of
pathological Q-waves and a higher baseline Sclarovsky-Birnbaum ischemia score, together with
impaired post-PCI flow in the IRA, higher values of body mass index and glucose concentration
on admission were independently associated with lower values of LVEF at 6 months (corrected
R2 = 0.448; p < 0.00001). Conclusions: According to our study, baseline and post-PCI ECG parameters
are of modest value for the prediction of LVSD occurrence 6 months after a first STEMI.

Keywords: myocardial infarction; ECG; risk stratification; left ventricular systolic dysfunction;
primary PCI

1. Introduction

Electrocardiography (ECG), invented by Willem Einthoven nearly 120 years ago,
remains one of the essential diagnostic modalities in cardiology [1], shaping the elementary
division of acute coronary syndromes into those with and without persistent ST-segment
depression, affecting the timing and mode of management and adding to short- and
long-term risk stratification [2–4].
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It is estimated that left ventricular systolic dysfunction (LVSD), recognized as a long-
term consequence of myocardial infarction (MI), may affect up to 60% of post-MI pa-
tients [5]. Its occurrence mainly depends on the presence of frozen myocardium, size of
post-MI necrosis, and occurrence of left ventricular remodeling [6,7].

Left ventricular ejection fraction (LVEF), measured with echocardiography, is by far
the most popular method for diagnosing LVSD in the clinical setting [8].

LVSD is a well-recognized marker of unfavorable prognosis in post-MI patients [8],
translating into a 3–4-fold increase in mortality and higher rates of cardiovascular adverse
outcomes, such as cardiac rupture, sudden cardiac arrest, recurrent myocardial infarction,
ventricular arrhythmias, stroke, prolonged hospitalization and rehospitalization [7,9–11].
The mortality rate among post-MI patients with asymptomatic LVSD after 12 months of MI
is as high as 12% and amounts to 36% in symptomatic patients [12]. LVSD independently
predicts short-, mid- and long-term mortality after MI [12–15].

There are many reports regarding the predictive value of ECG with respect to the
development of LVSD after STEMI [4,16,17]. A vast part of these reports however, comes
from the era of thrombolytic treatment of STEMI and was derived from non-uniform
cohorts of patients regarding forms of MI, reperfusion treatment and pharmacotherapy.
Nowadays, in consequence of current standards of STEMI management, incorporating
percutaneous coronary intervention (PCI) as a means of effective and safe reperfusion,
together with dual antiplatelet treatment, we have witnessed a spectacular reduction in the
rates of death, reinfarction, heart failure and strokes.

Our investigation aims to assess the relationship between selected baseline and post-
PCI ECG variables and the presence of LVSD 6 months after a first STEMI.

2. Methods

2.1. Study Design

The investigation was a prospective cohort trial including patients receiving primary
PCI with stent implantation for a first STEMI. Study design, including the inclusion and
exclusion criteria, was described in detail in our previous publication exploring associations
of ECG with post-MI left ventricular remodeling (LVR) [18]. Here, we provide only a
brief overview of the study design. Major exclusion criteria were as follows: any previous
myocardial infarction or coronary revascularization, presence of advanced acute or chronic
heart failure (defined as class IV according to the Killip classification or class ≥III according
to the New York Heart Association), presence of ECG abnormalities that might become study
confounders (i.e., left bundle branch block, isolated posterior myocardial infarction, isolated
right ventricular myocardial infarction, permanent atrial fibrillation), severe valvular heart
disease, any cardiomyopathy, poorly controlled arterial hypertension (defined as blood
pressure ≥180/110 mmHg on hospital admission) and significant kidney dysfunction on
hospital admission (defined as creatinine concentration exceeding 2 mg/dL).

The analyzed ECG parameters included:

1. heart rate,
2. location of STEMI,
3. number of leads with ST-segment elevation,
4. sum of ST-segment elevation in all leads,
5. maximal ST-segment elevation in a single lead,
6. ST-segment resolution,
7. presence of reciprocal ST-segment depression ≥0.1 mV on admission to hospital,
8. number of leads with pathological Q-waves [19],
9. Sclarovsky-Birnbaum ischemia score [2],
10. QRS complex duration.

The primary study endpoint was the occurrence of LVSD 6 months after STEMI. LVSD
was defined as LVEF ≤40% on transthoracic echocardiography. This cut-off value was
previously shown to be associated with unfavorable prognosis [10,20–24]. Additionally,
LVEF ≤40% is used by the European Society of Cardiology guidelines for defining heart
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failure with reduced ejection fraction [25] and post-infarct patients who benefit from
therapy with a beta-blocker, angiotensin-converting enzyme inhibitor or mineralocorticoid
receptor antagonist [26].

First, we planned to compare the clinical, biochemical, angiographic and echocardio-
graphic characteristics. We also assessed differences in ECG parameters between patients
with and without LVSD 6 months after STEMI. Second, we prespecified uni- and multivari-
ate analyses aimed at identifying predictors of post-infarct LVSD. A particular focus was
placed on the investigated ECG parameters.

As a final step, we planned to check whether the variables predictive of the primary
study endpoint were associated with lower values of LVEF (expressed as a continuous
parameter) 6 months after STEMI.

Details of coronary angiography, PCI technique and ECG evaluation were also published
in our previous publication [18]. Importantly, we aimed to restore normal blood flow in the
infarct-related artery (IRA) during the primary PCI. Other non-culprit lesions of ≥90% in major
coronary vessels were treated during the index hospitalization, while PCIs of the remaining
significant stenoses (70–90%) were done electively (within 1 month of STEMI occurrence).

Informed consent for participation in the study was obtained from each participant. The
study received approval from the local Bioethics Committee of Collegium Medicum, Nicolaus
Copernicus University in Toruń (protocol code KB 440/2004). Throughout the entire course of
the study, the Declaration of Helsinki and the principles of good clinical practice were applied.

2.2. Echocardiographic Assessment

Two-dimensional transthoracic echocardiography was performed in order to evaluate
left ventricular systolic function using a Philips Sonos 7500 device (Philips, Andover, MA,
USA) at two time points: before hospital discharge and after 6 months. Image acquisitions
and measurements were performed according to the recommendations of the European
Association of Echocardiography and the American Society of Echocardiography [27,28].
The biplane method of discs (modified Simpson’s rule) based on apical 4-chamber and
2-chamber view was utilized for LVEF estimation. The echocardiographer was blinded to
the ECG analysis. The intra-observer coefficient of variation for LVEF estimation for the
first 50 patients was 2.5%.

2.3. Data Collection and Statistical Analysis

Relevant data were collected and initially analyzed using Microsoft Excel spreadsheet
software (Microsoft Corporation, Redmond, WA, USA). No missing data were present.

Descriptive analysis was used to summarize participant characteristics. Categorical
data are presented as frequencies and percentages. Continuous variables are reported as
medians and interquartile ranges. Correspondence with normal distribution was verified
with the Shapiro-Wilk test. Between-group differences were tested using the Mann-Whitney
U test for continuous variables and the Pearson Chi-square and Mantel-Haensztel tests for
categorical variables. In order to identify predictors of LVSD at 6 months, logistic regression
was used. The results are presented as odds ratios (OR) with 95% confidence intervals. Only
variables with univariate p-values of <0.1 were included in the multivariate models. Stepwise
backward selection was employed to select variables included in the best-fitting models. To
identify predictors of LVEF at 6 months, we used multiple linear regression. Variables showing
univariate p-values of <0.1 were considered eligible for multivariate analyses. The variables
were then removed via stepwise backward selection. p-values of <0.05 were considered
significant. Data analysis was conducted using Statistica version 13 (TIBCO Software Inc.,
Palo Alto, CA, USA) and SPSS version 23 (IBM, Armonk, NY, USA).

3. Results

3.1. The Course of the Study

The final analysis included 249 patients. A detailed description of the course of the
study can be found in our previous publication [18].
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3.2. Clinical, Demographic, Angiographic and Biochemical Parameters

The study cohort was primarily composed of middle-aged men. At baseline, patients
who presented with LVSD after 6 months of follow-up showed a higher prevalence of
diabetes mellitus, left anterior descending artery (LAD) as the IRA and TIMI 0 flow before
PCI, but less frequent TIMI 3 flow post PCI. Slightly worse kidney function (assessed based
on glomerular filtration rate), higher plasma glucose concentration on admission to hospital,
larger enzymatic infarct size (as assessed with maximal concentration of troponin I and
maximal activity of isoenzyme MB of creatinine kinase [CK-MB]), higher concentration of
B-type natriuretic peptide (BNP) and more common usage of GPIIb/IIIa inhibitors during
PCI could also be found in this group. Detailed characteristics of the study population are
presented in Table 1.

Table 1. Clinical characteristics of the study population in relation to the occurrence of LVSD. Data are presented as median
(lower quartile-upper quartile) or number (percent) when appropriate.

Variable
Overall Study

Population (n = 249)
Patients with LVSD
at 6 Months (n = 52)

Patients without LVSD
at 6 Months (n = 197)

p *

Age [years] 57.0 (51.0–64.0) 61.0 (52.0–67.0) 56.0 (51.0–64.0) 0.090

Gender [male/female] 186 (74.7%)/63 (25.3%) 42 (80.8%)/10 (19.3%) 144 (73.1%)/53 (26.9%) 0.258

Time from symptom onset to PCI [min] 220.0 (150.0–331.5) 223.5 (148.5–346.0) 220.0 (150.0–321.5) 0.727

Risk factors for coronary artery disease

BMI [kg/m2] 26.8 (24.2–29.4) 27.4 (25.0–30.2) 26.5 (24.1–29.1) 0.058

Hypertension 103 (41.4%) 24 (46.2%) 79 (40.1%) 0.431

Diabetes mellitus 50 (20.1%) 16 (30.8%) 34 (17.3%) 0.031

Current or ex-smoker 164 (65.9%) 29 (55.8%) 135 (68.5%) 0.084

Positive family history of IHD 61 (24.5%) 10 (19.2%) 51 (25.9%) 0.321

Angiographic characteristics

IRA: LAD/other 121 (48.6%)/128 (52.4) 47 (90.4%)/5 (9.6%) 74 (37.6%)/123 (62.4%) <0.001

IRA TIMI 0 flow prior to PCI 144 (57.8%) 39 (75.0%) 105 (53.3%) 0.005

IRA TIMI 3 flow post PCI 229 (92.0%) 41 (78.8%) 188 (95.4%) 0.001

Multivessel coronary artery disease 143 (57,4%) 34 (65.4%) 109 (55.3%) 0.192

Stent implantation 245 (98.4%) 51 (98.1%) 194 (98.5%) 0.678

GP IIb/IIIa inhibitor usage 66 (26.5%) 25 (48.1%) 41 (21.0%) <0.001

Biochemical characteristics

eGFR (CKD-EPI equation)
[mL/min/1.73 m2] 84.4 (74.1–94.5) 80.3 (72.8–88.1) 86.5 (75.0–96.6) 0.036

Glucose on admission [mg/dL] 138.5 (122.0–169.0) 157.0 (133.0–193.0) 135 (118.0–168.0) 0.001

cTnImax [ng/mL] 41.2 (11.8–50.0) 50.0 (50.0–50.0) 29.1 (9.7–50.0) <0.001

CK-MBmax [U/L] 242.0 (116.5–414.0) 489.0 (361.5–747.0) 178.5 (95.0–347.5) <0.001

Total cholesterol [mg/dL] 223.0 (195.0–251.0) 223.0 (195.0–252.0) 223.0 (195.0–251.0) 0.688

LDL-C [mg/dL] 145.0 (125.0–173.0) 145.0 (131.5–170.0) 146.0 (124.0–174.0) 0.712

HDL-C [mg/dL] 52.0 (46.0–59.0) 51.0 (43.0–56.0) 52.0(46.0–59.0) 0.128

Triglycerides [mg/dL] 82.0 (59.0–128.0) 89.5 (62.5–130.5) 78.0(58.0–125.0) 0.103

BNP on admission [pg/mL] 53.9 (27.9–106.5) 74.8 (31.8–155.7) 50.6(27.3–101.9) 0.045

BNP at discharge [pg/mL] 139.8 (74.7–284.2) 436.7 (223.6–735.5) 111.9 (65.3–198.3) <0.001

BMI, body mass index; BNP, B-type natriuretic peptide; CKD-EPI, Chronic Kidney Disease Epidemiology Collaboration; CK-MBmax,
maximal activity of isoenzyme MB of creatinine kinase; cTnImax, maximal activity of troponin I; eGFR, estimated glomerular filtration rate;
HDL-C, high-density-lipoprotein cholesterol; IHD, ischemic heart disease; IRA, infarct-related artery; LAD, left anterior descending artery;
LDL-C, low-density-lipoprotein cholesterol; LVSD, left ventricular systolic dysfunction; PCI, percutaneous coronary intervention; TIMI,
thrombolysis in myocardial infarction score. * for comparison between groups with and without LVSD at 6 months.
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3.3. Echocardiographic Characteristics

Table 2 presents major echocardiographic parameters at the time of discharge from
hospital and after 6 months in the overall study population and in the subgroups with and
without LVSD. Within 6 months of STEMI, a significant increase in median values of LVEF
from 44% to 46% could be noted, leading to a decline in the percentage of patients with
LVEF ≤40% from a baseline value of 33.7% to 20.9% after 6 months (p < 0.001; Table 3).

Table 2. Echocardiographic characteristics of the study population in relation to LVSD occurrence. Data are presented as
median (lower quartile-upper quartile).

Variable
Overall Study

Population (n = 249)
Patients with LVSD
at 6 Months (n = 52)

Patients without LVSD
at 6 Months (n = 197)

p *

At discharge

LA [mm] 40.0 (37.0–43.0) 41.0 (38.0–45.0) 39.0 (37.0–42.0) 0.007

LVEDd [mm] 49.0 (45.0–53.0) 53.0 (49.0–56.0) 47.0 (45.0–52.0) <0.001

LVESd [mm] 34.0 (30.0–37.0) 38.0 (35.0–40.5) 33.0 (30.0–36.0) <0.001

LVEDV [mL] 99.4 (84.0–121.0) 121.5 (102.5–132.5) 93.0 (81.0–111.0) <0.001

LVESV [mL] 55.0 (45.0–69.0) 75.0 (66.0–84.5) 51.0 (42.5–62.0) <0.001

LVEF [%] 44.0 (39.0–48.4) 36.0 (33.5–38.5) 45.9 (42.0–50.0) <0.001

LVSD (LVEF ≤ 40%) 84.0 (33.7%) 45 (86.5%) 39 (19.8%) <0.001

WMSI [points] 1.56 (1.38–1.75) 1.88 (1.78–1.94) 1.44 (1.38–1.69) <0.001

6 months after discharge

LA [mm] 40.0 (38.0–44.0) 44.0 (40.0–46.0) 40.0 (37.0–42.0) <0.001

LVEDd [mm] 50.0 (46.0–54.0) 55.0 (52.0–57.0) 48.0 (45.0–53.0) <0.001

LVESd [mm] 34.0 (31.0–37.0) 40.0 (36.0–44.0) 33.0 (31.0–36.0) <0.001

LVEDV [mL] 110.0 (94.0–134.0) 145.0 (129.5–163.0) 105.0 (91.0–125.0) <0.001

LVESV [mL] 57.0 (48.0–76.0) 92.0 (79.0–103.0) 53.0 (45.0–65.0) <0.001

LVEF [%] 46.0 (42.0–51.5) 36.0 (33.7–38.5) 48.0 (44.8–52.5) <0.001

WMSI [points] 1.44 (1.31–1.69) 1.88 (1.75–1.94) 1.38 (1.31–1.50) <0.001

LA, left atrium end-systolic diameter; LVEDd, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEF,
left ventricular ejection fraction; LVESd, left ventricular end-systolic diameter; LVESV, left ventricular end-systolic volume; LVSD, left
ventricular systolic dysfunction; WMSI, wall motion score index. * for comparison between groups with and without LVSD at 6 months.

Table 3. Occurrence of LVEF ≤ 40 % on transthoracic echocardiography at hospital discharge and at
6 months.

LVEF ≤ 40 % (LVSD) at 6 Months

Absent (n = 197) Present (n = 52)

LVEF ≤40 %at
hospital discharge

Absent (n = 165) 158 (63.5%) 7 (2.8%)

Present (n = 84) 39 (15.7%) 45 (18.1%)
LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic dysfunction.

Interestingly, patients with LVEF ≤40% at the time of discharge from hospital, but not
6 months after STEMI (n = 39), when compared with those presenting with LVEF ≤ 40%
both at hospital discharge and LVSD 6 months after STEMI (n = 45), had a lower pro-
portion of the LAD as the IRA (31 [79.5%] vs. 42 [93.3%]; p = 0.058), more frequent
TIMI 3 flow in the IRA following PCI (38 [97.4%] vs. 34 [75.6%]; p = 0.002) and lower
values of cardiac biomarkers, including maximal concentration of cardiac troponin I
(50.0 [27.7–50.0] vs. 50.0 [50.0–50.0] ng/mL; p = 0.039), maximal activity of CK-MB (354
[159–404] vs. 555 [378–761] U/L; p < 0.001) and BNP concentration on hospital discharge
(177.3 [113.5–282.0] vs. 439.3 [233.0–751.5] pg/mL; p < 0.001).
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3.4. Electrocardiographic Characteristics

Detailed baseline and post-PCI electrocardiographic data are reported in Table 4.

Table 4. Electrocardiographic characteristics of the study population in relation to LVSD occurrence. Data are presented as
median (lower quartile-upper quartile) or number (percent) when appropriate.

Variable
Overall Study

Population (n = 249)
Patients with LVSD
at 6 Months (n = 52)

Patients without LVSD
at 6 Months (n = 197)

p *

Baseline

Heart rate [BPM] 75.0 (62.0–88.0) 81.0 (68.5–97.0) 74.0 (60.0–85.0) <0.001

Anterior location of STEMI 116 (47.0%) 47 (90.4%) 69 (35.0%) <0.001

Number of leads with ST-segment
elevation [n] 4.0 (3.0–6.0) 6.0 (5.0–7.0) 3.0 (3.0–5.0) <0.001

Sum of ST-segment elevation [mm] 8.5 (4.0–14.0) 13.8 (9.8–18.0) 7.0 (4.0–12.0) <0.001

Maximal ST-segment elevation [mm] 3.0 (2.0–4.0) 3.5 (3.0–5.0) 2.5 (1.5–4.0) <0.001

Number of leads with pathologic Q
waves [n] 2.0 (1.0–4.0) 4.0 (3.0–5.0) 2.0 (1.0–3.0) <0.001

Presence of reciprocal ST-segment
depression ≥ 1mm 193 (77.5%) 34 (65.4%) 159 (80.7%) 0.019

QRS duration [ms] 95.0 (85.0–100.0) 95.0 (86.0–110.0) 95.0 (85.0–100.0) 0.399

Sclarovsky-Birnbaum ischemia score grade 2: 198 (79.5%);
grade 3: 51 (20.5%)

grade 2: 35 (67.3%)
grade 3: 17 (32.7%)

grade 2: 163 (82.7%);
grade 3: 34 (17.3%) 0.014

Post PCI

Heart rate [BPM] 77.0 (66.0–89.0) 83.0 (72.0–94.0) 75.0 (64.0–88.0) 0.003

ST-segment resolution [%] 60.6 (30.0–88.9) 39.4 (0.0–69.3) 70.0 (40.0–100.0) <0.001

ST-segment resolution (≥50%) 160 (64.3%) 22 (42.3%) 138 (70.1%) <0.001

ST-segment resolution after PCI
(trichotomised)

<30%–62 (24.9%)
≥30–69%–82 (32.9%)
≥70%–105 (42.2%)

<30%–22 (42.3%)
≥30–69%–24 (46.2%)
≥70%–6 (11.5%)

<30%–40 (20.3%)
≥30–69%–58 (29.4%)
≥70%–99 (50.3%)

<0.001

Number of leads with ST-segment
elevation [n] 3.0 (1.0–5.0) 5.5 (4.0–7.0) 3.0 (0.0–4.0) <0.001

Sum of ST-segment elevation [mm] 3.0 (1.0–7.0) 8.3 (5.0–13.0) 2.0 (0.0–4.5) <0.001

Maximal ST-segment elevation [mm] 1.0 (0.5–2.0) 2.3 (1.5–4.0) 1.0 (0.5–1.5) <0.001

Number of leads with pathologic Q
waves [n] 3.0 (2.0–5.0) 5.0 (4.0–7.0) 3.0 (1.0–4.0) <0.001

QRS duration [ms] 90.0 (84.0–100.0) 99.5 (87.5–111.0) 90.0 (83.0–100.0) 0.003

BPM, beats per minute; LVSD, left ventricular systolic dysfunction; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation
myocardial infarction. * for comparison between groups with and without LVSD at 6 months.

3.5. Characteristics Comparison of Patients with and without LVSD

As reported in Table 1, both groups showed no significant demographic nor clinical
differences, except for a higher prevalence of diabetes in the LVSD (+) group. LVSD (+)
patients also presented a less favorable angiographic profile, including more frequent
involvement of LAD as the IRA, more widespread usage of GP IIb/IIIa inhibitor, a higher
incidence of TIMI 0 and less frequent occurrence of TIMI 3 flow before and after PCI,
respectively. Patients who presented with LVSD after 6 months were also characterized
at baseline by worse renal function as assessed with glomerular filtration rate, higher
blood glucose concentration on admission, more extensive release of myocardial necrosis
markers and higher concentrations of B-type natriuretic peptide both on admission and at
discharge. At discharge, both groups were receiving similar pharmacological treatment
regarding aspirin, clopidogrel, statin, beta-blocker and ACEI/ARB (all used in ≥98.5%
of patients); however, LVSD (+) patients were receiving aldosterone antagonist (28.8% vs.
5.1%; p < 0.001) and diuretic (28.8% vs. 4.6%; p < 0.001) more frequently than their LVSD
(–) counterparts.
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3.6. Electrocardiographic Characteristics of Patients with LVSD

The analyzed ECG parameters, both at baseline and post PCI, point to more severe
ischemia and a more extensive MI in the LVSD (+) group. These include faster heart
rate, more widespread ST-segment elevation and Q-wave development and higher total
and maximal ST-segment elevation. More pronounced ischemia in LVSD (+) patients
was also evidenced by a higher incidence of anterior wall location, reciprocal ST-segment
depression ≥1 mm and grade 3 according to Sclarovsky-Birnbaum ischemia grading
system at baseline. In post-PCI ECG assessment, lower incidence and degree of ST-segment
resolution and longer duration of the QRS complex were associated with the presence of
LVSD after 6 months. A detailed comparison of ECG parameters is reported in Table 4.
As shown in Figure 1, we also found visual variability and a linear trend toward an
increasing rate of LVSD at 6 months with an increasing duration of the QRS complex on
admission (OR for the upper vs. combined lower and middle terciles 1.59; 95% CI 0.80–3.17;
p = 0.180) and after PCI (OR for the upper vs. combined lower and middle terciles 3.42;
95% CI 1.76–6.66; p < 0.001). We also noticed significantly lower values of LVEF in the
highest tercile of baseline and post-PCI QRS duration, compared with the lowest and
middle terciles (see Figure 1).

Figure 1. LVSD prevalence 6 months after STEMI according to terciles of QRS duration (a) on admission and (b) post PCI.
Median LVEF 6 months after STEMI according to increasing terciles of QRS duration (c) on admission and (d) post PCI.
LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic dysfunction; ms, milliseconds; PCI, percutaneous
coronary intervention; STEMI, ST-segment elevation myocardial infarction.

3.7. Predictors of the Presence of LVSD 6 Months after Discharge from Hospital

Initially, we performed a univariate regression analysis, including electrocardiographic
parameters and the variables from Table 1, to identify possible predictors of LVSD after
6 months. Unadjusted models are summarized in Figure 2. Our results indicate strong
association of LVSD after 6 months with the majority of electrocardiographic parameters
assessed at the time of presentation to hospital and post PCI. Only baseline QRS duration
did not show statistical significance. Of note, reciprocal ST-segment depression ≥ 1mm at
baseline pointed to a lower likelihood of LVSD after 6 months.
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Figure 2. Predictors of LVSD occurrence after 6 months of follow-up according to the univariate
logistic regression analysis: (a) demographic, clinical, angiographic and biochemical variables;
(b) baseline electrocardiographic variables; (c) post-PCI electrocardiographic variables. BNP, B-type
natriuretic peptide; CK-MBmax, maximal activity of isoenzyme MB of creatinine kinase; cTnImax,
maximal concentration of troponin I; CI, confidence interval; IRA, infarct-related artery; LAD, left
anterior descending artery; LVSD, left ventricular systolic dysfunction; ms, milliseconds; OR, odds
ratio; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction;
TIMI, thrombolysis in myocardial infarction score.

Among the analyzed angiographic variables, LAD as the IRA and usage of GP IIb/IIIa
inhibitor were identified as predictors of LVSD occurrence, while TIMI 0 flow before PCI
and TIMI 3 flow post PCI were associated with a lower incidence of LVSD after 6 months.
The biochemical variables predicting LVSD occurrence included glucose concentration on
admission, maximal cardiac troponin I concentration and CK-MB activity, as well as BNP
concentration at discharge from hospital. The only clinical variable predictive of LVSD was
the presence of diabetes mellitus.

Next, in order to determine possible independent predictors of LVSD after 6 months,
a multivariate logistic regression analysis was performed. We identified anterior location
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of STEMI, longer post-PCI QRS duration and impaired post-PCI flow in the IRA as the
independent predictors of LVSD 6 months after STEMI (Figure 3).

 

Figure 3. Predictors of LVSD presence after 6 months of follow-up. The model was created using multivariate logistic
regression analysis by adding all electrocardiographic variables to the demographic, clinical, angiographic and biochemical
data. CI, confidence interval; IRA, infarct-related artery; LVSD, left ventricular systolic dysfunction; ms, milliseconds;
OR, odds ratio; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial infarction, TIMI,
thrombolysis in myocardial infarction score.

3.8. Determinants of LVEF Deterioration

In an attempt to more thoroughly explore the relationship between ECG parameters
and LVEF, multiple linear regression analysis with a backward elimination was applied
(Table 5). We found that anterior location of STEMI, longer post-PCI QRS duration, higher
baseline number of pathological Q-waves and higher baseline Sclarovsky-Birnbaum is-
chemia score, together with impaired post-PCI flow in the IRA, higher values of body mass
index and glucose concentration on admission, were independently associated with lower
values of LVEF at 6 months.

Table 5. Impact of demographic, clinical, angiographic, biochemical and electrocardiographic variables on left ventric-
ular ejection fraction (LVEF) 6 months after STEMI. The model was obtained using multiple regression by adding all
electrocardiographic variables to the demographic, clinical and angiographic data.

Variable
Beta

Coefficient
Beta Coefficient
Standard Error

Direction
Component Beta

Direction Component
Beta Standard Error

p

Model characteristics: R = 0.682; R2 = 0.464; corrected R2 = 0.448; p < 0.00001

Intercept 70.49 3.71 <0.0001

BMI [kg/m2] −0.10 0.05 −0.20 0.10 0.0461

Glucose on admission [per
increments of 10 mg/dL] −0.16 0.05 −0.21 0.07 0.0021

IRA TIMI 3 flow after PCI 0.12 0.05 −3.20 1.36 0.0196

Anterior location of STEMI −0.36 0.05 −5.45 0.83 <0.0001

QRS duration on admission [per
increments of 10 ms] −0.28 0.05 −1.36 0.25 <0.0001

Number of leads with pathologic
Q waves on admission −0.24 0.05 −0.82 0.18 <0.0001

Sclarovsky-Birnbaum ischemia
score [grade 3 vs. grade 2] −0.12 0.05 −2.33 0.94 0.0137

BMI, body mass index; IRA, infarct-related artery; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial
infarction; TIMI, thrombolysis in myocardial infarction score.
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4. Discussion

4.1. General Findings and Study Strengths

According to our results, the majority of the analyzed electrocardiographic param-
eters measured at baseline and directly after PCI were associated with LVSD 6 months
after STEMI. However, when we considered demographic, clinical, angiographic and
biochemical characteristics of our study participants, among all assessed ECG parameters,
only anterior location of STEMI and longer post-PCI QRS duration remained indepen-
dent predictors of post-MI LVSD. Additionally, in our study, anterior location of STEMI,
longer post-PCI QRS duration, higher baseline number of pathological Q-waves and higher
baseline Sclarovsky-Birnbaum ischemia score, together with impaired post-PCI flow in
the IRA, higher values of body mass index and glucose concentration on admission, were
independently associated with lower LVEF at 6 months.

All electrocardiographic parameters selected for our analysis have been described
in the literature to have some predictive value towards LVEF and LVSD. However, many
of these reports come from the thrombolysis era and from inhomogeneous cohorts of
patients. Our study cohort is characterized by homogeneity concerning the form of acute
coronary syndrome presentation (exclusively patients with a first STEMI), reperfusion
therapy (exclusively primary PCI) and subsequent pharmacotherapy [18]. This uniformity
in study cohort profile, in conjunction with appropriate inclusion and exclusion criteria,
allowed us to avoid many potential confounders and enables the extrapolation of these
results to the majority of contemporary patients with a first STEMI. Importantly, besides
multiple ECG parameters, we examined the impact of numerous demographic, clinical,
angiographic and biochemical variables on LVSD occurrence.

4.2. Heart Rate

Increased heart rate is a well-recognized risk factor for all-cause and cardiovascular
mortality in the general population [29–35], as well as in patients with stable coronary
disease [36–40], heart failure [41–45] and MI [46–48]. In STEMI patients, heart rate > 70 bpm
recorded at hospital discharge was associated with 2-fold higher 1 year and 4 year mortality
rates, while a 5 bpm increment of heart rate was considered to enhance 1 year and 4 year
mortality by 29% and 24%, respectively [49]. As reflected by a U-shaped curve, extreme
heart rate values (both high and low) are associated with increased mortality [50].

However, we have not found any relevant reports in the literature on the relation of
heart rate in the early phase of STEMI with LVEF and the development of post-MI LVSD.

4.3. STEMI Location

Anterior wall location of STEMI is a strong independent predictor of bad prognosis,
including death [51] and the occurrence of cardiogenic shock in the course of STEMI [52,53],
even in the era of primary PCI for STEMI. Associations between anterior location of STEMI
and more common development of LVSD [10,11] and left ventricular remodeling [54] have
also been reported; however, they were not seen in all studies [55].

4.4. ST-Segment-Elevation-Related Parameters

We also evaluated three parameters related to ST-segment elevation (number of leads
with ST-segment elevation, sum of ST-segment elevations in all leads, maximal ST-segment
elevation in a single lead). According to Rodríguez-Palomares et al., the first two of the
three parameters measured in pre-PCI ECG correlated with the size of myocardium at
risk [56]. In research by Manes et al., the sum of ST-segment elevation, maximal ST-segment
elevation and the number of leads with ST-segment elevation ≥1 mm in predischarge ECG
in patients with anterior STEMI predicted a lower probability of recovery of left ventricular
function after 90 days [17]. The 3 ST-segment-related parameters have been shown to
predict post-STEMI mortality [50,57]. The amplitude of ST-segment elevation was found
to be an independent predictor of post-MI 30-day mortality, particularly for total ampli-
tudes ≥ 15 mm [58], and a marker of coronary microcirculation obstruction, performing
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even superior to ST-segment resolution [59]. It also predicted lack of improvement in left
ventricular systolic function after STEMI in 6-month follow-up [60].

4.5. ST-Segment Resolution

Resolution of ST-segment elevation of ≥50% is considered a reliable indicator of
patency of the IRA. However, restoration of myocardial tissue perfusion occurs only when
complete (≥70%) ST-elevation resolution is achieved. Complete (≥70%) resolution of
ST-segment elevation predicts lower 1–3 year mortality and lower rates of cardiovascular
adverse events [61–63] and was associated with better preservation of left ventricular
function in comparison with partial (30–70%) or no (<30%) ST-segment resolution. The
beneficial outcome of early complete resolution of ST-segment elevation can be seen
even after successful primary PCI, with early (i.e., directly after PCI) assessment being
more precise in terms of predicting cardiovascular adverse events than assessment after
90 min [64–67]. Additionally, patients with such early ST-segment resolution also had
higher LVEF in comparison to those who achieved ST-segment resolution after 90 min [64].
Failure to achieve complete ST-segment resolution also determined higher peak creatine
kinase levels and more common prevalence of significant LVSD [68].

4.6. Reciprocal ST-Segment Depression

Besides ECG changes recorded in leads overlying the area of STEMI, the presence of
reciprocal ST-segment depressions at baseline may also hold prognostic value. In literature
reports it reflected larger infarct area and multivessel coronary artery disease and was
associated with increased mortality and higher rates of heart failure, cardiogenic shock
and second- and third-degree heart block in a manner proportional to their extent and
amplitude [69,70]. Additionally, sustained ST-segment depressions after PCI are predictive
of increased mortality after STEMI [71]. We have found no literature reports concerning
associations of reciprocal ST-segment depressions with LVSD.

4.7. Pathological Q-Waves

The number of leads with pathological Q-waves is another well-recognized predictor
of post-MI mortality. It successfully predicted lack of recovery of left ventricular sys-
tolic function (defined as absolute LVEF improvement by <10%) within 6 months after
STEMI [60]. The presence of pathological Q-waves on the admission ECG is predictive
of increased mortality, heart failure and cardiogenic shock after STEMI [3,4,72]. Accord-
ing to Lopez-Castillo et al., the sum of Q-wave depth at discharge performs better than
the number of leads with pathological Q-waves as an independent predictor of LVSD
development [73].

4.8. Sclarovsky-Birnbaum Ischemia Score

Based on the morphology of the terminal portion of the QRS complex and the rel-
ative magnitude of ST-segment elevation, the score identifies three grades of ischemia,
with grade 3 reflecting most severe ischemia [74] and being an independent predictor of
no-reflow phenomenon [67] and mortality [75,76]. Compared with grade 2, it indicates
a more extensive infarction area and a higher rate of mortality, heart failure and rein-
farction [67,76–84]. In terms of left ventricular systolic function, grade 3 of ischemia was
associated with lower LVEF [82,85] and a higher incidence of LVSD [67].

4.9. QRS Duration

Prolonged QRS duration is another well-established predictor of increased mortality
in STEMI patients [86–88]. The detrimental effects can already be seen with QRS duration
of ≥100 ms [89]. An increase in 30-day mortality was even found for prolongation of
QRS duration still within normal ranges (100 ms vs. 80 ms) [50]. Literature reports
documenting the relation between QRS duration and LVSD are much scarcer; however,
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they point to prolonged QRS duration, and even QRS duration of ≥100 ms, as a predictor
of LVSD [16,90].

4.10. Detailed Analysis of the Study Results

As one can surmise from the above review of the prognostic value of the electrocardio-
graphic parameters, the majority of the literature concerns their association with mortality,
while there is a scarcity of data concerning associations with LVSD or LVEF. This fact pre-
cludes direct comparison of our results with the cited investigations. However, recognizing
LVSD as a surrogate for cardiovascular mortality, the results of our investigation support
the prognostic value of ECG regarding prognosis assessment following STEMI.

The results of our investigation basically support the data from the literature. Our
study participants who presented with LVSD 6 months after STEMI, in comparison to
those without LVSD, had significantly higher values of heart rate, number of leads with ST-
segment elevation and pathological Q-waves, sum of ST-segment elevation and maximal
ST-segment elevation on admission to hospital and directly after PCI. They also showed
a higher prevalence of anterior STEMI and considerably wider QRS after PCI, while
QRS duration measurement at baseline showed no significant difference. Additionally,
patients presenting with LVSD after 6 months showed more severe ischemia on admission,
as assessed with Sclarovsky-Birnbaum ischemia score, smaller reciprocal ST-segment
depression at baseline and less profound ST-segment resolution post PCI.

In univariate analysis, all but one of the ECG parameters predicted LVSD occurrence
6 months after STEMI, the most powerful being anterior location of STEMI (OR 17.44;
95% CI 6.63–45.88). Our analysis also indicates good predictive value of ST-segment
resolution and grade 3 according to the Sclarovsky-Birnbaum ischemia score, which came
in as the second and third most powerful LVSD predictors. However, it is important to
remember that some of the remaining parameters were reported per increments, which
means that their actual final impact potentiates when the increments are multiplied in
measurements. The only exception was QRS duration at baseline, which did not show
statistical significance. In contrast to literature data, in our investigation, the presence of
reciprocal ST-segment depressions diminished the likelihood of LVSD occurrence 6 months
after STEMI. Whether this could be a consequence of shorter time-to-balloon delay in
this group, compared with patients without reciprocal ST-segment depressions, remains
a matter of speculation and requires verification in a larger group since the difference in
time-to-balloon between patients with and without LVSD was not statistically significant.

In the model adjusted for demographic, clinical, biochemical and angiographic vari-
ables, however, the majority of the ECG parameters did not maintain statistical significance.
The only two parameters contributing to the multivariate regression model and thus recog-
nized as independent predictors of LVSD in 6-month follow-up were anterior location of
STEMI (OR 17.78; 95% CI 6.45–48.96; p < 0.001) and post-PCI QRS duration (OR 1.56; 95%
CI 1.22–2.00; p < 0.001) expressed per increment of 10 ms. The highest tercile of post-PCI
QRS duration (i.e., ≥100 ms) was associated with the highest prevalence of LVSD after
6 months and therefore appears to have the best discriminative value. The highest terciles
of baseline and post-PCI QRS duration were also associated with significantly lower values
of LVEF, compared with lower terciles.

4.11. Study Limitations

There are some limitations of this study to be mentioned. First, the study population
is a fraction of the original cohort of patients recruited between 2005 and 2008. The time
that had elapsed from patient recruitment to the onset of the project and clinical practice
modifications implemented over that time could possibly impact the results. Second, LVSD,
used as the endpoint in our investigation, is a well-documented prognostic factor in post-
STEMI patients; however, it is still a surrogate of clinical endpoints. The choice of LVSD as
an endpoint was dictated by lack of power of this study to evaluate clinical endpoints. Third,
the duration of follow-up in our research was restricted to 6 months. It seems likely that
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extending this period might render more favorable results in terms of predictive capabilities
of ECG. Forth, the relatively moderate left ventricular systolic function impairment and
the applied exclusion criteria noticeably blunting the risk of death and the rate of adverse
cardiovascular outcomes in our study group, together with the relatively short time to
reperfusion, limit the applicability of our results to all STEMI patients. This warrants further
research in non-uniform STEMI cohorts before unrestricted extrapolation of our findings to
the general population is feasible. Fifth, enhanced precision of evaluation of left ventricular
systolic function, size of myocardial necrosis and patency of the coronary microcirculation
could possibly be achieved by employing magnetic resonance imaging. Sixth, we routinely
used neither fractional flow reserve measurement nor intravascular ultrasound for the
assessment of non-culprit lesions. Seventh, non-critical, non-culprit coronary lesions
(stenoses 70–90%) were revascularized electively (within 1 month of the index hospital
admission). This fact might have some impact on the study findings. Eighth, in a substantial
number of our study participants, maximal concentration of cardiac troponin I exceeded
50 ng/mL. These serum samples were not further diluted, preventing precise estimation of
the biochemical infarct size. Ninth, patients with left bundle branch block, isolated posterior
myocardial infarction, isolated right ventricular myocardial infarction or permanent atrial
fibrillation were excluded from the study. Therefore, the study findings may not to be
attributable to such patients. Finally, post-reperfusion ECG parameters in time points other
than directly after PCI were not assessed.

5. Conclusions

According to our study, baseline and post-PCI ECG parameters possess a modest
predictive value for LVSD occurrence within 6 months of a first STEMI.

Author Contributions: Conceptualization, M.K. (Marek Koziński) and J.K.; data curation, T.F.;
formal analysis, M.K. (Michał Kasprzak); investigation, T.F.; methodology, T.F. and M.K. (Marek
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Abstract: Background: Acute type A aortic dissection (AAAD) has high mortality. Improvements
in surgical technique have lowered mortality but postoperative functional status and decreased
quality of life due to debilitating deficits remain of concern. Our study aims to identify preoperative
conditions predictive of undesirable outcome to help guide perioperative management. Methods:
We performed retrospective analysis of 394 cases of AAAD who underwent repair in our institution
between 2001 and 2018. A combined endpoint of parameters was defined as (1) 30-day versus hospital
mortality, (2) new neurological deficit, (3) new acute renal insufficiency requiring postoperative renal
replacement, and (4) prolonged mechanical ventilation with need for tracheostomy. Results: Total
survival/ follow-up time averaged 3.2 years with follow-up completeness of 94%. Endpoint was
reached by 52.8%. Those had higher EuroSCORE II (7.5 versus 5.5), higher incidence of coronary
artery disease (CAD) (9.2% versus 3.2%), neurological deficit (ND) upon presentation (26.4% versus
11.8%), cardiopulmonary resuscitation (CPR) (14.4% versus 1.6%) and intubation (RF) before surgery
(16.9% versus 4.8%). 7-day mortality was 21.6% versus 0%. Hospital mortality 30.8% versus 0%.
Conclusions: This 15-year follow up shows, that unfavorable postoperative clinical outcome is related
to ND, CAD, CPR and RF on arrival.

Keywords: predictor; adverse outcome; emergent surgical repair; acute type A dissection

1. Introduction

Acute type A aortic dissection (AAAD) is a catastrophic event in which the inner
layer of the ascending aorta tears and separates from the middle layer. Blood surges into
the false lumen, which can result in multiple organ damage due to hypoperfusion. The
condition can quickly deteriorate into shock, hemodynamic instability and death. Emergent
surgical repair remains the gold standard of care. Due to acuity of the illness preoperative
evaluation is limited, immediate decisions have to be made by surgeons and postoperative
adverse clinical outcome remains oftentimes of concern [1–8]. Without treatment mortality
increases dramatically by the hour and has been reported as high as 1 to 3% per hour
during the first 24 h, 30% after one week, 80% after two weeks, and 90% at one year [9].
About 20% of patients with AAAD die before even reaching the hospital [9]. A recent
multi-institutional study across all emergency rooms in Berlin, Germany from 2006 to 2016
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showed an incidence of AAAD of 5.24 cases in 100,000 visits per year but based on the
city’s autopsy results 50% of AAAD had remained undetected [10]. Even with surgical
repair mortality is high and ranges up to 16–27% within 30-days [11–13]. We may be able
to reduce mortality with advances in surgical strategies and perioperative critical care, but
functional status and quality of life (QoL) in survivors are becoming an increasing concern
since simply surviving surgery but then ending up in an overall devastating condition
must not be a goal. Alterations in lifestyle and emotional state are common in survivors of
AAAD and many patients are unable to return to their previous occupation [14]. Previous
studies investigating the survival of AAAD patients have been published. But there is only
scarce data on the effect of preoperative risk factors on clinical outcome of these patients.
Hence, the aim of this study was to associate obvious preoperative conditions with a
combined endpoint of undesirable adverse clinical outcome, that might guide clinicians in
future decision-making.

2. Materials and Methods

2.1. Study Design and Patient Population

We performed a retrospective analysis of our Aortic Dissection Register, which in-
cluded all consecutive 394 cases of AAAD who underwent emergent repair in moderate
hypothermic cardiac arrest (MHCA) in our institution between 2001 and 2018. AAAD was
defined as dissection of the aortic wall that involved the ascending aorta with extension to
the arch or descending aorta, regardless of the site of the primary intimal tear. Variants
with aortic intramural hematoma and intimal tears without hematoma as well as pene-
trating atherosclerotic ulcers were included. Diagnosis was generally established with
emergent computed tomographic (CT) angiography of the chest, abdomen, and pelvis.
Bedside transthoracic echocardiography was used to assess the presence of pericardial
effusion and overall left ventricular function and in addition patients routinely underwent
transesophageal echocardiography after induction of general anesthesia and endotracheal
intubation in the operating room to evaluate heart valves for need for concomitant proce-
dures. A combined endpoint of four clinical outcome parameters was defined as (1) 30-day
versus hospital mortality, (2) new neurological deficit, (3) new acute renal insufficiency re-
quiring postoperative renal replacement therapy, and (4) prolonged mechanical ventilation
with need for tracheostomy. Follow-up was conducted in May 2020 and long-term survival
was evaluated by information given by the registry office.

2.2. Operative Technique and Postoperative Management

All cases were performed by experienced senior surgeons under general anesthesia
in supine position with standard hemodynamic monitoring. All patients underwent
median sternotomy and longitudinal pericardiotomy with cardiopulmonary bypass (CPB)
in MHCA. The temperature probe was positioned in the nasopharynx and goal temperature
was kept between 20 to 24 ◦C. From 2001 to 2010 arterial cannulation was achieved either by
echocardiogram guided direct cannulation of the distal ascending aorta, the aortic arch, the
apex, or either through the femoral or subclavian artery after surgical cut down. Starting in
2010 we gradually changed our standard approach for arterial cannulation to trans-atrial
cannulation of the left ventricle via the right upper pulmonary vein [15]. The standard
approach for venous drainage was cavoatrial cannulation with a common two-stage single
venous cannula. Alternatively, we used echo guided cannulation of the femoral vein with
a cannula extending into the right atrium or bicaval cannulation. Generally, we used
retrograde injection of cold blood cardioplegic solution for myocardial protection after
cross-clamping of the aorta. Bilateral antegrade cerebral perfusion with oxygenated cold
blood (18 ◦C) was introduced through a balloon catheter inserted into the arch vessels with
controlled flow pressure of 50–60 mmHg.

The origin and extend of the intimal tear determined the need for supracoronary
ascending aortic replacement, partial versus total arch replacement with reimplantation
of head and neck arteries, frozen elephant trunk, need for associated coronary artery
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bypass grafting or Conduit/Bentall procedure with reimplantation of coronary arteries
versus David operation. After suturing of the distal anastomosis, the perfusion cannula
was directly inserted into the graft. The aortic air was removed by resuming retrograde
perfusion via the venous cannula followed by slow antegrade perfusion and then CPB was
restarted. Continuous CO2 insufflation was used in addition. After the establishment of the
proximal anastomosis, transesophageal echocardiography was done to rule out remaining
intracardiac air. After primary hemostasis was achieved, the chest was closed, and the
patient was brought to the cardiac intensive care unit (ICU) for standard postoperative care.

Patients were assessed for neurological deficit routinely every hour while in the ICU
and every eight hours after transfer to the floor. In case of a new deficit, CT head was
performed followed by formal neurological evaluation and magnetic resonance imaging
of the brain to confirm the diagnosis. Kidney function was assessed every hour while
in the ICU and every eight hours on the floor. In case of acute renal insufficiency renal
replacement therapy was initiated after evaluation by a nephrologist or in case of severe
electrolyte disturbances emergently. Mechanical ventilation was weaned per standard
postoperative protocol with a goal for liberation as soon as possible. Tracheostomy was
performed if weaning from mechanical ventilation and extubation was not possible within
10–12 days postoperatively.

2.3. Statistics

Normally distributed continuous variables were presented as mean ± standard de-
viation and compared by unpaired t-test. Categorical data were summarized as absolute
(n) and relative (%) frequencies and compared by Chi2-test or Fisher’s exact test. Pre-
and intraoperative variables were assessed for association with the combined endpoint by
univariate analysis. 15-year survival was estimated by Kaplan-Meier curves. All tests were
conducted 2-sided and a p-value of ≤0.05 was considered statistically significant. Data
were analyzed with IBM SPSS Statistics for Windows (Version 24.0).

3. Results

Total survival/ follow-up time averaged 3.2 years with follow-up completeness of
94%. Follow-up was significantly shorter in the group who reached the combined endpoint,
with 2.1 years versus 4.3 years, p < 0.001.

3.1. Preoperative Characteristics

The combined endpoint was reached by 52.8%. Patients who reached the endpoint
had a significantly higher EuroSCORE II (7.5 versus 5.5, p < 0.001), higher incidence
of coronary artery disease with previous percutaneous intervention (9.2% versus 3.2%,
p = 0.016), higher incidence of neurological deficit upon presentation (26.4% versus 11.8%,
p < 0.001), higher incidence of preoperative cardiopulmonary resuscitation (14.4% versus
1.6%, p < 0.001) and higher incidence of intubation before surgery (16.9% versus 4.8%,
p < 0.001). There were no further significant differences with regard to clinical presentations
between the groups. Table 1 shows detailed demographic and clinical characteristics of the
study population.

3.2. Intraoperative Characteristics

Intraoperative characteristics are shown in Table 2. Patients who reached the combined
endpoint also had significantly longer surgery duration (288 versus 256 min, p = 0.001),
longer cardiopulmonary bypass times (180 versus 159 min, p < 0.001), longer cross-clamp
time (96 versus 84 min, p = 0.010), and longer circulatory arrest (39 versus 32 min, p < 0.001).
The requirement for intraoperative transfusion of blood products was higher in the group
who reached the combined endpoint (number of units of red blood cells 4 versus 2, p < 0.001,
number of units of fresh frozen plasma 1.5 versus 0, p = 0.031, number of pools of platelets
2 (ranging from 5 to 0) versus 2 (ranging from 4 to 0), p = 0.002). The need for total arch
replacement was significantly higher in the group who reached the endpoint (21.2% versus
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8.1%, p < 0.001). There were no differences between groups for all other surgical procedures
such as single supracoronary replacement of the ascending aorta, partial arch replacement,
Bentall operation, David Operation, Elephant trunk, associated coronary artery bypass
grafting or cannulation site.

Table 1. Demographic and clinical characteristics of the study population.

KERRYPNX All Patients
(n = 394)

Combined Endpoint = 0
(n = 186/47.2%)

Combined Endpoint = 1
(n = 208/52.8%)

p-Value

Age, years
62.5 ± 13.0 61.7 ± 14.0 63.2 ± 11.9

0.567
63.0 (53.0;73.0) 63.0 (53.0;71.3) 63.5 (53.3;73.0)

Male gender 256 (65.0%) 112 (60.2%) 144 (69.2%) 0.061

DeBakey classification, 0.108

DeBakey I 292 (78.5%) 131 (74.9%) 161 (81.7%)

DeBakey II 80 (21.5%) 44 (25.1%) 36 (18.3%)

Logistic EuroSCORE I 28.7 (18.1; 43.6) 24.6 (16.1; 39.7) 31.8 (18.7; 47.9) 0.018

EuroSCORE II 6.6 (3.8; 13.3) 5.5 (3.6; 10.3) 7.5 (4.0; 15.9) <0.001

Body mass index [kg/m2] 26.2 (23.9; 29.3) 26.3 (24.0; 29.4) 26.1 (23.8; 29.2) 0.933

Body mass index > 30 [kg/m2] 79 (20.1%) 36 (19.4%) 43 (20.8%) 0.726

Arterial hypertension 263 (66.8%) 125 (67.2%) 138 (66.3%) 0.857

Pulmonary hypertension 7 (1.8%) 4 (2.2%) 3 (1.4%) 0.712

Type 2 Diabetes mellitus 20 (5.1%) 7 (3.8%) 13 (6.3%) 0.262

Insulin dependent 6 (1.5%) 3 (1.6%) 3 (1.4%) 1.000

Hyperlipoproteinaemia 42 (10.7%) 22 (11.8%) 20 (9.6%) 0.477

Creatinine at admission > 200 [μmol/L] 17 (4.6%) 6 (3.4%) 11 (5.8%) 0.270

Chronic renal insufficiency 46 (11.7%) 16 (8.6%) 30 (14.4%) 0.072

Decompensated renal insufficiency 9 (2.3%) 3 (1.6%) 6 (2.9%) 0.510

Renal replacement therapy
(“chron Dialyse”) 7 (1.8%) 4 (2.2%) 3 (1.4%) 0.712

COPD 26 (6.6%) 13 (7.0%) 13 (6.3%) 0.768

Peripheral vascular disease 15 (3.8%) 7 (3.8%) 8 (3.8%) 0.966

Smoking 75 (19.1%) 37 (19.9%) 38 (18.4%) 0.699

Coronary heart disease 68 (17.3%) 25 (13.4%) 43 (20.7%) 0.058

Heart rhythm

Sinus rhythm 328 (83.2%) 159 (85.5%) 169 (81.3%) 0.261

Atrial fibrillation 54 (13.7%) 22 (11.8%) 32 (15.4%) 0.305

LVEF (%), 60 (55; 70) 60 (56; 70) 60 (55; 70) 0.200

Previous PCI 25 (6.4%) 6 (3.2%) 19 (9.2%) 0.016

Previous cardiac surgery 36 (9.1%) 21 (11.3%) 15 (7.2%) 0.161

Previous CABG 12 (3.0%) 5 (2.7%) 7 (3.4%) 0.696

IABP/ECLS 5 (1.3%) 0 (0.0%) 5 (2.4%) 0.063

Pericardial tamponade 71 (18.1%) 29 (15.6%) 42 (20.3%) 0.227

Marfan syndrome 11 (2.8%) 7 (3.8%) 4 (1.9%) 0.272

Bicuspid aortic valve 18 (4.7%) 8 (4.4%) 10 (4.9%) 0.849

Aortic valve vitium 0.987

Aortic valve stenosis 10 (2.6%) 5 (2.7%) 5 (2.5%) 1.000

Aortic valve insufficiency 133 (35.1%) 65 (35.7%) 68 (34.5%) 0.807

Combined Aortic valve vitium at Aortic
valve replacement 6 (1.6%) 3 (1.6%) 3 (1.5%) 1.000

Neurological deficits 77 (19.5%) 22 (11.8%) 55 (26.4%) <0.001
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Table 1. Cont.

KERRYPNX All Patients
(n = 394)

Combined Endpoint = 0
(n = 186/47.2%)

Combined Endpoint = 1
(n = 208/52.8%)

p-Value

Clinical presentation

Acute myocardial infarction (≤48 h) 14 (3.6%) 4 (2.2%) 10 (4.8%) 0.155

Cardiogenic shock 30 (7.6%) 10 (5.4%) 20 (9.7%) 0.110

CPR (≤48 h) 33 (8.4%) 3 (1.6%) 30 (14.4%) <0.001

Transfer from intensive care unit 47 (11.9%) 16 (8.6%) 31 (14.9%) 0.054

Intubated at admission 44 (11.2%) 9 (4.8%) 35 (16.9%) <0.001

Table 2. Operative data.

All Patients
(n = 394)

Combined Endpoint = 0
(n = 186/47.2%)

Combined Endpoint = 1
(n = 208/52.8%)

p-Value

Length of surgery [min] 275 (227; 340) 256 (218; 311) 288 (233; 358) 0.001

Cardiopulmonary bypass time [min] 167 (136; 212) 159 (130; 199) 180 (140; 228) <0.001

Cross-clamp time [min] 92 (71; 132) 84 (65; 130) 96 (75; 134) 0.010

Circulatory arrest [min] 35 (26; 50) 32 (24; 42) 39 (28; 60) <0.001

Number of packed red blood cells, unit 2.5 (0–16) 2 (0–16) 4 (0–16) <0.001

Number of fresh frozen plasma, unit 0 (0–21) 0 (0–16) 1.5 (0–21) 0.031

Number of platelets, unit 2 (0–5) 2 (0–4) 2 (0–5) 0.002

Surgical procedure

Single supracoronary replacement of the
ascending aorta 187 (47.5%) 87 (46.8%) 100 (48.1%) 0.796

Partial arch replacement 94 (23.9%) 50 (27.0%) 44 (21.2%) 0.173

Total arch replacement 59 (15.0%) 15 (8.1%) 44 (21.2%) <0.001

Conduit/Bentall operation 72 (18.3%) 35 (18.8%) 37 (17.8%) 0.792

David operation 24 (6.1%) 15 (8.1%) 9 (4.3%) 0.121

Elephant-trunk 9 (2.3%) 2 (1.1%) 7 (3.4%) 0.181

Associated with Aortic valve replacement 65 (16.5%) 30 (16.1%) 35 (16.8%) 0.852

Associated with CABG 29 (7.4%) 9 (4.8%) 20 (9.6%) 0.070

TEVAR(EVAR) 27 (6.9%) 10 (5.4%) 17 (8.2%) 0.267

Arterial cannulation 0.612

Femoral artery 62 (15.7%) 30 (16.1%) 32 (15.4%) 0.839

Ascending aorta 83 (21.1%) 33 (17.7%) 50 (24.0%) 0.126

Aortic arch 9 (2.3%) 4 (2.2%) 5 (2.4%) 1.000

Subclavian artery 1 (0.3%) 0 (0.0%) 1 (0.5%) 1.000

Apex 5 (1.3%) 2 (1.1%) 3 (1.4%) 1.000

Pulmonary vein 234 (59.4%) 117 (62.9%) 117 (56.3%) 0.179

Venous cannulation

Right atrium 382 (97.2%) 183 (98.4%) 199 (96.1%) 0.328

Bicaval 3 (0.8%) 0 (0.0%) 3 (1.4%) 0.177

Femoral vein 8 (2.0%) 3 (1.6%) 5 (2.4%) 0.727

3.3. Postoperative Data and Outcome

Postoperative data and outcomes are shown in Table 3. Mortality was higher and
complications were more common in the group who reached the combined end point.
7-day mortality was 21.6% versus 0%, p < 0.001. Hospital mortality was 30.8% versus 0%,
p < 0.001. Causes of death were cardiac 53%, multiple organ failure in 43%, cerebral 9%,
and sepsis 3%. The group who reached the endpoint had a significantly longer stay in
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the intensive care unit (10 days versus 4 days, p < 0.001), larger amount of postoperative
drainage loss (1030 mL versus 750 mL, p < 0.001, greater need for postoperative blood
transfusions (83.7% versus 64.5% of patients, p < 0.001), fresh frozen plasma transfusions
(60.1% versus 40.3%, p < 0.001) and platelet transfusions (55.9% versus 37.6%, p < 0.001),
as well as higher incidence of re-thoracotomy (26.9% versus 8.1%, p < 0.001). They also
had a greater need for postoperative balloon pump and/or extracorporeal life support
(5.1% versus 0.5%, p = 0.008), reintubation (27.9% versus 5.9%, p < 0.001), prolonged
mechanical ventilation (189 h versus 24 h, p < 0.001) with need for tracheostomy (47.6%
versus 0%, p < 0.001), readmission to the intensive care unit (13.5% versus 4.3%, p = 0.002),
bacteremia/sepsis (8.7% versus 0.5%, p < 0.001), bronchopulmonary infection (22.1% versus
6.5%, p < 0.001), cardiac arrest (11.1% versus 2.2%, p < 0.001), new neurological deficit
consistent with TIA/stroke (45.2% versus 0%, p < 0.001), myocardial infarction (2.9% versus
0%, p = 0.032), and acute renal insufficiency with need for renal replacement therapy (41.3%
versus 0%, p < 0.001). While several parameters were less common in the group that
reached the endpoint, they showed no statistical significance. Those were postoperative
delirium (15.9% versus 21.1%), sternal wound infections (1.0% versus 2.2%) and atrial
fibrillation (10.7% versus 10.2%).

Table 3. Postoperative data and outcomes.

All Patients
(n = 394)

Combined Endpoint = 0
(n = 186/47.2%)

Combined Endpoint = 1
(n = 208/52.8%)

p-Value

48 h-drainage loss [mL] 900 (500; 1513) 750 (350; 1200) 1030 (650; 1878) <0.001
Postoperative blood transfusion 290 (74.6%) 120 (64.5%) 170 (83.7%) <0.001

Postoperative fresh frozen plasma 197 (50.6%) 75 (40.3%) 122 (60.1%) <0.001
Postoperative platelets 183 (47.2%) 70 (37.6%) 113 (55.9%) <0.001

24 h-Number of packed red blood cells, unit, 1 (0–17) 0 (0–17) 1 (0–15) 0.029
24 h-Number of fresh frozen plasma, unit, 0 (0–24) 0 (0–24) 0.5 (0–23) <0.001

24 h-Number of platelets, unit, 0 (0–10) 0 (0–5) 0 (0–10) <0.001
Total number of packed red blood cells, unit 4 (0–56) 2 (0–38) 6 (0–56) <0.001

Total number of fresh frozen plasma, unit 1 (0–76) 0 (0–36) 4 (0–76) <0.001
Total number of platelets, unit 0 (0–20) 0 (0–9) 1 (0–20) <0.001

IABP/ECLS 11 (2.9%) 1 (0.5%) 10 (5.1%) 0.008
Reintubation 69 (17.5%) 11 (5.9%) 58 (27.9%) <0.001
Tracheotomy 99 (25.1%) 0 (0.0%) 99 (47.6%) <0.001

Re-admission to the ICU 36 (9.2%) 8 (4.3%) 28 (13.5%) 0.002
Postoperative delirium 72 (18.4%) 39 (21.1%) 33 (15.9%) 0.190

Postoperative myocardial infarction 6 (1.5%) 0 (0.0%) 6 (2.9%) 0.032
TIA/Stroke 94 (23.9%) 0 (0.0%) 94 (45.2%) <0.001

CPR 27 (6.9%) 4 (2.2%) 23 (11.1%) <0.001
Bronchopulmonary infection 58 (14.7%) 12 (6.5%) 46 (22.1%) <0.001

Bacteriaemia/sepsis 19 (4.8%) 1 (0.5%) 18 (8.7%) <0.001
Rethoracotomy 71 (18.0%) 15 (8.1%) 56 (26.9%) <0.001

Sternal wound infection/VAC revision 6 (1.5%) 4 (2.2%) 2 (1.0%) 0.431
New –onset of Hemodialysis 85 (21.7%) 0 (0.0%) 85 (41.3%) <0.001

Atrial fibrillation 41 (10.5%) 19 (10.2%) 22 (10.7%) 0.881
Ventilation time [h] 69 (20; 209) 24 (15; 57) 189 (81; 387) <0.001

ICU time [d] 6 (2; 12) 4 (2; 6) 10 (4; 18) <0.001
Postoperative days 10 (7; 19) 9 (7; 13) 13 (7; 23) <0.001

7 d-Mortality 45 (11.4%) 0 (0.0%) 45 (21.6%) <0.001
Hospital Mortality 64 (16.2%) 0 (0.0%) 64 (30.8%) <0.001

Cardiac death 34 (53.1%) 0 (0.0%) 34 (53.1%) —–
Cerebral death 6 (9.4%) 0 (0.0%) 6 (9.4%) —–

Sepsis 2 (3.1%) 0 (0.0%) 2 (3.1%) —–
MOF 22 (34.4%) 0 (0.0%) 22 (34.4%) —–
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3.4. Risk Factors for Combined Endpoint

Independent preoperative risk factors to reach the combined endpoint of mortality,
new neurological deficit, prolonged mechanical ventilation with need for tracheostomy
and acute renal insufficiency with need for renal replacement therapy were assessed with
multivariable logistic regression analysis as shown in Table 4. Significant were coronary
heart disease (p = 0.021, OR 2.122, CI 1.1–4.0), presence of a neurological deficit (p < 0.001,
OR 3.6, CI 1.98–6.5), preoperative need for cardiopulmonary resuscitation (p = 0.001, OR
8.99, CI 2.5–32.3) and need for intubation on admission (p = 0.033, OR 2.5, CI 1.1–5.9).

Table 4. Multivariable analysis of risk factors for the combined endpoint.

Variable p Odds Ratio Confidence Interval

Coronary heart disease 0.021 2.122 1.118–4.028
Neurological deficits <0.001 3.598 1.985–6.521

CPR 0.001 8.993 2.501–32.343
Intubated at admission 0.033 2.512 1.077–5.861

3.5. Survival Curve

Figure 1 shows the Kaplan-Meier survival curve of patients who did and did not reach
the combined endpoint with a follow-up time of 15 years. The group who reached the
endpoint had significantly decreased 15-year survival, however, it is notable that curves
are almost parallel, after the first 30-days, indicating that the highest rate of death occurs in
the immediate postoperative period.

Figure 1. Survival curves of patients with and without reaching the combined endpoint.

4. Discussion

It seems remarkable that the majority of patients who had complications did not just
have one but multiple. Taken all facts into account, 52.8% of the patients in our population
had an undesirable outcome.

Many previous studies have already evaluated risk factors for postoperative sur-
vival [9,16–19], but the universal ethical question remains in which high risk cases with-
holding surgery would provide less harm than performing it, since over 50% of survivors
may have to tolerate devastating conditions on long term ventilation with tracheostomy,
long-term dialysis and a severe neurological deficit. IRAD data indicated a mortality of 58%
among those not receiving surgery, typically because of advanced age and comorbidity [20].
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The intention of this study was to assess if undesirable post-operative outcome was
associated with certain parameters present on presentation, to help eventually develop
a strategy to know for which patient surgery is likely harmful. Accordingly, we chose a
combination of severe debilitating complications as endpoint.

A common assumption is that patients with multiple underlying medical conditions
such as hypertension, diabetes, hyperlipidemia, chronic kidney disease, smoking or pre-
vious cardiac surgery have adverse outcome [2]. However, in our study, the group who
reached the combined endpoint had no higher incidence of such diagnoses, despite a higher
EuroSCORE II. Therefore, the proposal is, that risk factors for developing aortic dissection
are not applicable for suffering poor post-operative outcome. According to data from the
Swedish National Diabetes Register patients with type 2 diabetes actually had significantly
less risk of aortic aneurysm, dissection and reduced mortality after hospitalization com-
pared to matched healthy controls. The authors hypothesized that glycated cross-links
in aortic tissue may play a protective role in the progression of aortic diseases [21]. The
previously published analysis of our database suggested that mortality was multifactorial
and especially age, previous cardiac surgery, preoperative cardiopulmonary resuscitation,
blood transfusion, and postoperative renal failure were considered risk factors [6].

According to our current data, the clinical condition in which the patient arrives
preoperatively is predictive of poor outcome. Other authors showed as well that in-
hospital adverse outcome was associated with the presence of lower limb hypoperfusion
symptoms prior to surgery [2]. Since time is such an essential part, prompt diagnosis
and referral to immediate surgical repair remain the main goal. Michael DeBakey once
stated: “no physician can diagnose a condition he never thinks about”. An analysis from
the International Registry of Acute Aortic Dissection (IRAD) indicates that the median time
from emergency department presentation to definitive diagnosis of acute aortic dissection
is 4.3 h, with an additional 4 h between diagnosis and surgical intervention for type
A patients [22].

The response time for emergency medical services is legally regulated in Germany
and should not exceed 12 min from alarm to arrival in our federal state [23], but even in
densely populated areas averages 8–10 min. Emergency physicians ride on the ambulance
and can make an immediate assessment. If AAAD is suspected, the physician alarms the
emergency room personnel to have imaging available immediately on arrival, as well as
the cardiovascular surgeon on stand-by. Despite these seemingly ideal conditions, analysis
of the German Registry for Acute Aortic Dissection Type A including 2137 patients by
Boening et al., revealed an overall 30-day mortality of 16.9% and new neurologic dysfunc-
tion postoperatively in 9.5% [11]. While our mortality coincides well with the national
level, our rate of neurological complications seems to be higher ranging up to 23.9%. In
another single center retrospective analysis by Haldenwang et al., the 30-day mortality
rate was 16.4%. In their population 33.6% suffered transient neurological dysfunction and
16.4% had a postoperative stroke [5]. They also looked at a combined adverse outcome
defined as stroke and 30-day mortality and found high body mass index, preoperative
hypoperfusion syndrome, and left ventricular ejection fraction <50% to be independent
predictors. Our results indicate a higher incidence of cardiopulmonary resuscitation within
48 h before surgery and preoperative mechanical ventilation in the combined endpoint
group, but there was no higher incidence in the presence of IABP/ ECLS, cardiogenic shock,
pericardial tamponade or decompensated renal insufficiency. There was also no higher
prevalence of Marfan Syndrome or difference in average left ventricular ejection fraction.

Current risk assessment scores don’t seem to provide an accurate answer in AAAD,
especially EuroSCORE II appears to underestimate mortality. Our current analysis does
not evaluate postoperative QoL in such circumstances. A previous investigation within our
group found however, that the QoL scores were lower one year after emergent surgery for
AAAD compared to the general, age-matched population in Germany especially regarding
pain score and social functioning [3].
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With growing socioeconomic and financial pressure in hospitals and healthcare sys-
tems, early identification of patients at risk for prolonged length of hospital stay with needs
for advanced therapies is also essential. It was no surprise that patients who reached the
combined endpoint had significantly longer stays on the ventilator, in the intensive care
unit as well as in the hospital compared to those who did not reach the endpoint.

Our results stress again the importance of early diagnosis of AAAD and immediate
referral to a facility capable to operate immediately, since the clinical condition on arrival
plays such an important role as prognostic marker.

This study is designed as single-center retrospective review of an internal database
and not a randomized prospective trial. Information was obtained from our institutional
database. Data were entered by staff physicians during the patients’ hospitalizations.
Therefore, data may be subject to bias. From our data it remains unclear if and how our
change of strategy regarding atrial canulation may have influenced the outcome.

5. Conclusions

We showed, in 15-year follow up, that relevant risk factors for adverse postoperative
clinical outcome are rather related to the clinical condition in which the patient arrives
preoperatively, than preexisting medical illnesses widely assumed to be responsible for poor
outcome. This supports prioritizing immediate surgical attention to patients, before they
may otherwise progress to hemodynamic instability and hypoperfusion even if they have
underlying medical conditions or advanced age. The ethical dilemma arises when patients
arrive at the hospital with already existing hypoperfusion, ongoing cardiopulmonary
resuscitation or even intubation. In those cases, our data suggest that physicians may
recommend either non-surgical treatment due to extremely poor chances for acceptable
outcome or have a detailed discussion with patient and families of what to expect.
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Abstract: Over the next decades, the prevalence of atrial fibrillation (AF) is estimated to double.
Our aim was to investigate the causes of the long-term mortality in relation to the diagnosis of
atrial fibrillation (AF) and chronic coronary syndrome (CCS). The analysed population consisted of
7367 consecutive patients referred for elective coronary angiography enrolled in a large single-centre
retrospective registry, out of whom 1484 had AF and 2881 were diagnosed with obstructive CCS.
During follow-up (median = 2029 days), 1201 patients died. The highest all-cause death was seen
in AF(+)/CCS(+) [194/527; 36.8%], followed by AF(+)/CCS(−) [210/957; 21.9%], AF(−)/CCS(+)
[(459/2354; 19.5%)] subgroups. AF ([HR]AC = 1.48, 95%CI, 1.09–2.01; HRCV = 1.34, 95%CI, 1.07–1.68)
and obstructive CCS (HRAC = 1.90, 95%CI, 1.56–2.31; HRCV = 2.27, 95%CI, 1.94–2.65) together with
age, male gender, heart failure, obstructive pulmonary disease, diabetes were predictors of both
all-cause and CV mortality. The main findings are as follow among patients referred for elective
coronary angiography, both AF and obstructive CCS are strong and independent predictors of the
long-term mortality. Mortality of AF without CCS was at least as high as non-AF patients with CCS.
CV deaths were more frequent than non-CV deaths in AF patients with CCS compared to those with
either AF or CCS alone.

Keywords: atrial fibrillation; chronic coronary syndrome; coronary artery disease; mortality; AF-
CAD study

1. Introduction

The prevalence of atrial fibrillation (AF) in adults varies from 2% to 4%, but about
one of three cases remains undetected [1–3]. Over the next few years, the prevalence of
AF is estimated to double, associated with the aging of the population and the increasing
incidence of hypertension, diabetes, heart failure, mitral valve defects, and chronic coronary
syndromes (CCS). Indeed, one in five patients with CCS have coexisting AF, leading to a
worsening of the patient’s prognosis [4]. The risk of ischemic stroke and heart failure in AF
patients with CCS, as well as reduced life expectancy, is greater than in the CCS population
without the AF [5–7].

In the LIFE-Heart Study, there were no associations between AF and location of
coronary stenosis among patients with single-vessel coronary artery disease (CAD) and,
in comparison to patients with single-vessel CAD, the risk for AF was lower in those
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with double and triple CAD [8]. In our Białystok Coronary Project of patients undergoing
elective coronary angiography, AF was associated with a lack of obstructive coronary
lesions [9]. The reason for these findings might be multifactorial, such as AF symptoms
may mimic CCS symptoms, computed tomography scan and stress tests are difficult to
interpret in AF patients.

AF is associated with high morbidity and mortality, placing a significant burden on
the patients themselves as well as the health care system [10,11]. The presence of AF alone
independently increases the risk of death [12,13]. However, there is a paucity of data
regarding a possible association between the diagnosis of AF and/or CCS and long-term
mortality. When considering this potential relationship, numerous questions arise (e.g.,
whether coexisting AF and CCS independently contribute to unfavourable prognosis,
whether AF (+)/CCS (−) patients have similar long-term mortality as AF (−)/CCS (+)
patients, whether causes of death differ in relation to the diagnosis of AF and/or CCS).

The objectives of this study are to investigate the causes of the long-term mortality
in patients referred for elective coronary angiography in relation to the diagnosis of AF
and/or CCS, and second, to identify the factors that predispose to death in these patients.

2. Materials and Methods

2.1. Study Design

The Bialystok Coronary Project is a retrospective cohort study of consecutive patients
with confirmed or suspected obstructive CCS conducted in the Department of Invasive
Cardiology of the Medical University of Bialystok, Poland.

Patients were recruited between 2007 and 2016. In total, we screened 26,985 patients
from Białystok, the largest city in north-eastern Poland. We excluded patients with acute
coronary syndromes (ACS), Takotsubo cardiomyopathy, and a history of ischemic heart
disease, as well as those referred for coronary angiography before heart valve surgery. Prior
heart valve replacement was also an exclusion criterion. The final sample of the Bialystok
Coronary Project consisted of 8288 patients referred for elective coronary angiography.
Study details and outcomes have been presented previously [9].

We conducted a two-step follow-up examination. In the first stage, the general
type of medication prescribed at discharge and planned revascularization treatment was
evaluated. In the second stage, data on all-cause mortality was collected from the National
Statistical Office in Poland. The exact collection date was 1 January 2019. The median
duration of follow-up was 2029 (1283–3059) days. The records included information
on the date and causes of death. The first aim of the present study was to investigate
the relationship between long-term mortality and the diagnosis of AF and/or CCS. As
shown in Figure 1, we divided our cohort into four subgroups, as follows: AF (+)/CCS (+),
AF (+)/CCS (−), AF (−)/CCS (+), and AF (−)/CCS (−). Second, we investigated the
predictors of the long-term all-cause and cardiovascular (CV) mortality in particular in the
overall study population and the above-listed subgroups.

The study protocol conformed to the ethical guidelines of the Declaration of Helsinki
and STROBE guidelines [14]. Additionally, it was approved by the local bioethics committee
of the Medical University of Bialystok (Approval No. R-1-002/18/2019) and registered
in the database of clinical studies www.clinicaltrials.gov (accessed on 23 October 2021)
(Identifier: NCT04541498).

2.2. Study Parameters and Definitions

The CCS diagnosis was established according to the European guidelines in force
at that time [15]. A significant stenosis of the coronary vessel (obstructive stenosis) was
defined as stenosis of 50% or more of the diameter of the left main stem coronary artery or
stenosis of 70% or more of the diameter of the rest of the arteries. We classified patients not
fulfilling this criterion as CCS (−). In the group of patients with an obstructive coronary
lesion, we classified CCS as single-, double-, or multi-vessel disease (MVD) defined as
a triple-vessel disease and/or significant left main stem stenosis. A decision regarding
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optimal CCS management in our study participants (i.e., percutaneous coronary interven-
tions (PCI), conservative management, or coronary bypass grafting surgery (CABG)) was
performed by the attending international cardiologist and if required by the members of
our Heart Team according to the guidelines current at the time of hospitalization.

Figure 1. Selection of the study population. 1 AF, atrial fibrillation; 2 CCS, chronic coronary syndrome; 3 N, number.
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We based diagnoses and AF classification on physician-assigned diagnoses in medical
records corresponding to ICD-10-CM codes for AF at the hospital discharge or outpatient
databases. The diagnoses were made based on the medical history, 24-h ECG monitoring,
and standard 12-lead ECG performed on admission. AF was subclassified into paroxysmal,
persistent, or permanent.

Left ventricular ejection fraction (LVEF) was assessed in the routine transthoracic
echocardiography using the modified biplane Simpson’s method, following the European
Society of Echocardiography recommendations [16]. The estimated glomerular filtration
rate (eGFR) using the CKD-EPI formula and chronic kidney disease (CKD) was accessed ac-
cording to the KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management
of Chronic Kidney Disease [17]. Obesity was defined as a body mass index ≥30 kg/m2.
The diagnosis of other coexisting conditions was made based on medical history, physical
examination results, and additional tests by the attending physician; it was not re-examined
at the time of inclusion into the study.

The medications prescribed at discharge were divided into seven groups: acetylsali-
cylic acid (ASA), dual antiplatelet therapy (DAPT), vitamin K antagonists (VKAs), direct
oral anticoagulants (DOACs), angiotensin-converting-enzyme inhibitors/angiotensin II
receptor blockers (ACEI/ARB), beta-adrenergic antagonists (BB), and statins. Dual an-
tiplatelet therapy (DAPT) was defined as taking acetylsalicylic acid (ASA) with clopidogrel,
a platelet P2Y12 receptor inhibitor. The group of DOACs includes dabigatran, rivaroxaban,
and apixaban.

2.3. Long-Term Mortality Data

The records collected from the National Statistical Office included information on the
date and the causes of deaths recorded (codes in the International Classification of Diseases
(ICD)—10th Revision). According to codes, we extracted the data for CV-related mortality
(ICD-10 codes from I00 to I99).

2.4. Statistical Analysis

Data were collected and analysed using MS Excel (Microsoft, 2020, version 16.40).
We used the Kolmogorov–Smirnov test to assess the distribution of continuous variables.
None of the continuous variables followed the Gaussian distribution. Data were presented
as medians (Me) and interquartile range (IQR) for not normally distributed continuous
variables, and as the number (N) of cases and percentage (%) for categorical variables.

Statistical significance of differences between two groups were determined using
the χ2 and Mann–Whitney U tests when appropriate. To compare multiple subgroups
for non-normally distributed variables, we applied Kruskal–Wallis test with multiple
pairwise comparisons using the Steel–Dwass–Critchlow–Fligner procedure, whereas for
the comparison of categorical variables χ2 test was used.

The associations between parameters and mortality risk were estimated by Cox pro-
portional hazard regression univariate and multivariate models. The multivariate analysis
included variables with a p value < 0.1 in the univariate analysis. The results are presented
as hazard ratio (HR) and 95% confidence intervals (CI). Kaplan–Meier curves were used for
graphical assessment of time-dependent mortality according to the presence of AF and/or
CCS. Multiple comparisons between groups were performed by the Dunn–Sidak method.
For all analyses, we set the level of statistical significance at p < 0.05.

All analyses were performed using XL Stat (Addinsoft, 2020, version 2020.03.01, New
York, NY, USA), Stata (StataCorp LLC, 2020, version 17, Lakeway Drive, TX, USA), and MS
Excel (Microsoft, 2020, version 16.40, Redmond, WA, USA).

3. Results

3.1. Participant Characteristics

The final analyzed population consisted of 7367 patients (54% men, median (IQR)
age: 65 (58–73) years), out of whom 1484 (20.1%) had AF and 2881 (39.1%) were diagnosed
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with obstructive CCS. During the median follow-up of 2029 (range 1283–3059) days, 1201
(16.3%) study participants died (Figure 1). Patients who died during the follow-up were
older, more likely to be male gender, had lower body mass index and left ventricular
ejection fraction, significantly more often presented with AF, obstructive CCS, advanced
CAD (i.e., multi-vessel coronary artery disease and/or left main stem stenosis), diabetes,
CKD and chronic obstructive pulmonary disease (COPD). Patients who died were less
likely to be diagnosed with hypertension and hyperlipidemia but had higher values of
CHA2DS2-VASc score (Table 1).

Table 1. Baseline characteristics in the whole cohort, and alive and dead participants at follow-up.

All Study
Participants
(N = 7367)

Alive
Participants
(N = 6166)

Dead
Participants
(N = 1201)

p Value for the
Comparison between

Alive and Dead
Study Participants

Age, years; Me 13 (IQR 11) 65 (58–73) 64 (57–72) 71 (62–77) <0.001

Male; % (N 14) 54 (3978) 51.4 (3168) 67.4 (810) <0.001

BMI 5; Me (IQR) 29 (26–32) 29 (26–32) 28 (25–31) <0.001

Obesity; % (N) 35.0 (2582) 36.1 (2225) 29.7 (357) <0.001

Atrial fibrillation; % (N) 20.1 (1484) 17.5 (1080) 33.6 (404) <0.001

Paroxysmal atrial fibrillation; % (N) 8.9 (656) 8.5 (525) 10.9 (131)

0.02Persistent atrial fibrillation; % (N) 8.8 (649) 6.8 (417) 19.3 (232)

Permanent atrial fibrillation; % (N) 2.4 (179) 2.2 (138) 3.4 (41)

Hypertension; % (N) 82.8 (6103) 83.3 (5134) 80.7 (969) 0.03

Diabetes mellitus; % (N) 25.5 (1878) 24.2 (1492) 32.1 (386) <0.001

Hyperlipidaemia; % (N) 88.6 (6526) 89.3 (5505) 85.0 (1021) <0.001

Low-density lipoprotein
cholesterol, mg/dL; Me (IQR) 100 (78–128) 100 (79–128) 100 (77–127) 0.35

High-density lipoprotein
cholesterol, mg/dL; Me (IQR) 46 (39–56) 47 (39–56) 44 (37–53) <0.001

Chronic heart failure; % (N) 18.3 (1345) 14.3 (884) 38.4 (461) <0.001

LVEF 12, %; Me (IQR) 55 (43–60) 55 (48–60) 45 (30–55) <0.001

Chronic kidney disease; % (N) 20 (1471) 16.6 (1021) 37.5(450) <0.001

eGFR 10, mL/min/1.73 m2;
Me (IQR)

79 (65–91) 81 (68–92) 71 (54–86) <0.001

COPD 7, % (N) 4.5 (335) 3.4 (211) 10.3 (124) <0.001

Obstructive CCS 6; % (N) 39.1 (2881) 36.1 (2228) 54.4 (653) <0.001

Single-vessel CCS; % (N) 17.2 (1270) 16.1 (993) 23.1 (277)

<0.001Double-vessel CCS; % (N) 9.6 (710) 9.0 (555) 12.9 (155)

Multi-vessel CCS; % (N) 21.9 (1611) 20.0 (1235) 31.3 (376)

Significant stenosis; % (N)

• Left main 3 (220) 2.7 (166) 4.5 (54) <0.001

• Left anterior descending artery 24.9 (1837) 23.2 (1428) 34.1 (409) <0.001

• Diagonal artery 8.9 (654) 8.1 (501) 12.7 (153) <0.001

• Circumflex artery 13.3 (976) 12.1 (747) 19.1 (229) <0.001

• Left marginal artery 8.6 (634) 8.0 (492) 11.2 (142) <0.001

• Right coronary artery 19.1 (1405) 16.8 (1037) 30.6 (368) <0.001
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Table 1. Cont.

All Study
Participants
(N = 7367)

Alive
Participants
(N = 6166)

Dead
Participants
(N = 1201)

p Value for the
Comparison between

Alive and Dead
Study Participants

Chronic total occlusion; % (N) 8.1 (596) 7.3 (451) 12.1 (145) <0.001

• Left main 0.4 (32) 0.4 (23) 0.7 (9) 0.61

• Left anterior descending artery 5.6 (414) 5.0 (306) 9.0 (108) 0.03

• Diagonal artery 1.8 (133) 1.6 (99) 2.8 (34) 0.51

• Circumflex artery 3.0 (222) 2.5 (154) 5.7 (68) 0.004

• Left marginal artery 2.2 (163) 2.0 (123) 3.3 (40) 0.45

• Right coronary artery 5.3 (391) 4.7 (289) 8.5 (102) 0.96

Patients treated with sucessful PCI,
% (N)

• Left main 0.6 (41) 0.4 (27) 1.2 (14) 0.52

• Left anterior descending artery 13.1 (965) 12.6 (779) 15.5 (186) 0.02

• Diagonal artery 3.9 (285) 3.5 (218) 5.6 (67) 0.91

• Circumflex artery 6.5 (479) 6.2 (380) 8.2 (99) 0.44

• Left marginal artery 3.3 (244) 3.3 (205) 3.2 (39) 0.94

• Right coronary artery 8.5 (628) 7.9 (489) 11.6 (139) 0.02

Unsuccessful PCI 0.9 (64) 0.9 (55) 0.7 (9) 0.64

Medication prescribed at discharge;
% (N)

• ASA 3 81.1 (5976) 81.8 (5046) 77.4 (930) <0.001

• DAPT 8 21.7 (1599) 21.1 (1300) 24.9 (299) 0.003

• DOAC 9 4.3 (316) 4.5 (277) 3.3 (39) 0.051

• VKA 15 12.4 (914) 10.4 (643) 22.6 (271) <0.001

• ACEI 1/ARB 2 87.4 (6438) 86.8 (5353) 90.4 (1085) <0.001

• BB 4 89.5 (6595) 89.0 (5486) 92.4 (1109) <0.001

• Statin 83.9 (6184) 84.5 (5208) 81.3 (976) 0.006

CHA2DS2-VASc score; Me (IQR) 3 (2–4) 3 (2–4) 4 (3–5) <0.001
1 ACEI, angiotensin-converting-enzyme inhibitor; 2 ARB, angiotensin receptor blocker; 3 ASA, acetylsalicylic acid; 4 BB, beta adrenergic
receptor antagonist; 5 BMI, body mass index; 6 CCS, chronic coronary syndrome; 7 COPD, chronic obstructive pulmonary disease; 8 DAPT,
dual antiplatelet therapy; 9 DOAC, direct oral anticoagulant; 10 eGFR, estimated glomerular filtration rate; 11 IQR, interquartile range;
12 LVEF, left ventricular ejection fraction; 13 Me, median; 14 N, number; 15 VKA, vitamin K antagonist.

Comparing two CCS (+) subgroups, the subgroup with AF was significantly less
likely to have a multi-vessel obstructive CCS and chronic total occlusion than the subgroup
without AF (Table 2). The latter subgroup was less often diagnosed with COPD.

3.2. Mortality Analysis in the Subgroups

As shown in Figure 2, the all-cause death was highest in the AF (+)/CCS (+) subgroup,
followed by AF (+)/CCS (−), AF (−)/CCS (+) and AF (−)/CCS (−) patients. The crude
all-cause mortality rate was higher in AF (+)/CCS (−) vs. AF (−)/CCS (+) patients (21.9%
(210/957) vs. 19.5% (459/2354); p < 0.01). Similar results were evident for CV mortality
(Table 3 and Supplementary Figure S1). CV deaths were more frequent than non-CV deaths
in all subgroups except AF (−)/CCS (−) patients (Table 3).
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Table 2. Differences in the characteristic of study participants according to the presence of atrial fibrillation and obstructive
chronic coronary syndrome.

AF (+)/CCS (+) a

(N = 527)
AF (+)/CCS (−) b

(N = 957)
AF (−)/CCS (+) c

(N = 2354)
AF (−)/CCS (−) d

(N = 3529)

p Value for the
Comparison among

Sub-Groups

Age, years; Me (IQR) 71 (66–77) 68 (60–74) 66 (59–73) 63 (56–71) <0.001

Male; % (N) 68.7 (362) 57.2 (547) 66.7 (1570) 42.5 (1499) <0.001 1

Obesity; % (N) 36.1 (190) 42.3 (405) 31.7 (747) 35.1 (1240) <0.001 2

MVD; % (N) 45.5 (241) N/A 58.2 (1370) N/A <0.001

Chronic total occlusion;
% (N) 15.9 (84) N/A 21.8 (512) N/A <0.001

Hypertension; % (N) 83.9 (442) 79.6 (762) 86.8 (2042) 81 (2857) <0.001 3

Diabetes mellitus; % (N) 32.1 (169) 26.3 (252) 29.9 (704) 21.3 (753) <0.001 4

Hyperlipidaemia; % (N) 89.9 (474) 79.9 (765) 96.2 (2265) 85.6 (3022) <0.001

Chronic heart failure;
% (N) 42.1 (222) 39.5 (378) 14.5 (341) 11.4 (404) <0.001 5

Chronic kidney disease;
% (N) 41.0 (216) 28.4 (272) 20.2 (475) 14. (508) <0.001

COPD, % (N) 7.2 (38) 6.6 (63) 4.0 (94) 4.0 (140) <0.001 6

Conservative
management, % (N) 13.3 (70) N/A 11.7 (275) N/A

<0.001

Patients sucessfully
treated with PCI, % (N) 46.2 (233) N/A 50.1 (1180) N/A

Unsuccessful PCI,
%, (N) 2.7 (14) N/A 2.1 (50) N/A

Patients qualified for
CABG, % (N) 39.9 (210) N/A 36.1 (849) N/A

DOACs prescribed at
discharge, % (N) 15.7 (83) 22.3 (213) 0.2 (5) 0.4 (15) <0.001 7

VKAs prescribed at
discharge, % (N) 56.4 (297) 57.3 (548) 0.8 (21) 1.3 (48) <0.001 6

CHA2DS2 -VASc score;
Me (IQR) 5 (4–5) 4 (3–5) 4 (3–5) 3 (2–4) <0.001

1 no significant differences between the a vs. c groups. 2 no significant differences between the a vs. d and a vs. c groups. 3 no significant
differences between the a/b vs. d and b/c vs. a groups. 4 no significant differences between the b/c vs. a and b vs. c groups. 5 no significant
differences between the a vs. b groups. 6 no significant differences between the a vs. b and c vs. d groups. 7 no significant differences
between the c vs. d groups. AF, atrial fibrillation; CABG; coronary artery bypass grafting; CCS; chronic coronary syndrome; COPD, chronic
obstructive pulmonary disease; IQR, interquartile range; Me, median; MVD, multivessel disease (CCS with significant triple-vessel and/or
left main stem stenosis); N/A, not applicable; N, number.

CV mortality in the AF (+)/CCS (+) subgroup (70.1%, N = 136) was higher than in
the AF (−)/CCS (+) patients (53.2% (N = 244; p < 0.001)). Coronary heart disease was a
more common cause of death in the AF (+)/CCS (+) subgroup than in the AF (−)/CCS (+)
subgroup (33.0% (*N = 64) vs. 21.8% (N = 100); p < 0.001), as well as in the AF (+)/CCS
(−) subgroup compared to the AF (−)/CCS (−) one (27.6% (N = 58) vs. 14.8% (N = 50);
p < 0.001). When comparing patients without CCS, more patients with AF than without
AF died due to intracerebral haemorrhage (5.7% (N = 12) vs. 1.5% (N = 5); p = 0.005), see
Table 3.
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Figure 2. Kaplan–Meier survival analysis of all-cause mortality in relation of the diagnosis of atrial fibrillation and
obstructive chronic coronary syndrome (large graph). The inner graph represents the comparison between patients with
and without atrial fibrillation independently of the diagnosis of obstructive chronic coronary syndrome. All differences
between curves are statistically significant (adjusted p values < 0.01 for all tests). AF, atrial fibrillation; CCS, chronic
coronary syndrome.

3.3. Predictors of Mortality

Significant predictors found on univariate analysis are presented in Supplementary
Table S1. Variables with a p value <0.1 in the univariate analysis were incorporated in
the multivariate analysis. Figure 3 shows the predictors of all-cause and CV mortality in
multivariate Cox proportional hazards models: AF and obstructive CCS together with
increasing age, male gender, chronic heart failure, chronic obstructive pulmonary disease,
diabetes mellitus, and lower values of red blood cells were independent predictors of both
all-cause and CV mortality. Chronic kidney disease increased, but statin therapy decreased,
the risk of all-cause mortality.

The presence of obstructive CCS increased all-cause and CV mortality risk by 2-fold
and 3-fold, respectively. As shown in Figure 4, other independent predictors of total
mortality in the AF subgroups were increasing age, chronic heart failure, COPD, and
lower values of red blood cells, whereas male sex, chronic heart failure, diabetes mellitus,
and lower values of red blood cells were associated with CV mortality. Increasing age
was found to be a significant predictor of all-cause mortality in all subgroups, but was
associated with CV mortality only in the AF (−)/CCS (+) and AF (−)/CCS (−) patients
(Table 4). Male sex was associated with CV mortality in all subgroups and with all-cause
mortality in all subgroups except the AF (+)/CCS (+) patients. Baseline diagnosis of
chronic heart failure predicted both all-cause and CV mortality in all subgroups, especially
in AF (−)/CCS (−) patients.

118



J. Clin. Med. 2021, 10, 4949

Table 3. Causes of deaths in the study participants.

All Deaths, % (N)
Total

16.3 (1201)

AF (+)/CCS
(+) a

36.8 (194)

AF (+)/CCS
(−) b

21.9 (210)

AF (−)/CCS
(+) c

19.5 (459)

AF (−)/CCS
(−) d

9.6 (338)

p Value for
the

Comparison
among

Subgroups

Cardiovascular deaths, % *
(N) 53.5 (643) 70.1 (136) 58.6 (123) 53.2 (244) 41.4 (140) <0.001 1

Non-cardiovascular deaths, %
(N) 46.5 (558) 20.9 (58) 52.4 (87) 46.8 (215) 58.6 (198) <0.001 1

Neoplasm
deaths, % (N) 25.6 (307) 14.9 (29) 20 (42) 27.9 (128) 32 (108) <0.001 2

Other deaths,
% (N) 20.9 (251) 14.9 (29) 21.4 (45) 19 (87) 26.6 (90) 0.01 3

Leading causes of death

Coronary heart disease, % (N) 22.6 (272) 33 (64) 27.6 (58) 21.8 (100) 14.8 (50) <0.001 4

Lung cancer, % (N) 7.2 (87) 4.1 (8) 3.3 (7) 8.3 (38) 10.1 (34) 0.006 5

Cardiomyopathy, % (N) 3.2 (38) 2.1 (4) 4.3 (9) 1.1 (5) 5.9 (20) 0.001 6

Cerebral infarction, % (N) 5.1 (61) 6.7 (13) 7.6 (16) 4.8 (22) 3 (10) 0.07

Myocardial infarction, % (N) 5 (60) 6.2 (12) 1.9 (4) 6.3 (29) 4.4 (15) 0.08

Instantaneous death, % (N) 4.9 (59) 4.1 (8) 6.2 (13) 4.6 (21) 5 (17) 0.77

Heart failure, % (N) 4.5 (54) 6.7 (13) 4.3 (9) 4.1 (19) 3.8 (13) 0.44

Pneumonia, % (N) 3 (36) 0.5 (1) 3.8 (8) 3.1 (14) 3.8 (13) 0.14

Intracerebral haemorrhage, %
(N) 2.3 (28) 2.1 (4) 5.7 (12) 1.5 (7) 1.5 (5) 0.005 7

Prostate cancer, % (N) 2.2 (27) 1 (2) 3.3 (7) 2.6 (12) 1.8 (6) 0.38

Colon cancer, % (N) 2 (24) 2.6 (5) 2.4 (5) 2 (9) 1.5 (5) 0.81

COPD, % (N) 1.8 (22) 0.5 (1) 1.4 (3) 1.3 (6) 3.6 (12) 0.06

Hypertensive heart disease, %
(N) 1.7 (20) 0.5 (1) 0.5 (1) 2 (9) 2.7 (9) 0.13

Diabetes mellitus, % (N) 1.6 (19) 3.1 (6) 0.5 (1) 1.7 (8) 1.2 (4) 0.18

Gastric cancer, % (N) 1.5 (18) 1 (2) 0 (0) 1.7 (8) 2.4 (8) 0.15

Atherosclerosis, % (N) 1.3 (16) 2.6 (5) 1 (2) 1.7 (8) 0.3 (1) 0.12

Pancreatic cancer, % (N) 1.2 (14) 0 (0) 0.5 (1) 1.5 (7) 1.8 (6) 0.2

Brain tumour, % (N) 1.2 (14) 0.5 (1) 1 (2) 1.1 (5) 1.8 (6) 0.6

Intestinal ischemia, % (N) 1.2 (14) 1 (2) 1 (2) 1.1 (5) 1.5 (5) 0.94

Aortic valve disorders, % (N) 1.1 (13) 2.6 (5) 0.5 (1) 1.3 (6) 0.3 (1) 0.07

Pulmonary hypertension, %
(N) 1 (12) 0.5 (1) 1 (2) 0.9 (4) 1.5 (5) 0.72

Other, % (N) 23.6 (283) 17 (33) 21.9 (46) 24.2 (111) 27.5 (93) <0.001

* percentage of deaths. 1 no significant differences between the a/c vs. b groups. 2 no significant differences between the a/c vs. b and
c vs. d groups. 3 no significant differences between the a/c/d vs. b and a vs. c groups. 4 no significant differences between the a/c vs. b and
d vs. c groups. 5 significant differences between the d vs. b groups. 6 significant differences between the b/d vs. c groups. 7 significant
differences between the c/d vs. b groups. AF, atrial fibrillation; CCS; chronic coronary syndrome; COPD, chronic obstructive pulmonary
disease; N, number.
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Figure 3. Predictors of all-cause and cardiovascular mortality in all study participants using multivariate analysis. ACEI,
angiotensin-converting-enzyme inhibitor; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid; BB, beta adrenergic
receptor antagonist; BMI, body mass index; CCS, chronic coronary syndrome; COPD, chronic obstructive pulmonary
disease; CV, cardiovascular; DOAC, direct oral anticoagulant; eGFR, estimated glomerular filtration rate; HDL, high-density
lipoprotein cholesterol; RBC, red blood cells; VKA, vitamin K antagonist.
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Figure 4. Predictors of all-cause and cardiovascular mortality in patients with atrial fibrillation using multivariate analysis.
ACEI, angiotensin-converting-enzyme inhibitor; ARB, angiotensin receptor blocker; ASA, acetylsalicylic acid; BB, beta
adrenergic receptor antagonist; BMI, body mass index; CCS, chronic coronary syndrome; COPD, chronic obstructive
pulmonary disease; CV, cardiovascular; DOAC, direct oral anticoagulant; eGFR, estimated glomerular filtration rate; HDL,
high-density lipoprotein cholesterol; RBC, red blood cells; VKA, vitamin K antagonist.
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Table 4. Predictors of all-cause and cardiovascular mortality in the subgroups according to the presence of atrial fibrillation
and obstructive chronic coronary syndromes. Multivariate analysis using Cox proportional hazards models. Results are
shown as hazard ratios with 95% confidence intervals and corresponding p values.

Variables
AF (+)/CCS (+) a

(N = 527)
AF (+)/CCS (−) b

(N = 957)
AF (−)/CCS (+) c

(N = 2354)

AF (−)/CCS (−)
d

(N = 3529)

p Value for the
Comparison

among
Subgroups

Age,
(for a 10-year

increase)

All-cause
mortality

1.68
(1.24–2.24)
p < 0.001

1.55
(1.17–2.04)
p < 0.001

1.79
(1.51–2.14)
p < 0.001

1.64
(1.32–2.06)
p < 0.001

p = 0.67

CV mortality
1.21

(0.83–1.77)
p = 0.32

0.95
(0.69–1.29)

p = 0.73

1.38
(1.16–1.64)
p < 0.001

1.64
(1.37–1.97)
p < 0.001

p = 0.04 1

Male

All-cause
mortality

0.92
(0.58–1.44)

p = 0.71

1.93
(1.18–3.16)

p = 0.01

1.45
(1.03–2.05)

p = 0.03

2.76
(1.76–4.33)
p < 0.001

p = 0.03 2

CV mortality
2.44

(1.13–5.30)
p = 0.02

1.77
(1.03–3.07)

p = 0.04

1.52
(1.05–2.21)

p = 0.03

2.57
(1.81–3.64)
p < 0.001

p = 0.045 3

Chronic heart
failure

All-cause
mortality

1.65
(1.08–2.53)

p = 0.02

2.32
(1.47–3.65)
p < 0.001

3.64
(2.69–4.92)
p < 0.001

6.55
(4.33–9.91)
p < 0.001

p = 0.024 4

CV mortality
2.23

(1.18–4.24)
p = 0.01

1.99
(1.17–3.39)

p = 0.01

1.83
(1.27–2.63)
p < 0.001

1.93
(1.30–2.87)
p < 0.001

p = 0.77

Diabetes mellitus

All-cause
mortality

1.31
(0.82–2.07)

p = 0.26

0.94
(0.57–1.56)

p = 0.82

1.44
(1.07–1.95)

p = 0.02

1.59
(1.03–2.46)

p = 0.04
p = 0.43

CV mortality
2.86

(1.47–5.55)
p < 0.001

1.75
(1.00–3.07)

p = 0.05

1.33
(0.96–1.84)

p = 0.09

1.76
(1.24–2.51)
p < 0.001

p = 0.04 5

Statin

All-cause
mortality

0.90
(0.51–1.60)

p = 0.73

0.77
(0.49–1.22)

p = 0.27

0.81
(0.49–1.33)

p = 0.4

0.87
(0.53–1.43)

p = 0.58
p = 0.81

CV mortality
0.88

(0.37–2.1)
p = 0.78

1.52
(0.81–2.84)

p = 0.19

1.15
(0.63–2.09)

p = 0.65

0.62
(0.43–0.91)

p = 0.01
p = 0.02 6

ACEI/ARB at
discharge

All-cause
mortality

1.51
(0.59–3.84)

p = 0.39

0.57
(0.27–1.19)

p = 0.14

0.93
(0.53–1.64)

p = 0.8

3.27
(1.01–10.59)

p = 0.05
p = 0.01 7

CV mortality
2.60

(0.73–9.34)
p = 0.14

0.86
(0.36–2.08)

p = 0.74

0.95
(0.53–1.68)

p = 0.85

0.72
(0.46–1.13)

p = 0.15
p = 0.42

RBC, (for a
106/mm3

increase)

All-cause
mortality

0.75
(0.52–1.10)

p = 0.14

0.68
(0.44–1.05)

p = 0.08

0.77
(0.56–1.05)

p = 0.1

1.27
(0.84–1.91)

p = 0.26
p = 0.04 7

CV mortality
0.45

(0.25–0.82)
p = 0.01

0.63
(0.36–1.11)

p = 0.11

0.70
(0.50–0.99)

p = 0.05

0.62
(0.43–0.88)

p = 0.01
p = 0.55

HDL
(for a 10 mg/dL

increase)

All-cause
mortality

1.01
(0.83–1.22)

p = 0.94

0.88
(0.72–1.06)

p = 0.18

0.92
(0.81–1.05)

p = 0.24

1.13
(0.9–1.31)
p = 0.11

p = 0.048 8

CV mortality
0.90

(0.68–1.17)
p = 0.42

1.16
(0.95–1.42)

p = 0.15

0.85
(0.74–0.98)

p = 0.02

0.89
(0.78–1.01)

p = 0.07
p = 0.03 1

1 significant difference between the b vs. c/d groups. 2 significant differences between the d vs. a/c and a vs. b groups. 3 significant
differences between the b vs. c groups. 4 no significant differences between the b vs. a/c groups. 5 significant differences between the a vs.
c groups. 6 significant differences between the a vs. b groups. 7 significant differences between the b vs. d groups. 8 significant differences
between the d vs. b/c groups. ACEI, angiotensin-converting-enzyme inhibitor; ARB, angiotensin receptor blocker; CV, cardiovascular; HDL,
high-density lipoprotein cholesterol; RBC, red blood cells.
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4. Discussion

In this large analysis from the Bialystok Coronary Project, our principal findings are
as follows: (I) both AF and obstructive CCS were strong and independent predictors of
the long-term all-cause and CV mortality; (II) mortality of AF patients without CCS was at
least as high as non-AF patients with CCS; and (III) CV deaths were more frequent than
non-CV deaths in AF patients with CCS compared to those with either AF or CCS alone.
Our study not only highlights the fact that the diagnosis of AF remains a strong predictor of
long-term mortality, but also clearly demonstrates that coexistence of AF with obstructive
CCS further reduces the survival.

Specific causes of death are frequently not reported in studies exploring long-term
mortality in AF patients. Similar to our data, Lee et al. found that among 15,411 AF
patients from the Korean registry, CV mortality was more frequent than cancer-related
mortality [18]. Additionally, AF patients had a 4-fold increased risk of all-cause mortality
compared with the general population. In contrast to our study cohort, Lee et al. found
that cerebral infarction (but not coronary heart disease) was the most common cause of
death [18]. In Europe, Fauchier et al. analysed patients diagnosed with AF in four hospitals,
and demonstrated that the majority of deaths were of CV origin [19], most commonly heart
failure (29%), infection (18%), and cancer (12%), while fatal stroke or fatal bleeding each
accounted for 7% of all deaths. These findings are concordant with our results in the overall
population of the Białystok Coronary Project, with CV deaths more frequent than non-CV
deaths in all subgroups except for the AF (−)/CCS (−) patients.

An increased short- and long-term mortality in ACS patients with coexisting AF
remains a well-known phenomenon [7,20–23]. We hypothesize that pre-existing AF in
ACS patients may be a marker of prior myocardial disease, while new-onset AF may be
associated with more extensive myocardial injury in the course of ACS. Nonetheless, data
from ACS studies do not necessarily apply to CCS patients. Of note, ACS patients were
excluded from the present study.

Our findings correspond with the results of a Spanish study including 17,100 patients
aged at least 50 years with known or suspected CCS who underwent exercise electrocardio-
graphy (N = 11,911) or exercise echocardiography (N = 5189) [24]. The highest long-term
mortality in patients with AF and a positive stress test result when compared with other
subgroups. In addition, the diagnosis of AF remained an independent predictor of all-cause
mortality, but not of nonfatal myocardial infarction or coronary revascularization [24]. In
an Austrian single-centre registry including 1434 patients with CCS and 1456 patients
with ACS, patients undergoing elective or urgent coronary revascularization and suffering
from AF had a 2-fold increased adjusted relative risk of death after a mean follow-up of
4.8 years [25]. Similar to our data, CKD, CCS, and diabetes were independent predictors of
1-year all-cause mortality in patients with both AF and chronic heart failure with reduced
ejection fraction [26].

Another main finding of our work is that patients with AF but without obstructive
CCS have a reduced survival when compared with those with obstructive CCS but without
concomitant AF. In a cohort of patients referred for exercise stress testing for myocardial
ischemia, Bouzas-Mosquera et al. demonstrated a higher long-term all-cause mortality
in AF patients with negative stress testing compared to patients without AF [24]. How-
ever, patients with AF have coexisting obstructive CCS more often than those with sinus
rhythm [27]. Given that the prevalence of obstructive CCS in patients with AF may be as
high as 46.5%, it is possible that at the time of inclusion to the study the lesions in their
epicardial coronary arteries were not yet so advanced so as to be considered significant at
coronary angiography [6,28]. In addition, coronary atherosclerosis tends to progress over
time and the co-occurrence of AF and obstructive CCS worsens the patients’ prognosis
even when they are carefully treated [7,28].

We observed that AF (+)/CCS (−) vs. AF (−)/CCS (+) patients had a higher propor-
tion of deaths due to intracerebral haemorrhage. This may be associated with an under-use
of DOACs, which are not refundable in Poland, unlike the VKAs. A large study from vari-
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ous European countries from 2011–2016—overlapping with our study period—showed that
out of patients taking oral anticoagulants, 67% were on VKAs and only 33% on DOACs [29].

Our study has limitations. First, our follow-up includes only mortality, there are no
data on the condition of patients’ health and nonfatal clinical events after inclusion into
the study. Second, our findings were obtained in a retrospective single-center study and
should be verified in a prospective multicenter study. Third, our observations are restricted
to elective patients as those with ACS were excluded from the study. Fourth, fractional flow
reserve measurements were not performed on regular basis in our study participants and
therefore assessment of the significance of coronary stenoses might have been inaccurate
in some of our patients. Fifth, we were not able to obtain reliable data on AF ablation
procedures, smoking status, and diabetes therapy in our study participants which may
be a confounder in our analysis. Sixth, due to the high count of garbage codes in total
mortality in Poland, case-specific mortality is likely to be underestimated. Finally, many of
AF patients in our study also suffered from heart failure and vice versa. Additionally, heart
failure was a common cause of mortality in our study. These facts might affect our findings.

5. Conclusions

Among patients referred for elective coronary angiography, both AF and obstructive
CCS are strong and independent predictors of the long-term all-cause and CV mortality.
Mortality of AF without CCS was at least as high as non-AF patients with CCS. CV deaths
were more frequent than non-CV deaths in AF patients with CCS compared to those
with either AF or CCS alone. Therefore, we recommend a careful clinical follow-up of
AF patients, with a particular emphasis on stroke prevention and modification of CV
risk factors.
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participants according to the univariate analysis using Cox proportional hazards models.
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Abstract: Data regarding the impact of infra-Hisian conduction disturbances leading to perma-
nent pacemaker implantation (PPI) after transcatheter aortic valve implantation (TAVI) remain
limited. The aim of this study was to determine the impact of right and/or left bundle branch block
(RBBB/LBBB) on post-TAVI PPI. We performed a systematic literature review to identify studies
reporting on RBBB and/or LBBB status and post-TAVI PPI. Study design, patient characteristics, and
the presence of branch block were analyzed. Odds ratios (ORs) with 95% CI were extracted. The final
analysis included 36 studies, reporting about 55,851 patients. Data on LBBB were extracted from
33 studies. Among 51,026 patients included, 5503 showed pre-implant LBBB (11.9% (10.4%–13.8%)).
The influence of LBBB on post-TAVI PPI was not significant OR 1.1474 (0.9025; 1.4588), p = 0.2618.
Data on RBBB were extracted from 28 studies. Among 46,663 patients included, 31,603 showed
pre-implant RBBB (9.2% (7.3%–11.6%)). The influence of RBBB on post-TAVI PPI was significant OR
4.8581 (4.1571; 5.6775), p < 0.0001. From this meta-analysis, the presence of RBBB increased the risk
for post-TAVI PPI, independent of age or LVEF, while this finding was not confirmed for patients
experimenting with LBBB. This result emphasizes the need for pre-operative evaluation strategies in
patient selection for TAVI.

Keywords: transcatheter aortic valve implantation; right bundle branch block; left bundle branch
block; permanent pacemaker implantation

1. Introduction

Atrio-ventricular conduction disturbances and subsequent permanent pacemaker
implantation (PPI) represent frequent complication after transcatheter aortic valve implan-
tation (TAVI) [1,2]. Notably, infra-Hisian conductions’ desynchrony such as left bundle
branch block (LBBB) and right bundle branch block (RBBB) remain an ongoing issue
in TAVI [3,4], especially considering TAVI as well-established therapeutic approach for
patients with aortic stenosis at high surgical risk [5], while considerable advances in proce-
dural techniques tend to extend TAVI indications to patients with a lower surgical risk [6].
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Mechanical stress on the aortic valve annulus, deterioration of the ventricular septum,
and local edema may all injury the atrio-ventricular conduction during the TAVI proce-
dures [1,3]. In patients with pre-existing conduction system impairments, such additional
procedural-related factors may contribute to a higher post-TAVI PPI rate. Consequently,
complications such as PPI thus remain a substantial barrier to extending this technique
to operable patients who would otherwise undergo surgery [7]. Therefore, better patient
selection and identification of pre-operative risk factors for progression of conduction
disturbances, and subsequently PPI, are decisive [8]. Current data about the clinical impact
of bundle branch block on post-TAVI PPI remain controversial [9,10]. Left bundle branch
block (LBBB) occurs in 5 to 65% in TAVI patients and leads to PPI in 15 of 20% of cases [11].
Pre-operative right bundle branch block (RBBB) is present in 10 to 21% of patients and
results in up to 40% of post-operative PPI, making pre-operative RBBB the most important
patient-related factor [2,12]. However, the prognostic value on pre-existing infra-Hisian
conduction disturbances on post-TAVI PPI remains unclear [10–12].

We aim to investigate the clinical impact of pre-operative RBBB/LBBB on PPI
after TAVI.

2. Materials and Methods

2.1. Research Strategy

This meta-analysis was performed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) and the research strategy was
developed according to available guidance from the Cochrane Collaboration. A broad,
computerized literature search was performed to identify all relevant studies from Embase,
Cochrane database, and PubMed exploring Medical Subject Heading (MeSH) terms related
to pre-operative RBBB or pre-operative/new-onset LBBB in TAVI population. The PubMed
database was searched entering the following key words: “Pacemaker, Artificial” [Mesh]
OR pacemaker implantation AND “Transcatheter Aortic Valve Replacement” [Mesh] OR
transcatheter aortic valve replacement AND “Bundle-Branch Block” [Mesh]. We restricted
the research to English publications. Last access to the database was on 1 November 2020.
The search was limited to studies in human.

2.2. Eligibility Criteria and Studies Selection

Studies were included in the final analyses if patients were >18 years (I); >250 patients
were included in the main analysis, in order to provide data interpretation of the most
consistent clinical series (II); and studies provided a description of pacemaker status of
the population (III). Furthermore, articles with no possible extraction of the presence
of RBBB/LBBB were excluded. Pre-operative RBBB/LBBB and new-onset RBBB/LBBB
were both included in the present analysis. Systematic review and meta-analyses were
not taken in account. Studies describing cardiac surgery procedures were also left out.
The selected articles underwent extensive evaluation at title and abstract level by two
independent researchers (J.R. and M.D.M.) to assess the potential inclusion in the meta-
analysis. Discrepancies were solved by consensus with the intervention of a third reviewer
(R.L.). There were no duplicate data.

2.3. Statistical Analysis

Calculation of an overall proportion from studies reporting a single proportion was
performed using a meta-analytic approach by means of metaprop function of meta package
in R. A logit-transformation was performed as suggested by Warton & Hui [13] to calculate
confidence intervals (CIs) for individual study results. A Clopper–Pearson approach and
a DerSimonian–Laird estimator were used to estimate the between-study variance [14].
Total proportion with 95% Cl was reported. Funnel plot and Egger’s test were used for
estimation of publication bias. The primary endpoint was 30-day or in-hospital PPI after
TAVI, so odds ratios (OR) with 95% CI were extracted from 36 studies. Statistical pooling
of OR was performed using a random effect model with 95% CI. Forest plots were used
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to plot the effect size, either for each study or overall. We calculated the I2 statistics
(0%~100%) to explain the between-study heterogeneity, with I2 ≤ 25% suggesting more
homogeneity, 25% < I2 ≤ 75% suggesting moderate heterogeneity, and I2 > 75% suggesting
high heterogeneity [15,16]. If the null hypothesis was rejected, a random effects model was
used to calculate pooled effect estimations. If the null hypothesis was not rejected, a fixed
effects model was used to calculate pooled effect estimations [14]; 95% CI was also reported.
Forest plots were used to plot the effect size, either for each study or overall. Publication
bias was evaluated by graphical inspection of funnel plot; estimation of publication bias
was quantified by means of Egger’s linear regression test [17]. In the case of moderate or
high heterogeneity, influence analysis was performed with different approaches: Baujat
plot [18] and a leave-one-out sensitivity analysis were performed by iteratively removing
one study at a time to confirm that our findings were not driven by any single study. Meta-
regression analysis was performed, reporting results as regression coefficient (i.e., Beta) and
p-value. One removed analysis was performed as a sensitivity analysis. “Meta package”
in R-studio version 1.1.463 (2009–2018) was used. Because this study was a systematic
review and meta-analysis based on published articles, ethical approval was waived by the
institutional review board of the University Hospital of Maastricht.

3. Results

3.1. Study Inclusion

Our search yielded 877 records initially screened at the title and abstract level, with
222 papers fully reviewed for eligibility. There were no duplicate data. Ultimately, 36 studies
were identified and provided data for the research analysis (Supplementary Figure S1).

3.2. Baseline Characteristics of Included Patients and Permanent Pacemaker Implantation Details

Table 1 shows the baseline characteristics of the included studies. The 36 studies
included a total of 55,851 patients in the final analysis, from 2005 to 2018 [19–54]. The mean
age of the patients was 81.9 years, with a mean STS score of 8.3. Only five studies were
prospective in nature [35,40,41,44,51]. The PPI details in the included studies are reported
in Table 2. The overall incidence of PPI reached 15.2%, ranging from 4.3% to 32%.
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3.3. Influence of LBBB on PPI

Data on LBBB were extracted from 33 studies [19–43,47–54]; among the 51,026 patients
included in the analysis, there were 5503 showing pre-implant LBBB. The cumulative
proportion of LBBB was 11.9% (10.4%–13.8%) (Supplementary Figure S2). Heterogeneity
was high (I2 96.4% [95.6%; 97.0%]). No publication bias was found (p = 0.2921). The
cumulative proportion of LBBB in a subset of 7315 patients with post-TAVI PPI was 13.0%
(10.6%–15.8%) with high heterogeneity (I2 87.7% [83.7%; 90.6%]) and no publication bias
(p = 0.3856) (Supplementary Figure S3). The cumulative proportion of LBBB in a subset of
43,650 patients without post-TAVI PPI was 12.3% (10.5%–14.4%) with high heterogeneity
(I2 96.5% [95.8%; 97.1%]) and no publication bias (p = 0.6200) (Supplementary Figure S4).

The influence of LBBB on post-TAVI PPI was not significant OR 1.1474 (0.9025; 1.4588,
p = 0.2618) with high heterogeneity I2 = 86.2% [81.7%; 89.6%] and no publication bias
(p = 0.7100) (Figure 1). The baujat plot (Supplementary Figure S5) shows that the study by
Vejpongsa et al. [37] may impact high heterogeneity, even if the sensitivity analysis does not
confirm this hypothesis, as no influence of LBBB on post-TAVI PPI rate was evidenced at
the leave-one out analysis (Figure 2). Meta-regression failed to identify some modifiers: age
(r = −0.0592, p = 0.4292), left ventricular ejection fraction (LVEF, r = 0.0754, p = 0.1741), and
year of the study (r = −0.0008, p = 0.9893) did not show any influence on the meta-analytic
results (Supplementary Figures S6–S8).

Figure 1. Forest plot comparing the effect of LBBB on the rate of post-TAVI PPI. IV= interval variable; 95%
CI = confidence interval.
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Figure 2. Forest plot leave one-out analysis comparing the effect of the presence of LBBB on the rate of post-TAVI PPI.
IV= interval variable; 95% CI= confidence interval.

3.4. Influence of RBBB on PPI

Data on RBBB were extracted from 28 studies (19–46); among the 46,663 patients
included in the analysis, there were 31,603 showing pre-implant RBBB. The cumulative
proportion of RBBB was 9.2% (7.3%–11.6%) (Supplementary Figure S9). Heterogeneity
was high (97.8% [97.3%; 98.1%]). No publication bias was found (p = 0.1112). The cu-
mulative proportion of RBBB in a subset of 6932 patients with post-TAVI PPI was 24.7%
(19.6%–30.6%) with high heterogeneity (94.6% [93.2%; 95.8%]) and no publication bias
(p = 0.1023) (Supplementary Figure S10). The cumulative proportion of RBBB in a subset
of 39,670 patients without post-TAVI PPI was 6.3% (4.9%–8.1%) with high heterogeneity
(I2 96.6% [95.9%; 97.3%]) and no publication bias (p = 0.2659) (Supplementary Figure S11).
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The influence of RBBB on post-TAVI PPI was significant, with OR 4.8581 (4.1571; 5.6775),
p < 0.0001 with moderate heterogeneity I2 = 63.4% [45.1%; 75.6%] and no publication bias
(p = 0.937) (Figure 3). The baujat plot (Supplementary Figure S12) shows that two studies
[36,37] may impact the heterogeneity. Sensitivity analysis confirms the impact of RBBB on
the post-TAVI PPI rate even at the leave-one out analysis (Figure 4). Meta-regression failed
to identify some modifiers: age (r = −0.0592; p = 0.4292), left ventricular ejection fraction
(LVEF, r = 0.0246, p = 0.3755), and year of the study (r = 0.0489, p = 0.3038) did not show any
influence on meta-analytic results (Supplementary Figures S13–S15).

Figure 3. Forest plot comparing the effect of RBBB on the rate of post-TAVI PPI.
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Figure 4. Forest plot leave one-out analysis comparing the effect of the presence of RBBB on the rate of post-TAVI PPI.

4. Discussion

Our meta-analysis demonstrates the impact of bundle branch block on post-TAVI
PPI. Our study is derived from 36 studies reporting clinical outcomes in 55,851 patients
receiving TAVI and presenting bundle branch conduction disturbances. The main results of
this study can be assumed as follows: (i) the presence of LBBB does not influence post-TAVI
PPI; (ii) the presence of RBBB has a significant impact on post-TAVI PPI.

The prevalence of LBBB in TAVI candidates is closed to 10% according to previous
studies [45,55,56] and new-onset LBBB occurs in ∼=30% after TAVI, depending on the
type of prosthesis [9,57]. In the present study, the cumulative proportion of LBBB was
11.9%, including pre-operative LBBB and new-onset LBBB after TAVI. This rate is thus in
accordance with previously published data [4,58]. The impact of LBBB on post-TAVI PPI
remains controversial [49,50,59]. Data from the PARTNER experience [50,53] suggested
that new-onset LBBB increases the rate of post-TAVI PPI. Moreover, an analysis at a
national registry level as the prospective open TAVI Karlsruhe registry [48] identified
slightly more PPI in patients with persistent new-onset LBBB. However, current data do
not promote prophylactic PPI in patients presenting new-onset LBBB after TAVI [60] and
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some studies failed to identify LBBB as predictors for post-TAVI PPI [58,61]. In our study,
the influence of LBBB on post-TAVI PPI was not significant. These controversial results
can be related to various definitions of LBBB according to the degree of QRS prolongation
defining the LBBB [58,61–63] or to the high heterogeneity among the current studies [64].
Moreover, only three studies [22,50,53] quantified LBBB as left anterior fascicular or left
posterior fascicular block, which may underestimate the impact of LBBB on post-TAVI
PPI. As development of high-degree atrio-ventricular block is shown to be a common
complication in patients with pre-existing LBBB (or RBBB) after TAVI [65], we shared the
view of Waksman and colleagues [66] emphasizing the need for routine electrophysiology
evaluation in patients undergoing TAVI in order to limit post-TAVI PPI. Electrophysiology
testing differentiates the supra-nodal conduction disturbances from the infra-nodal ones
by analyzing the atrial-His and the His-ventricular intervals. By integrating these values
into the baseline electrocardiogram, we may be able to predict the evolution of the atrio-
ventricular conduction in high-grade atrio-ventricular block. Such data may help the
clinicians to choose between an aggressive strategy of early post-TAVI PPI or, on the
contrary, an expectative strategy, avoiding some unnecessary post-TAVI PPI. The results
of current ongoing trials investigating the use of electrophysiology-based algorithmic
approaches with HV measurements as a guide for PPI, particularly in patients with LBBB
(Clinical Monitoring Strategy vs. EP-Guided Algorithmic in LBBB Patients Post-TAVR
(NCT03303612); The MARE Study (NCT02153307); Prospective Validation of a Pre-Specified
algorithm for the management of conduction disturbances following transcatheter aortic
valve replacement PROMOTE (NCT04139616)), are expected with impatience.

Pre-existing RBBB has been demonstrated in 6.9% [67] up to 13.6% [44] of patients
undergoing TAVI and is a common underlying conduction disturbance in TAVI patients [10].
In this study, the cumulative proportion of RBBB among the included studies reached 9.2%,
also in accordance with the studies of Auffret and colleagues [45], reporting a prevalence
of RBBB of 10.3% in TAVI candidates. Several studies have already highlighted the role of
pre-existing RBBB in the development of atrioventricular conduction, leading to post-TAVI
PPI [2,3,22,26,33,39,41]. Our findings confirm the impact of such a condition on post-TAVI
PPI, without the influence of age or LVEF. As previous studies emphasized the higher
all-cause mortality and the poorer clinical outcomes in patients with pre-existing RBBB
[10,45], bradyarrhythmia events may participate in the poorer outcomes of these patients.
However, this analysis does not provide the cause of such discrepancies between RBBB
and LBBB. The fragility of the right bundle branch during minor trauma or procedures
may partially explain its highest incidence in the general population and, consequently,
the more important impact of RBBB in post-TAVI PPI [68]. We look forward to having
definitive data and guidelines to determine the optimal management and monitoring of
patients with RBBB undergoing TAVI [60].

The current guidelines with respect to post-TAVI PPI [69] do not specify the ade-
quate timing for post-TAVI PPI. Previously, the 2013 European Society Guidelines [70]
recommended a clinical rhythm observation period of 7 days in the presence of high-grade
trio-ventricular block before proceeding to post-TAVI PPI. In the current meta-analysis, the
range of timing for PPI varied from day 0 to 1 year, also emphasizing the need for PPI after
discharge and the influence of atrio-ventricular conduction in the long term [49]. This hy-
pothetical observation period may be shortened or lengthened according to patient-related
factors and electrical findings. Once again, electrophysiological study may identify some
high-risk patients for the development of high-grade atrio-ventricular disturbances and,
thereby, adjust the observation rhythm period in such patients [71].

As the definitive impact of infra-Hisian conduction disturbances on post-TAVI PPI has
not definitively been clarified yet, specific recommendations for the type of valves used in
such patients must be done with caution. However, some studies investigated the impact of
the valves used on post-TAVI conduction disturbances [3,44,49,61]. Indeed, Franzoni and
colleagues [61] found a higher incidence of LBBB when using a Medtronic CoreRevalving
System with respect to the Edwards Sapien Valve. A more intra-ventricular implantation
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of the stent valve frame may result in higher rate of post-TAVI PPI [49]. Furthermore,
the gap between the lower edge of the coronary cusp and the end of the frame of the
prosthetics valve has been shown to be greater in patients with new-onset LBBB than
in patients with post-operative conduction disturbances [61], emphasizing the role of
the prosthesis placement in the development of post-operative conduction disturbances.
Nevertheless, the requirement for post-TAVI PPI is multifactorial and studies incorporating
electrophysiological findings with procedural data are mandatory [72].

Study Limitations

This meta-analysis has several limitations to be acknowledged. First, this meta-
analysis possesses all the inherent bias associated with this investigation technique. Second,
including pre-operative LBBB and new-onset LBBB in the analysis may be considered
as a limitation for the interpretation of the final results, as the pre-operative LBBB can
be related to other cardiovascular conditions and the new-onset LBBB can be related to
procedural/interventional aspects. However, as our primary outcome was 30-day or in-
hospital PPI, we can afford to compare both LBBB as conduction disturbances present after
TAVI, which can lead to PPI, independently of the chronic or acute apparition of the LBBB.
Third, distinction of LBBB in left anterior fascicular or left posterior fascicular block was
lacking in the majority of the included studies, thereby not providing enough information
to perform in-depth analysis. Further research in this respect is currently needed. Finally,
analysis of individual patient-level data may provide further understandings.

5. Conclusions

This meta-analysis found that patients with the presence of RBBB have higher risk for
post-TAVI PPI, with no influence of age or LVEF. This finding has not been confirmed for
patients experimenting with LBBB. Pre-operative evaluation strategies, including electro-
physiological characteristics, are crucial in further extending patient selection for TAVI.
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of 43,650 patients without post-TAVI PPI, Figure S5. Baujat plot: impact of the studies on overall
heterogeneity in studies reporting on LBBB status, Figure S6. Bubble plots: influence of age on risk
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Abstract: The aim of the project was to compare patients treated with percutaneous transluminal
coronary angioplasty (PTCA), who also had undergone PTCA in the past, with a group of people
who had had no angiographic stenosis in the lumen of the coronary arteries in the past, and who
also required PTCA during index hospitalization. The secondary aim was to compare the obtained
data with the characteristics of a group of people who had undergone angiography twice and for
whom no significant stenosis had been found in their coronary arteries. The study used registry
data concerning 3085 people who had undergone at least two invasive procedures. Acute coronary
syndrome (ACS) was significantly more often observed (Non-ST-segment elevation myocardial
infarction (NSTEMI) OR 2.76 [1.91–3.99] and ST-segment elevation myocardial infarction (STEMI) OR
2.35 [1.85–2.99]) in patients with no significant coronary stenosis in the past (who required coronary
angioplasty at the time of the study), compared to patients who had already had PTCA. They also
demonstrated more frequent occurrence of ‘multivessel disease’. This was probably most likely
caused by inadequate control of cardiovascular risk factors, as determined by higher total cholesterol
levels ([mg/dL] 193.7 ± 44.4 vs. 178.2 ± 43.7) and LDL (123.4 ± 36.2 vs. 117.7 ± 36.2). On the other
hand, patients in whom no significant stenosis was found in two consecutive angiographies were
more likely to be burdened with chronic obstructive pulmonary disease, atrial fibrillation and chronic
kidney disease.

Keywords: subsequent percutaneous coronary intervention; no obstructive coronary artery disease;
coronary angiography

1. Introduction

In the 20th century, significant medical advances improved the treatment methods of
coronary artery disease (CAD), which is the most common cause of death. The etiopatho-
genesis of CAD, which determines the main risk factors, was successfully defined. Ad-
ditionally, the possibility of diagnostic visualization of coronary arteries was achieved,
and various techniques were finally developed to perform revasularization. Numerous
literature reports confirm that the performance of percutaneous transluminal coronary
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angioplasty (PTCA) or the diagnosis of atherosclerosis also determines further optimal
medical treatment (OMT), the effectiveness of which depends on the compliance with
medical recommendations and the use of pharmacotherapy [1]. The more we know about
the disease itself and the methods of treating it, the more narrow areas of investigation or
intricate not fully studied issues appear. Indeed, they all pose many scientific questions
and simply arouse curiosity. One of them is, for example, the clinical characteristics of
patients who have been qualified to undergo narrowed vessel angioplasty, and who had
angiography performed in the past with no significant stenosis found. This is why, in this
study, the patients who underwent angioplasty of a narrowed coronary artery during index
hospitalization were split into two groups: the patients in which PTCA was also performed
in the past and the ones which had no significant stenoses in the lumen of coronary arteries
in the past. The two groups were compared with each other.

It was also scientifically intriguing to compare the clinical characteristics of patients
who had undergone coronary angiographies several times (with no significant narrowing
lesions in the lumen of the arteries found) with the patients who had undergone coronary
angioplasty. This was the secondary goal of the project.

2. Materials and Methods

2.1. Study Population

The study included recorded data from 3085 people (2445 included in the coronary
artery disease group + 640 subjects in the control group) who underwent hospitalization
at the Cardiology Department, Multidisciplinary Hospital Nowa Sól, between 1 January
2009 and 15 May 2015. The study was retrospective, carried out in accordance with
the principles of the Helsinki Declaration and did not require separate approval of the
bioethics committee.

The study was carried out on the subjects who had undergone at least two invasive
procedures, while the data collected during the second procedure constituted the analyzed
‘output data’. Of the subjects, 2445 patients underwent angioplasty of all significantly
narrowed coronary arteries during index hospitalization. Stenosis was measured by
quantitative coronary angiography (QCA), and those arteries with a diameter reduced
by more than 70% (according to current standards) were regarded as significant. In
questionable cases, fractional flow reserve (FFR) was undertaken according to the European
Society of Cardiology (ESC) guidelines; however, these were sporadic. Regrettably, it was
not possible to perform FFR in all the cases given the limited availability of the procedure
in Poland in 2009–2015—the time when the project was carried out.

The patients from the CAD groups were divided into the following subgroups with
respect to the history of coronary angioplasty and myocardial infarction:

Subgroup A included 1328 patients who underwent coronary angiography in the past
(no significant lesions were found there) and PTCA during index hospitalization.

Subgroup B comprised 434 patients. Previously, they had PTCA performed given a
negative myocardial infarction (MI) history. Another PTCA was performed during index
hospitalization.

Subgroup C included 683 patients. Previously, they had PTCA for MI performed and
another PTCA was carried out during index hospitalization.

The remaining 640 patients made up the control group (CG), which was described
in our previous project [2]. Previously, no significant coronary artery stenoses during
angiography were found in the past, nor during index hospitalization.

The data obtained from patients during index hospitalization were analyzed in light
of specific anatomical and morphological features found in the coronary angiograms, the
type of techniques used during interventional procedures and the presence of particular
clinical features.

The mean observation time between procedures in subgroup A was 1281 days,
230 days in subgroup B and 944 days in subgroup C.

The exclusion criteria in the study were as follows:
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- history of coronary artery bypass graft (CABG) or qualification for this procedure
during the observation period;

- significant stenosis of the left main coronary artery;
- coexisting heart defects;
- concomitant severe NYHA III/IV heart failure.

The study flow chart is presented in Figure 1.

Figure 1. Flow chart of the study. PTCA—Percutaneous transluminal coronary angioplasty.

2.2. Laboratory Assessments

Although blood was collected at each intervention, laboratory tests relied on the
material obtained during the second angiography. In the analyses, peripheral blood count
was measured with CELL-DYN Ruby (Abbott Diagnostics, Santa Clara CA, USA). TnT
was measured with a Cobas 6000 device (Roche Diagnostics GmbH, Mannheim, Germany)
with a cut-off value of 14 pg/L. Creatinine, total cholesterol, triglycerides and high-density
lipoproteins were analyzed by means of a photometric test (Roche Diagnostics GmbH,
Mannheim, Germany).

2.3. Statistical Analysis

The analysis focused on interval and nominal scale data. Interval data, i.e., labora-
tory results, were presented as mean and standard deviation. Comparisons were made
between more than two groups; one-way analysis of variance (ANOVA) was used together
with Tukey’s post hoc test or the Shapiro–Wilk test as well as Levene’s test; the Kruskal–
Wallis test and post hoc Dunn’s test were employed as an alternative. Subsequently,
one-dimensional logistic regression models were applied, followed by multi-dimensional
logistic regression models. The results obtained were presented as an odds ratio (OR)
with a 95% confidence interval (CI). The survival analysis results are presented graphically
as Kaplan–Meier curves. Statistical analysis was performed using STATA15.1 software
(College Station, TX, USA). All tests were analyzed at alpha significance level = 0.05.

The study was retrospective, carried out in accordance with the principles of the
Helsinki Declaration, and did not require separate consent of the bioethics committee.

The data concerning a 60-month survival period were collected prospectively using
updated electronic data from the national health care system.
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3. Results

3.1. Characteristics of the Studied Groups and Differences between the CAD Group and the CG

The characteristics of the coronary artery group and the control group, together with
the differences between the groups, are presented in Tables 1 and 2. Although the coronary
artery disease (CAD) group and the control group (CG) were described previously in [2],
the context of the description was completely different.

The characteristics are provided in Tables 1 and 2.

Table 1. Characteristics of the studied group.

Parameter
Coronary Artery
Disease Group

n = 2445

Control Group
n = 640

p-Value

Age [years] 64.8 ± 9.8 66.6 ± 8.9 p = 0.0005

Male sex [%] 68 61.7 p = 0.0081

Hypertension (AH) [%] 92.7 82 p = 0.0000

Diabetes (DM) [%] 24 21 p = 0.1639

Heart failure by NYHA
I/II [%] 10 15 p = 0.0013

Chronic kidney disease
(CKD) [%] 3 15 p < 0.0001

Chronic obstructive
pulmonary disease

(COPD) [%]
4 12 p < 0.0001

Claudication 6 12.8 p < 0.0001

Dyslipidaemia [%] 26 40 p < 0.0001

Stroke [%] 4.7 2.3 p = 0.0214

Smoking [%] 11.6 15 p = 0.0081

Table 2. Results of one-dimensional logistic regression for CAD vs. CG (where the CAD group was
the reference).

Parameter OR 95% CI

Age during procedure 1.02 [1.01; 1.03]

Male sex 0.73 [0.59; 0.89]

Hypertension 0.36 [0.27; 0.48]

Insulin-dependent DM 0.17 [0.09; 0.31]

CKD 2.83 [2.1; 3.81]

COPD 2.3 [1.67; 3.18]

Intermittent claudication 1.49 [1.09; 2.01 ]

Ischemic stoke 0.48 [0.25; 0.92]

Sinus rhythm 0.45 [0.34; 0.59]

AF 3.02 [2.25; 4.07]

Lack of R progression in ECG 4.37 [3.43; 5.57]
Abbreviations: AF—atrial fibrillation; CKD—chronic kidney disease; COPD—chronic obstructive pulmonary
disease; DM—diabetes mellitus; type 2 diabetes; AH—arterial hypertension; ECG—electrocardiography; OR—
odds ratio; CI—confidence interval.
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3.2. Characteristics of Patients without Previous Cardiovascular Intervention vs. Patients with
History of PTCA and MI

Subgroup A: 1328 patients without MI who had undergone coronary angiography
and who underwent PTCA during index hospitalization.

Subgroup B: 434 patients with a history of PTCA and negative history of myocardial
infarction. Another PTCA was performed during index hospitalization.

Subgroup C: 683 patients with past MI and PTCA, who had their second PTCA
performed during index hospitalization.

In comparison to subgroup A, arterial hypertension was observed significantly more
often in subgroups B and C. A similar percentage of diabetes was observed in A, B and C
as well as in the CG, except for insulin-dependent diabetes. Heart failure (NYHA I and II)
was slightly more frequent in C (patients after MI), i.e., 16.0% vs. 12.3% in A and 8.7% in B
(p < 0.002). In the CG, incidence of heart failure was 15.0%. With respect to COPD, A, B
and C did not differ significantly and the highest risk of its occurrence was observed in the
CG (Tables 3 and 4). Additionally, A, B and C demonstrated no significant differences in
terms of history of stroke; the percentages were, respectively 4.7%, 3.2% and 5.2%.

The percentage of cigarette smokers was clearly lower in B and C compared to A.
Further characteristics are provided in Tables 3 and 4.

Table 3. Patient characteristics: history of cardiovascular interventions vs. history of PTCA and
myocardial infarction.

Parameter
Group

A B C p-Value

Age [years] 64.8 ± 9.8 a,b 65.8 ±.9.8 b 64.4 ± 9.8 a p = 0.0464

Male sex % 65 a 70.5 b 76.1 b p < 0.0001

Stroke % 4.7 3.2 5.2 p = 0.1812

TC [mg/dL] 193.7 ± 44.4 b 173.6 ± 49.4
a,b 178.2 ± 43.7 a p = 0.0015

LDL [mg/dL] 123.4 ± 36.2 b 110.3 ± 38.8
a,b 117.7 ± 36.2 a p = 0.0023

HDL [mg/dL] 44.1 ± 14.1 44.3± 11.2 45.2 ± 14.1 p = 0.6810

TG [mg/dL] 146.1 ± 95.6 142.3 ± 75.0 131.5 ±95.7 p = 0.2200

Creatinine 1.03 ± 0.44 1.13 ± 0.78 1.07 ± 0.5 p = 0.180

EF% 45.8 ± 12.3 b 44.9 ± 12.2
a,b 42.1 ± 12.6 a p = 0.0413

a,b,c—groups followed by the same letter do not differ significantly at significance level α = 0.05. Abbreviations:
TC—total cholesterol, LDL—low-density lipoprotein, HDL—high-density lipoprotein, TG—triglycerides, EF—
ejection fraction.
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Table 4. Results of one-dimensional logistic regression for subgroups A vs. B + C (B + C as
a reference).

Parameter OR 95% CI

Number of procedures (3 and more) 1.32 [1.13; 1.54]

Restenosis 0.26 [0.18; 0.37]

Male sex 0.65 [0.56; 0.76]

NSTEMI 2.76 [1.91; 3.99]

AH 0.51 [0.38; 0.67]

DM 0.79 [0.64; 0.97]

Smoking habit 1.36 [1.01; 1.82]

Occlusion in LAD 0.73 [1.51; 1.98]

Occlusion in D 1.66 [1.31; 2.12]

Occlusion in RCA 1.39 [1.21; 1.59]

Number of critically narrowed arteries

1 1 -

2 1.6 [1.36; 1.88]

3 2.04 [1.59; 2.61]

Thrombectomy 7.56 [3.92; 14.57]

BMS 2.15 [1.88; 2.48]

POBA 0.39 [0.29; 0.52]

Direct stenting 1.16 [1.02; 1.34]

Sinus rhythm 0.72 [0.55; 0.93]

AF 1.47 [1.09; 1.99]

ST elevation 2.35 [1.85; 2.99]

ST depression 1.46 [1.22; 1.76]

Negative T wave 0.83 [0.71; 0.97]

Absence of R progression 0.73 [0.57; 0.94]

Troponin > upper limit of normal (ULN) 1.75 [1.37; 2.24]

Troponin 3x > ULN 1.73 [1.34; 2.22]

Troponin 5x > ULN 1.63 [1.26; 2.09]

TC 1.008 [1.003; 1.013]

LDL 1.009 [1.003; 1.015]

EF 1.02 [1.01; 1.04]
Abbreviations: AF—atrial fibrillation, BMS—bare metal stent, D—diagonal, DM—type 2 diabetes, EF—ejection
fraction, AH—arterial hypertension, LAD—left anterior descending, LDL—low-density lipoprotein, NSTEMI—
non-ST elevation myocardial infarction, POBA—plain old balloon angioplasty, RCA—right coronary artery,
TC—total cholesterol.

3.3. Multivariate Regression Results

The results of multivariate regression analysis carried out with the parameters which
significantly differentiated groups A vs. B and C in the univariate analysis are shown in
Figure 2.
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Figure 2. The results of multivariate regression analysis carried out with the parameters which significantly differentiated
groups A vs. B and C in the univariate analysis. Abbreviations: NSTEMI—Non-ST-segment elevation myocardial infarction;
LAD—left artery descending; BMS—bare metal stent; ECG—electrocardiography.

3.4. Analysis of Baseline Coronary Angiography (Second Invasive Procedure)

The risk of significant left anterior descending (LAD) narrowing in coronary angiogra-
phy performed during index hospitalization was lower by half in B and C when compared
to A, with ORs at 0.5 and 0.63, respectively. The incidence of significantly narrowed left
circumplex (LCx) was almost identical in the three groups and amounted to 28–29%. The
risk of significantly constricted right coronary artery (RCA) was 38% and 13% lower in B
and C compared to A. The respective estimated ORs were 0.62 and 0.87.

3.5. Analysis of the Initial Electrocardiography Record (Second Invasive Procedure)

Atrial fibrillation was significantly less common in all the patients with CAD compared
to CG. ST segment elevation (regardless of location) was several-fold less frequent in B and
C vs. A. Similarly, ST segment depression occurred considerably less frequently in B and
C vs. A. Negative T wave was observed significantly more often in CG and C (patients
after myocardial infarction) compared to B and A. Pathological Q wave was most often
observed in group C (19.3%), with lower percentages in B (4.6%) and A (6.3%), resulting in
statistically significant differences (p < 0.001).

In the CG, heart rate was significantly higher compared to patients from subgroups A,
B and C: 82/min vs. 73/min, 69/min, 71/min, respectively (p < 0.001).

3.6. Analysis of Data from Initial Echocardiography (Second Invasive Procedure)

Interpretable echocardiographic data were obtained from 793 patients, i.e., 23.3% of
the entire population. Ejection fraction (EF) in A, B and C was 45.8%, 44.9% and 42.1%,
respectively (p < 0.041). In the CG, EF was 54.4% (n = 180). Contractility abnormalities were
assessed in two anterolateral anatomical regions with an interventricular septum and a
posterolateral septum. Hypokinesis and/or akinesis on the anterolateral and posterolateral
walls were detected significantly more often in C vs. A and B, p < 0.05.

3.7. Assessment of Total Mortality

During the follow-up period, the absolute number of deaths was significantly greater
in A (13.5%) and C (13.0%) compared to B (8.1%), with p < 0.0026. Survival calculated from
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Kaplan–Meier curves following 60 months of observation in subgroups A, B and C was
88%, 92% and 87%, respectively (p < 0.01) (Figure 3).

 

Figure 3. Survival curves for subgroups: 60-month survival in respective subgroups. Legend: Subgroup A—patients without
MI who had undergone coronary angiography in the past and who underwent PTCA during the second hospitalization.
Subgroup B—patients who had a history of PTCA but did not have a history of myocardial infarction (MI). During the
index hospitalization, they had a second PTCA. Subgroup C—patients with past MI and PTCA, who had their second PTCA
performed during index hospitalization.

4. Discussion

Every year, about 4 million coronary angiography procedures are performed in Europe
and the USA, but in as many as 50% of subjects, no significant stenosis is found in the
lumen of the coronary arteries [3]. The cause of their clinical symptoms in those cases
is most likely coronary microcirculation disease and/or vasospastic angina [3]. Patients
with stable CAD are classified into a generally defined non-obstructive coronary artery
disease (INOCA) group, distinguished in a manner similar to those presenting myocar-
dial infarction with non-obstructive coronary arteries (MINOCAs), who are admitted to
hospitals as acute coronary syndrome (ACS) cases. There are more and more clinical obser-
vations dedicated to these patients [3–7]. It is also acknowledged that in patients in whom
coronary angiography showed no significant changes, symptoms of angina are reduced
by nearly a half [8,9]. Regrettably, the pertinent literature offers no accurate data on the
implementation of the prescribed pharmacological treatment (adherence and compliance)
in these particular population groups of patients, while data on the their subsequent fate
are considerably limited [10,11].

One must also remember that insignificant hemodynamic lesions in the coronary
lumen arteries may also be the cause of future ACS or, after several years of stable disease
progression, may cause symptoms of ischemia requiring further intervention. Our results
seem to confirm this hypothesis, which is a spectacular result of this project.

Our study included the patients who underwent angioplasty for the first time but,
importantly, no significant narrowing lesions were found in the coronary angiography they
had had in the past. Compared to the patients with previous PTCA, ACS (Non-ST-segment
elevation myocardial infarction (NSTEMI) and ST-segment elevation myocardial infarction
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(STEMI)) was observed significantly more often in this group; multivessel disease occurred
more often as well, while TC and LDL levels were elevated. We may only speculate that
adherence to OMT recommendations had been insufficient or completely neglected in
those patients, which did not inhibit the natural progress of atherosclerosis and as a result
caused it to be more advanced than in the other studied groups. Another aspect seems
to confirm this observation, namely the interval between invasive procedures: 1,281 days
among the patients from subgroup A, compared to 230 days in B and 844 days in C. As can
be seen, the patients whose first angiography showed no significant lesions had another
intervention after 3.5 years. The delay in performing the next examination in this group
of people seems to contradict the hypothesis of accelerated progression of atherosclerosis,
and appears to provide evidence for its natural course.

It may be conjectured that unlike the patients with previous PTCA, the individuals
from that particular group would present less advanced atherosclerotic lesions, but the
obtained results yet again contradict such a premise. Thus, the group of people who
underwent PTCA five times during the follow-up comprised as much as 64% of those who
had not demonstrated significant stenosis in the lumen of the coronary arteries during
the first angiography. In addition, they also had a higher number of critically altered
coronary arteries observed during index hospitalization (unpublished data). Apart from the
aforementioned inadequate therapeutic management in those groups, incorrect assessment
of atherosclerotic lesions in the coronary arteries during the first angiography may also
account for such a result. The phenomenon in question is reported in the literature [12–15].

In the group of patients with normal angiographic images from the first coronary
angiography, critically altered LAD and multivessel disease were observed more often
during index hospitalization in comparison to the group of subjects with a history of both
PTCA and MI. This is consistent with the few pertinent scientific reports, which observe
that among those with insignificant changes in coronary arteries, patients with a diameter
narrowed by 20 to 50% are most exposed to CAD progression when compared to people
with narrowing lesions below 20% [16–18].

Given that our team did not have access to such accurate angiographic data, an
analysis of this kind was not performed as part of this project.

Nevertheless, patients with insignificant coronary stenosis or no evidence of atheroscle-
rotic plaques in the vascular bed should be methodically and closely monitored, with a
view to maintaining rigorous control of cardiovascular risk factors, as well as ensuring
adherence to and compliance with OMT against CAD.

In the present clinical conditions, further invasive diagnostic procedures such as
coronary fraction reserve (CFR), FFR and acetylocholine (ACH) tests are also performed
in these patients to determine microvascular angina (MVA) or vascular spasm angina
(VSA) features [3]. This did not take place as part of our observation study and certainly
represents a significant limitation of the project. That particular group should be also
diagnosed with other causes of their conditions, as our study demonstrated that atrial
fibrillation (AF) or chronic obstructive pulmonary disease (COPD) can also play a role in
this respect.

Patients after coronary stent implantation are more likely to take medications as
well as to cooperate better with their physicians. Nevertheless, the EuroAspire V study
shows that only about 29% achieve therapeutic goals for lipid concentration, approximately
58% achieve proper blood pressure values and only 54% reach the glycated hemoglobin
goal [19]. It may be interesting to note that although about 75% of all patients declare full
adherence and compliance, the actual failure to comply observed in this group of subjects
is responsible for 9% of all cardiovascular events in Europe [19].

Nevertheless, these unsatisfactory data still translate into a better clinical course of
coronary artery disease in these patients in comparison to those with angiographically
implicit CAD, which indirectly follows from our analysis.
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Limitations of the Study

In this study, the patients with severe heart failure (NYHA III/IV), left main stenosis,
extensive atherosclerotic lesions qualified for CABG, concomitant heart defects and primary
myocardial diseases were excluded. The criterion of significant lumen narrowing (>70%
in diameter) was adopted as a guideline (the analysis did not take into account the fate
(observation of survival) of the patients with atherosclerotic lesions in the range of 30–70%,
not requiring stenting according to current standards [1,2]). The study was a single-center
retrospective analysis and we had no data regarding, e.g., the number of patients with
implanted peacemakers.

The population included patients with both ACS and stable coronary artery disease.
However, the control group was not homogeneous regarding the standards of ambula-
tory care, i.e., the frequency of follow-up visits, as well as the type of pharmacotherapy.
The group of people with insignificant coronary artery stenosis was referred to general
practitioners’ (GP) care. Most of them had their next cardiac catheterization due to acute
coronary syndrome.

5. Conclusions

In the patients with no significant coronary stenosis in the past, who subsequently
required coronary angioplasty during index hospitalization, angiographic advancement
of atherosclerosis was greater compared to those who had PTCA in the past (as well as
required repeated PTCA during index hospitalization). This may be related to a better con-
trol of the disease risk factors and significantly better adherence to treatment among those
with angiographically proven CAD. On the other hand, those who did not demonstrate
significant stenosis in two consecutive angiographies were more likely to be burdened with
COPD, AF and CKD, which could be misconstrued as CAD.
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Abstract: Our study aimed to select factors that affect the rate of early recurrence (up to 3 months)
of atrial fibrillation (AF) (ERAF) following pulmonary veins isolation (PVI) in obese women and
men. The study comprised 114 patients: 54 women (age: 63.8 ± 6.3, BMI 31 ± 4 kg/m2), and 60 men
(age: 60.7 ± 6.7; BMI 31 ± 3 kg/m2) with paroxysmal, persistent and long-standing persistent AF.
They had been scheduled to undergo cryoballoon (men n = 30; women n = 30) and radiofrequency
(RF) ablation (men n = 30; women n = 24) using the CARTO-mapping. The blood was collected at
baseline and 24 h after ablation. The rate of ERAF was comparable after cryoballoon and RF ablation
and constituted 18% in women and 22% in men. Almost 70 parameters were selected to perform
univariate and multivariate analysis and to create a multivariate logistic regression (MLR) model
of ERAF in the obese men and women. The MLR analysis was performed by forward stepwise
logistic regression with three variables. It was only possible to create the MLR model for the group of
obese men. It revealed a poor predictive value with an unsatisfactory sensitivity of 31%. Men with
ERAF: smokers (OR 39.25, 95% CI 1.050–1467.8, p = 0.0021), with a higher ST2 elevation (OR 1.68,
95% CI 1.115–2.536, p = 0.0021) who received dihydropyridine calcium channel blockers (OR 0.042,
95% CI 0.002–1.071, p = 0.0021) less frequently. Our results indicate a complex pathogenesis of ERAF
dependent on the patients’ gender.
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1. Introduction

It is estimated that ERAF occurs in up to 20–50% of patients after ablation procedures
and is considered to be a strong predictor of late recurrence of atrial fibrillation (LRAF) [1,2].
The mechanism of ERAF in patients with obesity is not fully explained in the literature.
Nowadays, the origin of this disorder can be explained by: a transient acute inflammation
caused by the application of the cryoenergy and radiofrequency (RF) current, a temporary
imbalance in the functioning of the autonomic nervous system, a delayed effect of RF
current application due to the scar maturation after ablation [1]. Furthermore, the initially
incomplete pulmonary vein (PV) isolation is considered as the cause of ERAF [1]. Con-
sequently, obese patients experience electrophysiological and structural atrial changes,
the so-called atrial remodeling [1]. In addition, obesity is accompanied by subclinical
inflammation and the adipose tissue itself is a source of inflammatory mediators [3]. The
epidemiological data suggest a strong correlation between obesity, the impaired left ven-
tricular diastolic function and AF. The increased left atrial (LA) pressure and dimension in
obese patients are associated with a longer refraction duration in LA and PVs [1].
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Taking into account the increasing number of obese men and women with cardiovas-
cular complications, we decided to select the predictors that affect the rate of ERAF (up to
3 months) following PVs cryoballoon and RF ablation.

2. Materials and Methods

2.1. Study Population

The study group of 114 patients: 60 men (age 60.7 ± 6.7 years; BMI 30.9 ± 2.7 kg/m2)
and 54 women (age 63.8 ± 6.3 years; BMI 31.4 ± 4.3 kg/m2) with abnormal body weights
(BMI > 25 < 40 kg/m2; mean BMI 31 ± 3 kg/m2, min 29.8, max 38.7, median 32.5), age
(>18 and <80; mean age 62 ± 7 years), with documented symptomatic paroxysmal, persis-
tent and long-standing persistent AF, who were scheduled to undergo cryoballoon and RF
ablation using the CARTO-mapping at the Cardiology Department in the Multidisciplinary
Hospital in Nowa Sól, Poland. The first PVs isolation was performed in 77 patients. The
same procedure was performed for the second time in the case of 34 patients and for the
third time in the case of 3 patients. Obesity is defined as having a BMI of >25 kg/m2

<40 kg/m2.
The exclusion criteria in this study were as follows: thrombus located in the LA

appendage, acute or chronic infection, diabetes, antibiotic therapy, malignancies, heart
failure exacerbation or cardiac surgery, stroke and acute coronary syndromes over the past
3 months.

All the patients studied first underwent a detailed interview with an assessment of
arrhythmia symptoms (EHRA scale), comorbidities and current medication. A thorough
physical examination was carried out (height, body mass, temperature and blood pres-
sure). The BMI index was calculated as a person’s weight in kilograms divided by their
height in metres squared. Waist circumference (WC) was measured midway between the
lower rib margin and the iliac crest. Pre-procedural transthoracic and transoesophageal
echocardiography (TEE) were performed in all the patients prior to ablation.

The study protocol was approved by the Medical Ethics Committee at the Poznań
University of Medical Sciences (Approval 44/16) while all the patients signed a written
consent for participation. The study was carried out between May 2016 and March 2018.
All the participants fulfilled the criteria and completed the study. The study flow chart is
presented in Figure 1.

Statistical methods estimate that the total sample size required for the study is 93 pa-
tients to ensure the power of the test is 90% at 5% level of significance. The presentation
of the subgroups of men and women resulted from the fact that the studied groups were
homogenous in terms of the number of patients undergoing RF and cryoablation (60 vs. 54)
and comparable representation of men compared to women both undergoing only cryoab-
lation (30 vs. 30) and only RF ablation (30 vs. 24). There was a lower number of women
undergoing RF ablation (24). Initially, we planned 30 vs. 30, but some women did not
qualify for the study.

2.2. Radiofrequency Ablation

RF ablation was performed point-by-point in accordance with the guidelines [1].
PV isolation was performed using the focal ablation strategy guided by the CARTO 3-D
mapping system (Biosense Webster, Diamond Bar, CA, USA). All the procedures were
performed under conscious sedation with local anasthetic. The double transseptal puncture
was performed following the fluoroscopic guidelines. Immediately after the puncture,
intravenous unfractioned heparin (UFH) was administered to maintain the target activated
clotting time of 300–350 s. PV isolation was performed using 7F Navistar ThermoCool
and 8F ThermoCool SmartTouch SF (Biosense Webster). In five patients RF ablation was
performed using the “ablation index” algorithm.

160



J. Clin. Med. 2021, 10, 2694

Figure 1. Flowchart of the study.

2.3. Cryoballoon Ablation

Cryoablation was performed as previously reported [2]. The second generation 28 mm
cryoballoon (Arctic Front Advance, Medtronic, Minneapolis, MN, USA) was used. The
venous delivery of the cryoballoon was managed using a 15F steerable sheath (FlexCath
Advance, Medtronic). The correct position of the cryoballoon was confirmed by contrast
retention in the PVs. The cryoapplication process lasted 180–240 s per vein and was verified
by the circular mapping catheter (CMC, Achieve™; Medtronic, Minneapolis, MN, USA) to
confirm electrical isolation. During the application in the right veins, the diaphragmatic
nerve was constantly stimulated (30/min) to avoid its paralysis.

2.4. Biochemical Analyses

The venous blood was collected at baseline and 24 h after ablation. All routine
biochemical analyses (D-dimer, fibrinogen, INR, aPTT, hsTnT, CK, CKMB, CRP) were
performed immediately in a central hospital laboratory. In the analysis the peripheral
blood count was marked with CELL-DYN Ruby (Abbott Diagnostics, Santa Clara CA, USA
USA). D-dimer, fibrinogen, INR and aPTT were tested using STACompact Max (Diagnostica
Stago, Parsippany, NJ, USA). High sensitivity TnT (hsTnT) was marked with a Cobas c601
device (Roche Diagnostics GmbH, Mannheim, Germany). CK was analyzed using a kinetic
serum test while CKMB was analyzed with CKMB immunoassay concentrations. CRP
was inspected with an immunoturbimetric latex CRP assay (Roche Diagnostics GmbH
Mannheim, Germany).

The additional samples of serum were aliquoted and stored at −80 ◦C until assayed.
The following parameters were measured using DuoSet Immunoassay Development Kits
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions:
hsIL-6, pentraxin (PTX), von Willebrand factor (vWF), thrombomodulin (TM), sICAM-1,
sVCAM-1, t-PA, PAI-1, ST2, leptin, adiponectin. The sensitivities of the assays are presented
in Table S1.
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2.5. Post-Ablation Management and Follow-Up

The patients were monitored for the first 24 h after ablation using a 24-h Holter
monitoring in an outpatient clinic to evaluate ERAF within 3 months after ablation (Mortara
Instrument, Milwaukee, WI, USA). Additionally, a 12-lead electrocardiogram (ECG) was
recommended for the patients with symptoms of arrhythmia. Antiarrhythmic drugs (AAD)
were not routinely used after ablation except for the highly symptomatic patients with
ERAF. Oral anticoagulants were continued for at least 2 months. The decision to continue
anticoagulation was based on an individual’s stroke risk determined by the CHA2DS2-
VASc score.

2.6. Echocardiogram

Transthoracic echocardiography (TTE) (iE33, Philips Medical Systems, Andover, MA,
USA), was performed with a two-dimensional Doppler assessment in typical projections in
accordance with the American Echocardiographic Society and the European Association of
Cardiovascular Imaging [4]. The left ventricle ejection fraction was assessed by a modified
Simpson’s rule. The LA volume index was calculated using the disk summation technique.

2.7. Statistical Analysis

Statistical analysis was performed using Statistica 12.0 software (StatSoft, Tulsa, OK,
USA) and GraphPad PrismTM 6.00 (GraphPad Software Inc., La Jolla, CA, USA). The
student’s t-test was used to test the significance of the assessed parameters before and
after the procedure. For variables not normally distributed, a Wilcoxon signed rank test
was used to compare the patients within a group and a Mann-Whitney test was used to
compare the groups with each other. The normal distribution of continuous variables
was tested with the Shapiro–Wilk and the D’Agostino & Pearson tests. Pearson and
Spearman correlation analysis was used for assessing the correlation depending on the
data distribution. Contingency was analyzed with a Chi-square test.

Multivariate logistic regression (MLR) analysis was performed to identify the logistic
regression model of ERAF predictors. The MLR model was built using the forward stepwise
logistic regression method. Only a limited number of variables (out of 66 available variables)
was used to create the MLR model in accordance with statistical rules. The variables that
could potentially be associated with the occurrence of ERAF were used based on the
literature and clinical experience. A p-value < 0.05 was considered significant. Continuous
parameters were expressed as means standard deviation and categorical variables as
numbers and percentages.

3. Results

3.1. Patient Characteristics

A total of 114 patients with abnormal body weight and symptomatic, refractory AF
treated with cryoablation (60 patients; 30 women, 30 men) and RF ablation (54 patients;
24 women, 30 men) participated in the study. The baseline characteristics of all the women
and men have been summarised in Table 1. The study flow chart is presented in Figure 1. As
demonstrated in Table 1 persistent AF was significantly more frequent in the group of men
(19% vs. 37%). Other parameters relevant to the procedure were comparable in both groups
(EHRA score, HAS-BLED, LA Volume, LAVI, EF), except for the CHA2DS2-VASC score.

The patients were matched according to their age and BMI, but the men tended to have
a higher body weight, WC, and a five times lower leptin concentration than the women.
Dyslipidemia was more pronounced in the female group which is a consequence of the
(i) abnormal body weight, (ii) higher incidence of hypothyroidism (significant increase
in TSH in women) and (iii) menopause. The male group was characterized by higher
morbidity due to coronary artery disease (CAD), which resulted in higher ST2, hs-TnT
and vWF levels. The group of women was slightly older than the group of men, which
probably resulted in their lowered GFR.
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Table 1. Baseline characteristics of the studied patients.

Parameter
Females
(n = 54)

Males
(n = 60)

p Value

Age (years) 63.8 ± 6.3 60.7 ± 6.7 p = 0.0660

BMI (kg/m2) 31.4 ± 4.3 30.9 ± 2.7 p = 0.3827

WC (cm) 97.9 ± 12.8 104.8 ± 10.8 p = 0.0017

Leptin, ng/mL 30.7 ± 20.6 6.2 ± 6.0 p < 0.0001

CRP, μg/mL 0.25 ± 0.24 0.24 ± 0.19 p = 0.7764

INR 1.83 ± 0.77 1.53 ± 0.66 p = 0.0253

Fibrinogen, mg/dL 399 ± 86 367 ± 74 p = 0.0308

PLT, 103/mL 235 ± 67 197 ± 48 p = 0.0008

Haemoglobin, g/dL 14.1 ± 1.1 15.5 ± 1.4 p < 0.0001

Glucose, mg/dL 100.8 ± 9.9 102.3 ± 11.1 p = 0.3615

Cholesterol, mg/dL 197.0 ± 37.3 173.9 ± 38.4 p = 0.0005

LDL, mg/dL 124.7 ± 35.6 111.2 ± 33.9 p = 0.0406

HDL, mg/dL 65.5 ± 14.15 54.0 ± 9.8 p < 0.0001

GFR, mL/min 67.9 ± 14.7 80.5 ± 14.9 p < 0.0001

TSH μU/mL 2.6 ± 2.4 1.6 ± 1.6 p = 0.0081

hs-TnT, ng/L 9.1 ± 10.0 9.3 ± 5.0 p = 0.0422

vWF, ng/mL 1.81 ± 0.66 2.24 ± 1.01 p = 0.0083

ST2, ng/mL 1.5 ± 1.4 1.8 ± 1.9 p = 0.0314

Paroxysmal AF, no, (%) 39 (72) 33 (55) p = 0.0854

Persistent AF, no, (%) 10 (19) 22 (37) p = 0.0313

Long-standing persistent AF, no, (%) 5 (9) 5 (8) p = 0.8615

EHRA 1, n (%) 0 (0) 2 (3) p = 0.1759

EHRA 2a, n (%) 8 (15) 18 (30) p = 0.0537

EHRA 2b, n (%) 24 (44) 19 (32) p = 0.1599

EHRA 3, n (%) 20 (37) 20 (33) p = 0.6791

EHRA 4, n (%) 2 (4) 1 (2) p = 0.4975

Left atrial volume 93.9 ± 25.2 96.4 ± 34.4 p = 0.6258

LAVI, mL/m2 47.8 ± 11.8 44.1 ± 14.5 p = 0.1464

LVEF, % 58.1 ± 3.1 56.7 ± 6.9 p = 0.7078

SBP 129 ± 14 126 ± 11 p = 0.1997

DBP 77 ± 10 81 ± 11 p = 0.0619

Mean CHA2DS2-VASC score 2.4 ± 1 1.5 ± 0.89 p < 0.0001

Mean HAS-BLED score 1.3 ± 0.80 1.1 ± 0.68 p = 0.0957

Comorbidities and Medications

Hypertension, no, (%) 39 (72) 42 (70) p = 0.7939

Coronary artery disease, no, (%) 3 (6) 11 (18) p = 0.0379

Dyslipidemia, no, (%) 25 (46) 15 (25) p = 0.0174

Heart Failure, no, (%) 1 (2) 4 (7) p = 0.1431
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Table 1. Cont.

Parameter
Females
(n = 54)

Males
(n = 60)

p Value

Thyroid disease, no, (%) 19 (35) 11 (18) p = 0.0966

Beta-blocker, no, (%) 47 (87) 47 (78) p = 0.2225

CCB, no, (%) 11 (20) 13 (22) p = 0.8654

NOAC, no, (%) 33 (61) 47 (78) p = 0.0448

VKA, no, (%) 21 (39) 13 (22) p = 0.0264

Statins, no, (%) 23 (43) 25 (42) p = 0.9204

Diuretics, no, (%) 16 (30) 19 (32) p = 0.8139

ACE inhibitor, no, (%) 18 (33) 18 (30) p = 0.7022

ARB, no, (%) 15 (28) 19 (32) p = 0.6504

Anti-arrhythmic drugs, no, (%) 30 (56) 28 (47) p = 0.3432

Continuous data are presented as means ± SD. Categorical data are presented as counts with their percentage values in brackets. BMI,
body mass index; W, waist circumference; CRP, C-reactive protein; INR, international normalized ratio; PLT, platelets; GFR, glomerular
filtration rate; hs-TnT, high-sensitive cardiac troponin T; vWF, von Willebrandt factor; AF, atrial fibrillation; EHRA, European Heart Rhythm
Association; LAVI, left atrial volume index; LVEF, Left ventricle ejection fraction; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;
CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥ 75, Diabetes, Stroke, Vascular disease, Age 65–74, Sex (female); HAS-BLED,
Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or predisposition, Labile INR, Elderly (>65 years), Drugs/alcohol
concomitantly; CCB, calcium channel blockers; NOAC, non-vitamin K antagonist oral anticoagulants; VKA, vitamin K anagonist; ACE-I,
angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker.

Physiologically females have a higher level of fibrinogen than males, which among
many other factors, predisposes them to a higher risk of thromboembolism and a higher
CHA2DS2-VASC score. The women were more frequently treated with vitamin K antago-
nists monitored by INR, which was higher in their group. The men used non-vitamin K
antagonist oral anticoagulants more often than the women.

3.2. Ablation Procedure—Early and Late Recurrence of AF

As opposed to cryoablation, RF ablation was associated with a higher number of
applications, significantly longer procedural and application time but shorter fluoroscopy
duration (Table 2). ERAF occurred in 20% of all the treated patients (23 with ERAF out of
114). There were no differences between women and men in the rates of ERAF (18% vs.
22%) (Table 3). The percentage of ERAF was similar after cryoballoon and RF ablation
(Table 2). Furthermore, the rate of paroxysmal ERAF was similar to the rate of persistent
ERAF after both procedures (Table 2). The females treated with RF ablation were older than
men (64 vs. 58 years) and had a higher BMI when treated with cryoablation (32.8 vs. 30.5;
Table 2).

Table 2. Procedural characteristics and the type of ERAF after catheter ablation in obese females and obese males.

Females (n = 54) Males (n = 60)

Cryoablation
(n = 30)

RF Ablation
(n = 24)

Cryoablation
(n = 30)

RF Ablation
(n = 30)

Age, years 63 ± 5.8 ## 64 ± 6.9 62 ± 5.5 58 ± 9.0 *

BMI, kg/m2 # 32.8 ± 3.5 29.8 ± 4.6 ** 31.0 ± 2.1 30.5 ± 3.0

Total procedure time, min 105.2 ± 30.2 196.9 ± 52.1 **** 98.6 ± 25.0 199.7 ± 37.7 ****

Fluoroscopy time, min 15.5 ± 5.9 8.3 ± 3.3 **** 14.3 ± 5.4 9.2 ± 4.5 ***

Application time, min 30.5 ± 8.7 54.9 ± 16.2 **** 28.2 ± 8.2 58.4 ± 17.5 ****
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Table 2. Cont.

Females (n = 54) Males (n = 60)

Cryoablation
(n = 30)

RF Ablation
(n = 24)

Cryoablation
(n = 30)

RF Ablation
(n = 30)

Application number 8.2 ± 2.4 47.2 ± 50.9 **** 7.8 ± 2.3 25.2 ± 10.1 ****

ERAF, n (%) 5 (17) 5 (21) 5 (17) 8 (27)

Paroxysmal ERAF, n (%) 4 (13) 3 (12.5) 3 (10) 4 (13)

Persistent ERAF, n (%) 1 (3) 2 (8) 2 (7) 4 (13)

* Significant difference CB vs. RF ablation, # significance difference females vs. males. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001;
# p < 0.05, ## p < 0.05.

Table 3. Comparison of clinical and laboratory characteristics in obese females and obese males with and without ERAF
following cryoballoon and RF ablation.

Females Males

Parameter (+) ERAF (−) ERAF (+) ERAF (−) ERAF

n (%) 10 (18) 44 (82) 13 (22) 47 (78)

Age (years) 64.3 ± 7.7 63.7 ± 6.1 59.1 ± 9.9 60.5 ± 7.1

Smoking, n (%) 0 (0) 2 (2) 2 (15) 1 (2)

BMI, kg/m2 30.4 ± 3.7 31.7 ± 4.4 31.3 ± 3.5 30.6 ± 2.3

WC, cm 96.1 ± 7.5 98.7 ± 13.3 107.3 ± 12.1 104.4 ± 10.0

leptin, ng/mL 29.9 ± 17.9 30.9 ± 21.4 6.8 ± 4.3 6.1 ± 6.4

Ablation Procedure

ERAF n, (%) 10 (18) 0 (0) 13 (22) 0 (0)

Procedure time, min 139.0 ± 64.4 147.5 ± 61.6 155.3 ± 59.8 147.4 ± 60.6

Cryoablation time, min 97.0 ± 32.1 106.8 ± 30.2 95.8 ± 21.1 99.2 ± 26.0

RF ablation time, min 181.0 ± 62.5 201.1 ± 50.1 192.5 ± 42.0 202.3 ± 36.7

Fluoroscopic time, min 11.4 ± 5.7 12.5 ± 6.2 11.3 ± 5.4 11.9 ± 5.6

Application time, min 35.1 ± 10.8 42.0 ± 18.2 45.2 ± 20.9 42.5 ± 20.4

Number of applications 23.0 ± 33.3 25.1 ± 39.5 17.1 ± 13.7 16.2 ± 10.9

Cryoablation, n (%) 5 (50) 25 (57) 5 (38) 25 (53)

RF ablation, n (%) 5 (50) 19 (43) 8 (62) 22 (47)

Cardiovascular Parameters

LA volume, mL 91.8 ± 27.2 94.3 ± 25.1 106.8 ± 30 93.9 ± 35.1

LAVI, mL/m2 46.7 ± 11.4 48.7 ± 12.0 49.9 ± 15.0 42.8 ± 14.6

EF, % 58.1 ± 2.8 58.1 ± 3.2 57.2 ± 9.7 56.6 ± 6.2

CHA2DS2-VASC score,
mean ± SD 2.4 ± 1.3 2.4 ± 1.0 1.6 ± 1.0 1.5 ± 0.9

HAS-BLED score, mean ±
SD 1.3 ± 1.1 1.3 ± 0.7 1.1 ± 0.8 1.1 ± 06

SBP, mmHg 130 ± 14.6 129 ± 13.6 125 ± 11.9 127 ± 11.2

DBP, mmHg 78 ± 12.4 77 ± 9.3 83 ± 15.0 80 ± 9.5
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Table 3. Cont.

Females Males

Comorbidities and Medications

Hypertension, n (%) 7 (70) 32 (59) 9 (69) 33 (70)

CAD, n (%) 1 (10) 2 (4) 1 (8) 10 (21)

Dyslipidemia, n (%) 4 (40) 21 (48) 2 (15) 13 (28)

Heart Failure, n (%) 0 (0) 1 (2) 1 (8) 10 (21)

Beta Blocker, n (%) 9 (90) 38 (86) 11(85) 36 (77)

CCB, n (%) 0 (0) 11 (25) 1 (8) 12 (26)

NOAC, n (%) 7 (70) 26 (59) 12 (92) 35 (74)

VKA, n (%) 3 (30) 18 (41) 1 (8) 12 (26)

Statins, n (%) 5 (50) 18 (41) 5 (38) 20 (43)

Diuretics, n (%) 3 (30) 13 (29) 3 (23) 16 (34)

ACEI, n (%) 3 (30) 15 (34) 4 (31) 14 (30)

ARBs, n (%) 4 (40) 11 (25) 2 (15) 17 (36)

AAD, n (%) 5 (50) 25 (57) 6 (46) 23 (49)

Laboratory Findings

Glukose, mg/dL 104.3 ± 8.2 100.0 ± 10.2 105.5 ± 12.7 101.4 ± 10.6

Cholesterol, mg/dL 187.1 ± 27.9 199.3 ± 39.1 165.9 ± 32.2 176.1 ± 39.9

LDL, mg/dL 118.5 ± 27.4 126.1 ± 37.3 104.8 ± 27.1 113.0 ± 35.6

eGFR, mL/min 72.3 ± 18.5 66.9 ± 13.7 81.2 ± 23.4 80.3 ± 11.9

Response to Ablation

Parameter delta Delta delta delta

CRP, μg/mL 0.7 ± 0.5 0.8 ± 0.8 1.2 ± 1.6 0.6 ± 0.5

hsIL-6, pg/mL 20.0 ± 19.9 15.7 ± 15.8 14.6 ± 34.5 12.4 ± 14.3

PLT, 103/mL −40.7 ± 36.6 −45.3 ± 30.5 −29.9 ± 29.8 −29.8 ± 18.7

Fibrinogen, mg/dL −34.4 ± 47.9 −42.2 ± 87.2 19.7 ± 58.6 −14.7 ± 67.3

D-Dimer, mg/dL 0.5 ± 1.2 0.2 ± 0.6 0.07 ± 0.1 0.1 ± 0.3

Hs-TnT, ng/L 1.1 ± 0.5 1.3 ± 0.8 1.2 ± 0.6 1.2 ± 0.5

CPK, U/L 100.6 ± 85.3 139.1 ± 117.9 35.7 ± 96.4 111.2 ± 130.6

CK-MB, U/L 10.3 ± 10.2 15.9 ± 16.8 9.0 ± 10.8 16.2 ± 18.5

vWF, ng/mL 0.37 ± 0.65 0.11 ± 0.58 0.2 ± 0.5 0.06 ± 0.7

sICAM-1, ng/mL 0.8 ± 14.1 * −22.2 ± 52.6 * 13.4 ± 73.7 0.03 ± 20.6

ST-2, ng/mL 1.9 ± 4.2 1.5 ± 2.4 2.5 ± 2.6 * 1.1 ± 1.9

Abbreviations: BMI, body mass index; WC, waist circumference; ERAF, early recurrence atrial fibrillation; RF, radiofrequency; LAVI, left
atrial volume index; EF, ejection fraction; CHA2DS2-VASc, Congestive heart failure, Hypertension, Age ≥ 75 (doubled), Diabetes, Stroke
(doubled), Vascular disease, Age 65–74, Sex (female); HAS-BLED, Hypertension, Abnormal renal/liver function, Stroke, Bleeding history or
predisposition, Labile INR, Elderly (>65 years), Drugs/alcohol concomitantly; SBP, Systolic blood pressure; DBP, Diastolic blood pressure;
CAD, coronary artery disease; CCB, calcium channel blockers; NOAC, non-vitamin K antagonist oral anticoagulant; VKA, vitamin K
antagonist; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker, AAD, anti-arrhythmic drugs; GFR,
glomerular filtration rate; CRP, C-reactive protein; PLT, platelets; hs-TnT, high-sensitive cardiac troponin T; vWF, von Willebrandt factor;
s-ICAM, intercellular adhesion molecul; Delta denotes the response to the ablation procedure. Delta was defined as the change in the
biomarker concentration between two assays performed within 24-hour period (after ablation—before ablation). Significance difference
ERAF(+) vs. ERAF (−) * p < 0.05.

Both methods of treatment triggered inflammation which was confirmed by the
increased values of CRP inflammation markers (Figure 2A,B), hsIL-6 (Figure 2C,D), WBC
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(data not shown), and pentraxin (data not shown). There was no difference between the
elevation of inflammatory parameters such as CRP in both procedures. Only the evaluation
of high sensitivity parameters such as hsIL-6 did show that RF ablation generates more
intense inflammation than cryoballoon ablation (Figure 2C,D). It was shown that the
women treated with cryoballoon ablation developed greater inflammation resulting in
higher hsIL-6 delta after the procedure (Figure 2D).

 

Figure 2. Biomarkers of inflammation in obese females and obese males following cryoballoon and RF ablation; panel
(A)—CRP elevation in response to cryo and RF ablation; panel (B)—CRP difference before and after cryoballoon and RF
ablation (delta); panel (C)—hs Il-6 elevation in response to cryoballoon and RF ablation; panel (D)—hs Il-6 difference before
and after cryoballoon and RF ablation (delta). Asterisks represent a significant difference: * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

Both cryoballoon and RF ablations are inherently associated with cardiomyocyte
damage and release of hs-TnT (Figure 3A), CPK (data not shown), and CK-MB (data not
shown). However, RF ablation engenders greater cardiomyocyte damage (Figure 3A,B).
When it comes to atrial myocardial injury and hs-TnT release, both are proportional to the
hsIL-6 concentration regardless of gender (Figure 3C,D).

Out of 114 patients, 32 (28%) of them also experienced AF late recurrence (LRAF)
assessed by a 24-h Holter monitoring at 6-, 9-, and 12-month intervals following ablation
(authors’ observation). The number of patients with ERAF was comparable to the number
of patients with LRAF (ERAF 20% vs. LRAF 28%, p = 0.1636). Among 23 patients with
ERAF, 16 of them (70%) also had LRAF (70% vs. 30%, p = 0.008) (data not shown).
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Figure 3. Troponin concentration before and after cryoballoon and RF ablation and its relationship with ablation-induced
inflammatory process in obese females and obese males; panel (A)—hs TnT elevation in response to CB and RF ablation;
panel (B)—hs TnT difference before and after cryoballoon and RF ablation (delta); The relationship between the degree
of troponin release and the intensity of inflammation in the group of females panel (C) and males panel (D). Asterisks
represent a significant difference: * p < 0.05, ** p < 0.01, **** p < 0.0001.

3.3. Predictors of ERA—Univariate Model

Since there was no difference in ERAF and its occurrence in both methods (Table 2)
and in both groups of obese women and men (Tables 2 and 3), we decided to divide
all the females and males into two groups (with and without ERAF) and compare them
(Table 3), forming an univariate model. Among many analyzed parameters in both men
and women with ERAF, only two parameters distinguished them from those without
ERAF. In the group of men and women, it was always a higher response to the ablation
procedure (delta). Also, a higher value of sICAM-1 characterized the group of women
with ERAF while a higher value of ST-2 protein characterized the group of men (Table 3).
Both procedures increased the ST2 concentration, but we also documented that higher ST2
levels were particularly characteristic of the men qualified for cryoablation. RF ablation
was responsible for a higher ST2 protein production only in the women (data not shown).
The obese women had higher sICAM–1 before the treatment than the obese men (data not
shown). Therefore, sICAM-1 which characterizes inflammatory activation of endothelium
in obesity, could be a determinate parameter for ERAF only in the group of women.

3.4. Predictors of ERAF—Multivariate Model

Out of 66 available variables (presented in Table S2) only a limited number of them
was used in the MLR analysis, which was performed in several variants for the entire
group of obese patients (n = 114) and separately for the group of obese women (n = 54) and
obese men (n = 60). We only managed to create three MLR models in the group of men.
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The model with the best results is presented in Table S3. The results demonstrated that the
extent of ST2 protein elevation (OR 1.68, 95% CI, 1.115–2.536, p = 0.011), less frequent use
of calcium channel blockers (CCB) (OR 0.042, 95% CI 0.002–1.071, p < 0.05) and smoking
(OR 39.25, 95%CI, 1.050–1467.8, p = 0.042) were the independent predictors of ERAF in
males. The proposed model of ERAF had a high specificity of 95.74%, and low sensitivity
at 30.77%. Summing up, the MLR model is suitable for classifying obese men without
ERAF (high specificity) while it is not satisfactory for detecting obese men with ERAF
(low sensitivity).

4. Discussion

Due to the increasing number of obese patients suffering from an increased recurrence
of atrial arrhythmias, we decided to recruit two groups of obese men and women who were
qualified for cyoballoon and RF ablation and assess the treatments’ effectiveness based
on ERAF. In the examined group of 114 obese patients with matched age and BMI, ERAF
occurred in 20% of them with the same frequency in both women and men following both
types of ablation. Having two groups of patients, women and men, collecting 66 variables
describing the patients’ clinical condition required laboratory tests and ablation procedures.
They enabled us to perform three MLR models to find the factor/factors conducive to
ERAF three months after ablation. A separate analysis was done for the entire group of
obese patients (n = 114), the group of obese women (n = 54), and obese men (n = 60). We
only managed to create three MLR models in the group of obese men. As stated above,
the results demonstrated that the extent of ST2 protein elevation, less frequent use of CCB
and smoking were the independent predictors of ERAF in obese males. The proposed
model of ERAF had a high specificity of 95.74%, which indicates that people without ERAF
are correctly classified as patients with successful ablation (over 90%). Unfortunately, the
model has a low sensitivity of 30.77%, which means that not all obese men with ERAF
are detected.

The ST2 protein is associated with inflammation, fibrosis and myocardial overload. We
noted a slightly higher concentration of ST2 protein before the procedure in men (probably
due to higher CAD morbidity in this group) and its prominent elevation after both ablation
methods. The higher ST2 concentration was particularly characteristic of the men qualified
for cryoablation. The large population in the Framingham Heart Study also demonstrated
higher ST2 levels in men [5]. The above trend may be related to sex hormones. It has been
proven that in the group of postmenopausal women, without cardiovascular diseases, the
concentration of ST2 was significantly lower when compared to the men of similar age [6].
In the study of Okar et al. [7], in MLR, the ST2 protein was an independent predictor of AF
recurrence after cryoablation due to paroxysmal AF [7].

Smoking is a widely recognized factor leading to more than a two-fold increased risk
of AF [8]. Smoking increases the incidence of nonPV triggers in patients with persistent AF.
Smokers who had arrhythmia triggers located in the right atrium had a worse outcome
after ablation [9].

The last MLR model seemed to be the most unexpected. It is linked to the less frequent
use of CCBs dihydropyridine antihypertensive drugs in males with ERAF. Given the
characteristics of the study group—elderly, obese patients with hypertension (71%), CAD
(12%), and dyslipidemia (35%), this type of medication is commonly used. However, it is
worth emphasizing that dihydropyridine CCBs lack an antiarrhythmic effect [10].

The results of ablation in women and men are inconclusive. Previous studies revealed
that gender affects the recurrence rate of AF after catheter ablation. In large multicenter
studies, female patients had a lower long-term efficacy than males [11,12]. However,
Andrade et al., in the STOP AF trial, reported that the only significant factor associated
with ERAF was the male sex [13]. Our MLR analysis performed on all 114 participants
reveals that in obese patients, there is no relationship between gender and the recurrence
rate of AF after catheter ablation.
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Our study confirmed that the obese women had an 80% higher leptin concentra-
tion than the obese men. A higher leptin concentration in women results from a higher
percentage of adipose tissue and greater secreted leptin per unit mass of adipose tissue.
Leptin directly modulates atrial myocytes’ electrophysiological basis by regulating calcium
homeostasis in atrial myocytes, affecting atrial fibrosis and angiotensin II-induced AF [14].
Additionally, we observed a higher body weight and WC in the group of men, resulting
from a different distribution of body fat in both sexes. Women had higher incidence of
dyslipidemia. Demerath et al., showed a relationship between sICAM-1, sVCAM-1 and
the concentration of total cholesterol and HDL cholesterol. This effect may be an expla-
nation for the observed effect of higher concentration of these molecules in women due
to observed dyslipidemia and physiologically higher concentration of HDL in women
compared to men (Table 1) [15]. Men had higher concentrations of vWF. There is a relation-
ship between vWF and the amount of visceral fat that produces adipokines responsible
for endothelial dysfunction [16]. Moreover, the group of men suffered from CAD more
frequently than the women (18% vs. 6%), which points at equally frequent atherosclerosis
dominated by endothelial dysfunction.

Obesity is associated with a higher recurrence and greater impact of AF. The ESC-
EHRA Atrial Fibrillation Ablation Long-Term Registry shows that BMI > 30 kg/m2 can
increase the recurrence rate of AF after ablation [17]. Nevertheless, no study so far has
attempted to evaluate the parameters responsible for ERAF in overweight and obese
patients.

The total procedural time, the number and duration of applications were longer in
RF ablation than in cryoablation. RF ablation also generated more inflammation, which
indicates the significant complexity of this method, the need to perform a precise map of
LA and PVs using the CARTO electroanatomical system. However, CARTO practically
limits the use of fluoroscopy.

Many authors emphasize that the frequency of ERAF is similar in RF and cryoballoon
ablation [18,19], which is also confirmed by our research. The most common parameters
that contribute to the recurrence of arrhythmia after ablation are: age [20], LA dimen-
sion [18,20], inflammatory markers [18], and reduced troponin levels [2,20]. The studies
mentioned above indicate that LA inflammation and an increased LA dimension play
an essential role in AF recurrence after ablation. In our study the differences in baseline
characteristics could have an impact on clinical outcomes. First, the enrolled women
were older and their GFR was lower than the men. Age-related fibrosis and lower GFR
are common factors associated with AF recurrence after catheter ablation [20]. Second, a
higher incidence of persistent AF in the male group is indeed associated with poor clinical
outcomes [1].

Each ablation procedure causes damage to cardiomyocytes, more prominent in RF
ablation, which is reflected in higher hs-TnT levels [2,20]. As we presented, the hs-TnT con-
centration increases proportionally to the inflammatory process both in men and women.
We also showed a significantly higher concentration of hs-TnT before catheter ablation in
the obese men, which may be associated with a higher incidence of CAD in this group [21].

In summary, we indicated the importance of structural remodeling by demonstrating
the increasing ST2 protein concentrations associated with ERAF in obese men. Additionally,
the CCB therapy and smoking also seemed to be the important factors contributing to
ERAF in this group of patients. It was only possible to create MLR model in the group of the
obese men due to the lack of statistical significance in the other two remaining groups (the
obese women and the entire group of patients). The MLR model is suitable for classifying
obese men without ERAF (high specificity) while not satisfactory for detecting obese men
with ERAF (low sensitivity).

The poor predictive value of the MLR model may indicate the multifactorial nature
of ERAF and the limited predictive value of biomarkers. The assessment of inflammation
using highly sensitive markers such as sICAM-1, which characterizes the inflammation of
the endothelium in obesity, may aid detecting patients more susceptible to ERAF. What is
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more, the evaluation of myocardial overload and fibrosis, such as the ST-2 protein, may
help to select patients with more severe left atrial fibrosis who will potentially be at a higher
risk of ERAF. Nevertheless, further research is required when it comes to the assessment of
ERAF with more accurate methods of heart rhythm monitoring such as long- term rhythm
monitoring and AF burden evaluation, which better reflect the outcomes that are clinically
relevant [22].

Limitations of the Study

Our study was single-centred with a relatively small number of patients. The study
group was heterogeneous in terms of the number of ablation procedures and RF ablation
technique. ERAF was detected based on clinical symptoms, 12-lead ECG and 24-h Holter
monitoring. Therefore, asymptomatic ERAF might have been missed. UFH could have
modified the concentration of assessed biomarkers. Due to complex pharmacokinetics,
UFH is theoretically absent in the blood collected 24 h after ablation. However, its earlier
effect may be detected and it may change the concentration of some of the assessed
parameters. Furthermore, the heparinized saline solution (0.9% NaCl) used during the
procedure may have had an impact on the dilution of some biomarkers tested after ablation
and thus also on their concentration 24 h after the procedure. The decision to collect
blood 24 h after procedure was based on the expertise of the researchers who stated that
during this time the severity of inflammation and myocardial injury after ablation is the
highest [23]. Also, a specific limitation in the interpretation of myocardial injury biomarkers
such as CPK and CK-MB occurred due to their thermal instability during RF ablation [21].

5. Conclusions

It was only possible to create the MLR model in the group of obese men, but not in
the group of obese women. It revealed a poor predictive value with an unsatisfactory
sensitivity of 31%, which indicates a poor classification of patients with ERAF following
catheter ablation. The males with ERAF, who were smokers, had a higher level of ST2
cardiac stress biomarker in response to ablation. CCBs were less frequently administered
in this group. The results demonstrate the multifactorial character of ERAF, which is
determined by the gender of the obese patients.
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Abstract: The effects of weight loss following bariatric surgery on autonomic balance, arrhyth-
mias and insulin resistance are still of interest. We prospectively investigated 50 patients with
BMI > 40 kg/m2, aged 36.5 (18–56) years who underwent laparoscopic sleeve gastrectomy. Among
other examinations, all subjects had 24-h Holter monitoring with heart rate variability (HRV) and
heart rate turbulence (HRT) evaluation. After a median of 15 months, BMI decreased from 43.9 to
29.7 kg/m2, the incidence of hypertension decreased from 54 to 32% (p = 0.04) and any carbohydrate
disorders decreased from 24 to 6% (p = 0.02). Fasting insulin concentration and insulin resistance
index improved significantly (p < 0.001). Improvements in HRV parameters related to the sympathetic
autonomic division were also observed (p < 0.001), while HRT evaluation was not conclusive. The
enhancement of autonomic tone indices was correlated with reduction of BMI (SDNN-I r = 0.281
p = 0.04; SDNN r = 0.267 p = 0.05), but not with reduction of waist circumference, and it was also
associated with decrease of mean heart rate (OR 0.02, 95%CI 0.0–0.1, p < 0.001). The incidence
of arrhythmias was low and similar before and after follow-up. In conclusion, improvement of
homeostasis of carbohydrate metabolism and autonomic function is observed in relatively young
patients after weight loss due to laparoscopic sleeve gastrectomy.

Keywords: class III obesity; cardiac autonomic function; heart rate variability; arrhythmias; insulin re-
sistance

1. Introduction

Morbid obesity may cause various cardiovascular complications, including hyperten-
sion, arrhythmias and cardiac autonomic nervous system (ANS) abnormality. Obesity is
also associated with dysfunctional metabolic status including a higher incidence of various
carbohydrate metabolism disorders and insulin resistance. In addition, some results sug-
gest an association between hyperinsulinemia and insulin resistance in obesity and ANS
imbalance [1–3].

Cardiac complications in obesity can be complex and result from left ventricular
systolic or diastolic dysfunction, atrial dilatation and its electrical remodeling, myocyte
hypertrophy, fibrosis and fatty infiltration. Many studies, including meta-analyses, sug-
gest that weight loss after bariatric surgery is associated with significant improvements
in cardiac morphology and function [1,4]. The effects of weight loss following various
techniques of bariatric surgery on hyperinsulinemia, insulin resistance and obesity asso-
ciated neuropathy are still of interest. Available data suggest that various techniques of
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bariatric surgery improve metabolic control, including glycemic homeostasis and increased
insulin sensitivity [5–9]. However, limited recent results are available on assessment of
the dynamics of fasting glucose, insulin levels, insulin resistance/sensitivity indices and
also ANS indices in patients with class III obesity, who lost weight due to laparoscopic
sleeve gastrectomy (LSG), especially at a relatively young age and without severe accom-
panying diseases. The available data often provide inconclusive and contradictory results
too [7,10–13]. There is also no detailed evaluation of the impact of weight loss following
bariatric surgery on the occurrence of various arrhythmias [14,15].

Therefore, we assessed patients with class III obesity in detail before LSG and after
12–18 months of follow-up. Our aim was to investigate the influence of weight loss
on cardiac autonomic function and arrhythmias (primary endpoint) as well as selected
parameters of carbohydrate metabolism (secondary endpoint) in relation to anthropometric
measurements of obesity. Next to laboratory tests, we focused on detailed evaluation of
Holter-derived time-domain heart rate variability (HRV) and heart rate turbulence (HRT),
as they are established methods for assessing cardiac ANS function [16–18]. Both insulin
resistance and HRV and HRT are also independent and important predictors of future
cardiac, neurological and metabolic health. Other studies mainly assessed the metabolic
status and ANS early after bariatric surgery; thus, we decided to check these conditions
later, i.e., >12 months after surgery. Our research hypothesis was as follows: decreases in
body mass index (BMI) and waist circumference (WC) after LSG due to class III obesity
resulted in multi-profile improvements in cardiac ANS function, heart rhythm disturbances
and carbohydrate metabolism.

2. Material and Methods

2.1. Study Population and Laboratory Tests

This is a single center, prospective cohort study. Fifty adult patients aged ≥18 years
with initially BMI ≥ 40 kg/m2 who underwent LSG were selected for the study evaluation.
Patients were examined at the start of the study and after 12–18 months of follow-up. Our
group was drawn from 81 individuals with class III obesity who were referred to LSG, as
detailed in our previous publication (including also standard 12-lead electrocardiography
and echocardiography) [19]. In this report, we present 50 patients who underwent LSG
and underwent follow-up examination. Others were not finally qualified for surgery or
did not report for a follow-up visit within the required period.

All subjects were stable outpatients who underwent 24-h Holter monitoring and basic
laboratory tests, including insulin levels. On the basis of fasting glucose and insulin levels,
the insulin resistance index (HOMA-IR, homeostatic model assessment to quantify insulin
resistance, normal value ≤0.9) and also the insulin sensitivity index (QUICKI, Quantitative
Insulin Sensitivity Check Index, normal value ≥0.34) were calculated according to widely
available specific formulas.

To avoid the influence of various factors that are well known to strongly affect both
cardiac ANS and arrhythmias, we did not include patients with various clinical or labora-
tory abnormalities, i.e., chronic coronary syndromes, heart failure with reduced ejection
fraction <50%, significant heart valvular abnormalities, poorly controlled arterial hyper-
tension, earlier confirmed by polysomnography obstructive sleep apnea syndrome, unex-
plained anemia (hemoglobin <12.0 g/l), uncontrolled thyroid dysfunction and reduction in
glomerular filtration rate <60 mL/min, according to the Cockcroft–Gault equation. Since
the assessment of cardiac ANS function based on Holter recording is possible only in
people with sinus rhythm, and patients with persistent or permanent atrial fibrillation or
flutter were also excluded. Studied patients cannot use anti-arrhythmic drugs class I–IV
according to Vaughan Williams classification for any reasons (including beta-blockers or
non-dihydropyridine calcium antagonists). Use of ≥2 antihypertensive medications at
full doses was also an exclusion criterion. Patients with other acute or significant chronic
diseases were not included either. All patients gave their written informed consent to
participate in the study. This study was conducted in accordance with the amended Decla-
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ration of Helsinki. The protocol of the study was accepted by the Bioethics Committee of
the Medical University of Warsaw, Poland (protocol no. AKBE/108/15).

2.2. 24-h Holter Monitoring

The Holter monitoring was recorded during normal everyday activity on a 3-channel
digital device (Lifecard CF, Spacelabs Healthcare, Snoqualmie, WA, USA). An evaluation of
heart rate, various arrhythmias and time-domain HRV was performed (Sentinel Impresario,
Spacelabs Healthcare, WA, USA). According to European and American Task Force 6,
indices of time-domain HRV were measured (full names and abbreviations in Table 1) [20].
The SDNN and HRV-Index estimated of overall HRV, SDANN estimated of long-term
components of HRV and RMSSD and pNN50 estimated of short-term components of HRV.
Two numerical HRT parameters after ventricular extrasystoles, e.g., turbulence onset and
turbulence slope, were calculated using custom designed software based on the described
methodology (details in our previous article) [19,21]. All HRV and HRT parameters were
evaluated for the full 24 h without separation for the day and night periods. Holter
recording was analyzed by the qualified cardiologist.

Table 1. Arrhythmias and heart rate variability parameters in 24-h Holter monitoring in patients before and after bariatric surgery.

Characteristic
Patients Before Bariatric

Surgery (n = 50)
Patients After Bariatric

Surgery (n = 50)
p Value

Heart rate 1

Mean heart rate (bpm) 80 ± 11 74 ± 10 <0.001

Minimal heart rate (bpm) * 58 (39–89) 51 (33–68) <0.001

Maximal heart rate (bpm) 127 (100–181) 126 (105–167) 0.21

Supraventricular arrhythmias (no., %)

Supraventricular extrasystoles >100/24 h 2 (4%) 3 (6%) 1.0

Non-sustained supraventricular tachycardia 2 5 (10%) 15 (30%) 0.02

Ventricular arrhythmias (no., %)

Ventricular extrasystoles >100/24 h 1 (2%) 3 (6%) 0.62

Non-sustained ventricular tachycardia 2 0 (0%) 2 (4%) 0.49

Time-domain heart rate variability parameters 3

SDNN (ms) * 115 (73–225) 145 (83–282) <0.001

SDNN-I (ms) * 41 (20–115) 45 (24–122) <0.001

SDANN (ms) * 102 (68–181) 134 (78–264) <0.001

RMSSD (ms) * 34 (15–122) 33 (16–112) 0.25

pNN50 (%) * 8.6 (0.3–44.1) 9.3 (0.4–50.8) 0.06

HRV-index * 16 (10–35) 22 (11–38) <0.001

Heart rate turbulence parameters 4

Turbulence onset (%) * −2.1 (−7.5–−0.6) −3.6 (−8.6–1.2) 0.73

Turbulence slope (ms/RR) * 7.5 (−3.1–21.8) 8.6 (−3.1–43.8) 0.22

Abnormal HRT (no.,%) 3 (30%) 2 (20%) 0.80

* Values presented as median with range. 1 All patients presented sinus rhythm. 2 Non-sustained tachycardia were recognized when the
rate was >100 beats per minute for at least 3 consecutive beats and arrhythmia lasted <30 s. 3 SDNN—the standard deviation of N-N
(normal-to-normal) interval; SDNN-I—is the mean of the standard deviations of all the NN intervals for each 5 min periods of the entire
recording; SDANN—the standard deviation of the average of N-N in all 5 min periods of the entire recording; RMSSD—the square root of
the mean of the sum of the squares of differences between adjacent N-N; pNN50—number of pairs of adjacent N-N differing by more than
50 ms in the entire recording divided by the total number of all N-N; HRV Index—total number of all NN intervals divided by the height of
the histogram of all NN intervals measured on a discrete scale with bins of 1/128 s 23 [20]. 4 HRT values were possible to measure in only
10 obese patients before and after bariatric surgery; as proposed by International Society for Holter and Noninvasive Electrocardiology,
abnormal HRT was recognized if TO value was ≥0% and/or TS value was ≤2.5 ms/RR [21].
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2.3. Statistical Analysis

The tested groups were compared by either Student’s t-test or the Mann–Whitney–
Wilcoxon test, according to parameters’ distribution assessed by the Shapiro–Wilk test
(variables with normal distribution were presented as mean with standard deviation, not
showing normal distribution as median with range values). Deletions of outliers’ data were
not performed. The χ2 test or McNemar’s test was used to compare categorical variables
(if needed, Yates’s correction was applied). All tests were double-sided. Correlations were
evaluated by Spearman correlation coefficients. Logistic regression analysis was carried out
to explore the influence of confounding factors on cardiac autonomic function in patients
with obesity. The influence of measured parameters was expressed as an odds ratio (OR)
with 95% confidence interval (CI). Values of p < 0.05 were considered statistically significant.
Analyses were performed using R, which is a free software environment for statistical
computing and graphics (www.r-project.org, version 3.4.0, accessed on 1st May 2017).

3. Results

3.1. Clinical Characteristics of Study Populations

The general characteristics of the patients with obesity before and after weight loss are
presented in Table 2. The median age was 36.5 years (range 18–56), and 86% of the study
cohort were women. It is worth noting that after observation, the incidence of carbohydrate
metabolism disorders and hypertension decreased significantly, and all laboratory tests
improved—results in Table 2 and in Figure 1. During the follow-up visit, patients received
previously started angiotensin converting enzyme inhibitors (in 16/32%), diuretics (in
6/12%), dihydropyridine calcium antagonists (in 5/10%) and also a statin or fibrate (in
18/36%) due to primary prevention. One patient with type 2 diabetes mellitus was taking
insulin, while two patients with persistent impaired glucose tolerance were receiving
metformin. None of the subjects received beta-blockers or other medications that affected
heart rhythm.

Table 2. Anthropometric obesity parameters, additional diseases and parameters of carbohydrate metabolism results in
patients before and after bariatric surgery.

Characteristic
Patients Before Bariatric

Surgery (n = 50)
Patients After Bariatric

Surgery (n = 50)
p Value

Body mass index (kg/m2) * 43.9 (40.1–55.8) 29.7 (19.6–43.9) <0.001

Body mass index reduction (kg/m2) * - 14.7 (7.2–23.9) -

Waist circumference (cm) * 139 (127–155) 88 (67–124) <0.001

Waist circumference reduction (cm) * - 53 (18–74) -

Additional diseases and parameters of carbohydrate metabolism

Hypertension, n (%) 27 (54%) 16 (32%) 0.04

Disorders of carbohydrate metabolism (together), (n,%) 12 (24%) 3 (6%) 0.02

Type 2 diabetes mellitus, (n,%) 1 (2%) 1 (2%) 1.0

Impaired glucose tolerance, (n,%) 6 (12%) 2 (4%) 0.27

Impaired fasting glucose, (n,%) 5 (10%) 0 (0%) 0.05

Fasting glucose level (mg/dl) * 90 (76–118) 85 (64–98) <0.001

Fasting insulin level (uIU/mL) * 13.0 (5.0–55.1) 5.0 (1.4–11.9) <0.001

QUICKI *,1 0.32 (0.27–0.39) 0.38 (0.33–0.49) <0.001

HOMA-IR *,2 3.1 (1.0–14.3) 1.1 (0.3–2.4) <0.001

* Values presented as median with range. 1 QUICKI-quantitative insulin sensitivity check index. 2 HOMA-IR-homeostatic model assessment
for insulin resistance.
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Figure 1. The values of fasting insulin level (chart A), homeostatic model assessment for insulin resistance HOMA-IR
(chart B), SDNN (chart C) and SDANN (chart D) in 50 patients before and after weight loss. Charts present medians with
ranges’ values, while detailed results are shown in Table 2 (Y-axis: 0—patients before bariatric surgery, 0—patients after
weight loss).

3.2. 24-h Holter Data

Detailed results of 24-h Holter data before and after weight loss are presented in
Table 1. After observation, a significant improvement was observed in HRV indices esti-
mating overall and long-term components, which are mainly related to the sympathetic
tone (SDNN, SDANN and HRV-Index). By contrast, RMSSD and pNN50 values estimating
short-term components and mainly associated with parasympathetic regulation remained
unchanged. Due to rare occurrences of ventricular extrasystoles, HRT parameters were
possible to count in only 10 subjects both before as well as after bariatric surgery. In
the obtained results, turbulence slope (mostly triggered by a sympathetic tone) and also
turbulence onset value (mostly related to transient vagal inhibition) were not significantly
changed after weight loss.

Correlations were measured to estimate the association between a reduction in BMI
or a reduction in WC and an increase in HRV indices. There were significant correlations
between BMI reduction and increase of SDNN-I (r = 0.281, p = 0.04; Figure 2) and also nearly
significant correlations for increase of SDNN (r = 0.267, p = 0.05) and SDANN (r = 0.256,
p = 0.07). However, no correlations between the increase of HRV and WC reduction or
HOMA-IR reduction were observed in patients after follow-up.
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Figure 2. Correlation between the reduction in body mass index and the increase in SDNN-I value
(r = 0.281, p = 0.04) in all 50 patients after follow-up period.

In addition, no significant differences in parameters of carbohydrate metabolism,
HRV and HRT were observed after follow-up in patients divided according to the degree
of weight reduction expressed by median of final BMI or final WC—results in Table 3.
There were also no significant differences in the improvement of patients’ HRV parame-
ters according to the median follow-up period (<15 vs. ≥15 months)—detailed data are
not shown.

Table 3. Comparison of indices of carbohydrate metabolism, time-domain heart rate variability and heart rate turbulence in
groups divided according to the median reduction of body mass index and the median reduction of waist circumference.

Characteristic

Patients with
Body Mass Index
Reduction <14.7
kg/m2 (n = 24)

Patients with
Body mass Index
Reduction ≥14.7

kg/m2 (n = 26)

p value

Patients with Waist
Circumference

Reduction <53 cm
(n = 24)

Patients with Waist
Circumference

Reduction ≥53 cm
(n = 26)

p value

Hypertension, n (%) 10 (42%) 6 (23%) 0.23 8 (33%) 8 (31%) 1.0

Parameters of carbohydrate metabolism

Fasting glucose
level (mg/dl) * 86.6 ± 5.3 83.0 ± 6.8 0.05 85.7 ± 5.4 83.9 ± 7.0 0.33

Fasting insulin level
(uIU/mL) * 5.5 ± 2.3 5.2 ± 2.4 0.69 5.7 ± 2.6 5.0 ± 2.0 0.32

QUICKI *,1 0.38 ± 0.03 0.39 ± 0.04 0.40 0.38 ± 0.03 0.39 ± 0.03 0.47

HOMA-IR * 1 1.17 ± 0.51 1.09 ± 0.52 0.54 1.21 ± 0.56 1.06 ± 0.46 0.28

Time-domain heart rate variability parameters 1

SDNN (ms) * 156 (99–244) 138 (83–282) 0.15 143 (99–269) 143 (83-282) 0.56

SDNN-I (ms) * 54 (28–93) 44 (24–122) 0.23 49 (24–121) 44 (26–96) 0.78

SDANN (ms) * 144 (95–257) 129 (78–264) 0.25 133 (95–223) 133 (78–264) 0.36

RMSSD (ms) * 40 (19–90) 28 (16–112) 0.14 38 (16–112) 33 (18–108) 0.62

pNN50 (%) * 11.9 (1.1–37.8) 5.7 (0.4–50.8) 0.12 10.3 (0.4–50.8) 9.3 (0.8–40.9) 0.47

HRV–index * 23 (15–37) 21.8 (11–38) 0.38 27 (15–38) 29 (11–36) 0.26
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Table 3. Cont.

Characteristic

Patients with
Body Mass Index
Reduction <14.7
kg/m2 (n = 24)

Patients with
Body mass Index
Reduction ≥14.7

kg/m2 (n = 26)

p value

Patients with Waist
Circumference

Reduction <53 cm
(n = 24)

Patients with Waist
Circumference

Reduction ≥53 cm
(n = 26)

p value

Heart rate turbulence parameters

Turbulence onset
(%) −2.9 ± 3.4 −3.1 ± 2.9 0.93 −3.5 ± 2.8 -2.7 ± 3.2 0.51

Turbulence slope
(ms/RR) 12.6 ± 12.9 16.2 ± 14.2 0.58 17.3 ± 13.1 12.2 ± 13.8 0.62

* Values presented as median with range. 1 For abbreviations—see Table 2.

The univariate logistic regression analysis was performed to detect potential predictors
of increase of SDNN after weight loss (the main HRV parameter). This analysis revealed
that only mean heart rate was significantly related to the increase in SDNN value (odds
ratio 0.02, 95%CI 0.0–0.1, p < 0.001). Other parameters used in the univariate analysis
included age, BMI reduction and WC reduction (the detailed values of the corrections
applied are not presented). Due to the results of the univariate analysis, the previously
planned multivariate analysis was not performed.

4. Discussion

Obesity is a multi-factorial disease, and obesity-related diseases increase the incidence
of disability and mortality [1,2,22]. The main finding of our study is that the weight loss
after LSG resulted in a multi-profile improvement in carbohydrate metabolism and blood
pressure control, as well as overall cardiac ANS function. In addition, these health benefits
were observed irrespective of degree of weight loss.

Various techniques of bariatric surgery are used for effective treatment of morbid
obesity, such as Roux-en-Y gastric bypass, sleeve gastrectomy or biliopancreatic diversion
with duodenal switch. In most patients, all types of bariatric surgery procedures improve
metabolic status, reduce the incidence of hypertension and decrease long-term mortal-
ity [2,22]. Multiple studies and meta-analyses suggest that weight loss following bariatric
surgery is associated with significant optimization of glycemia, insulin, lipids and other
metabolic and hormonal changes that improve the overall metabolic profile [2,9,22]. Several
hypotheses have been put forward trying to explain individually variable improvement,
and one of the issues studied is the role of the ANS function in this process [13,23]. However,
these mechanisms are extremely complex and still not fully understood [2,7,11,24].

Recently, one of the preferred procedures is LSG with relatively few postoperative
complications. As numerous studies have shown, ANS dysfunction is often found because
of morbid obesity, while weight loss improves sympathetic and parasympathetic activity
and consequently decreases mean heart rate [6,10,13,25]. After analyzing the results of
previous studies, we expected not only HRV and HRT recovery, but also a reduction in the
incidence of hypertension and improvement in glucose homeostasis. Our study confirmed
these assumptions, and we additionally showed that positive changes are present regard-
less of the degree of weight loss expressed by the median reduction of BMI or WC (Table 3).
It has also been hypothesized that changes in the vagal-modulated neuroendocrine system
have an additional effect on the beneficial effects after bariatric surgery [6,10,13,25]. Both
the Roux-en-Y surgery and sleeve gastrectomy may induce metabolic improvements via
different mechanisms. In a recent Greek study, both these surgical procedures resulted in
comparable improvements in glucose, HOMA-IR, triglycerides and high-density lipopro-
tein cholesterol, while insulin levels were significantly higher in the sleeve gastrectomy
group [9]. Earlier observations have suggested that LSG has more benefits in improving
autonomic balance because the vagus nerve fibers are not damaged during this procedure,
in contrast to the Roux-en-Y method, where induced damage to the vagus nerve innerva-
tion is similar to that of a sub-diaphragmatic trunk vagotomy [10,26,27]. However, in our
study, HRV indices related to parasympathetic part did not improve after the follow-up
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period. Thus, our evaluation does not support the hypothesis that LSG causes significant
improvements in both parts of ANS function.

Another issue concerns the relationship between anthropometric parameters and
autonomic HRV indices. It seems that improvement of sympathetic parameters should
be related to the decrease of WC, as abdominal obesity is just associated with hyperinsu-
linemia, hyperleptinemia and insulin resistance, which are considered to be contributed to
the abnormal activation of the sympathetic autonomic system [28]. However, in our study,
correlations between an increase of SDNN, SDNN-I and SDANN, and a reduction in BMI
were revealed, but not with the reduction in waist circumference.

The results of the study by Sharma et al. suggest that sleeve gastrectomy leads to a
dramatic improvement in insulin resistance as early as the first postoperative day [29]. In
our study, HOMA-IR was also significantly lower after a median of 15 months of follow-up.
Literature data on the association of HRV with insulin resistance parameters in patients
after bariatric surgery are not consistent. As in the results of the study by Maser et al., no cor-
relations between the increase of HRV parameters and HOMA-IR reduction were observed
in our individuals after follow-up [12]. In contrast, an evaluation by Wu et al. revealed sig-
nificant association between changes in HOMA-IR and increase of parasympathetic-related
HRV indices 180 days after LSG [30]. Nevertheless, the Geronikolou et al. meta-analysis of
646 patients aged 34–52.5 years and BMI >50 kg/m2 showed a positive effect of weight
loss after various bariatric surgeries not only on time-domain or frequency-domain HRV
parameters, but also on HOMA-IR. Interestingly, the authors concluded that gastric by-
pass favors insulin resistance decrease, while sleeve gastrectomy increases the vagal tone.
Accordingly, in patients with severe cardiovascular involvement, a sleeve gastrectomy
should be preferred to gastric bypass techniques [27]. It is worth emphasizing that studies
involving many cases indicate that next to insulin resistance improvement, remission of
type 2 diabetes after bariatric surgery is also possible, especially from operations with a
malabsorptive component [2].

Hitherto, the assessment of HRT was infrequently performed in patients with obesity
or metabolic syndrome [31,32]. In our study, the small number of people with ventricular
extrasystoles suitable to calculate HRT significantly limited the statistical analysis both
before and after weight loss. As far as we know, such evaluation during follow-up has not
been performed in patients treated with bariatric surgery as of yet; therefore, this promising
issue requires further research.

There is ample evidence that various bariatric procedures and subsequent weight
loss significantly reduce the incidence of cardiovascular complications and improve the
structure and function of the heart [4,15]. However, there are limited data evaluating the
incidence of arrhythmias after bariatric surgery [14,15,33,34]. In the presented patients,
it was surprising that numerous or severe cardiac arrhythmias were very rare, including
atrial fibrillation or nocturnal bradyarrhythmia. However, our study included subjects with
a median of 36.5 years, without structural heart disease and other serious comorbidities,
including evident obstructive sleep apnea that might predispose to arrhythmias. In Holter
monitoring, atrial tachycardia was even more common after follow-up, with the exception
of atrial fibrillation. However, the prognostic value of frequent atrial tachycardia is limited,
and so far, no clear association between these arrhythmias and cardiac ANS function has
been demonstrated. It is noteworthy that after weight loss, short non-sustained ventricular
tachycardia was also reported in two patients (both with slight left ventricular hypertrophy
10–11 mm of wall thickness recognized during at baseline visit).

One of the limitations of our study is the small number of patients enrolled, which
undoubtedly influenced the obtained results, but many publications on morbid obesity
are of similar size. In particular, the subgroup analysis (presented in Table 3) concerns a
small number of compared patients; therefore, the differences may not be significant. An
additional reason for the results obtained may be that our group was relatively young and
consisted mainly of women. In addition, to eliminate the influence of various factors on
examined parameters, only selected patients were included as described in the Methods
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section. Another possible limitation is the lack of frequency-domain (power spectral) HRV
analysis. However, we are convinced that well-tried time-domain HRV and HRT analyses
are sufficient for assessing ANS function.

5. Conclusions

In our study, the weight loss after LSG due to class III obesity resulted in a multi-
profile improvement in carbohydrate metabolism and blood pressure control as well as
overall cardiac ANS function. The improvement of HRV sympathetic-related indices were
correlated with the reduction of BMI, but not with the reduction of WC. The subgroup
analysis according to the degree of reduction of anthropomorphic parameters (BMI, WC)
suggested that health benefits after LSG might be expected even in people with less weight
loss. Serious or life-threatening cardiac arrhythmia were infrequent both before surgical
treatment as well as after weight loss. However, it should be noted that patients evaluated
in our study were of relatively young age and without other significant comorbidities.
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Abstract: Due to its anatomical features, patients with an obstruction of the left main coronary artery
(LMCA) have an increased risk of death. For years, coronary artery bypass grafting (CABG) has been
considered as a gold standard for revascularization. However, notable advancements in the field
of percutaneous coronary intervention (PCI) led to its acknowledgement as an important treatment
alternative, especially in patients with low and intermediate anatomical complexity. Although
recent years brought several random clinical trials that investigated the safety and efficacy of the
percutaneous approach in LMCA, there are still uncertainties regarding optimal revascularization
strategies. In this paper, we provide a comprehensive review of state-of-the-art diagnostic and
treatment methods of LMCA disease, focusing on percutaneous methods.

Keywords: left main coronary artery; percutaneous coronary intervention; coronary artery bypass
grafting; coronary artery disease; coronary revascularization

1. Background

According to the latest WHO reports, in 2019 ischaemic heart disease (IHD) has
strengthened its position as a leading cause of deaths since 2000, accounting for 16% of the
world’s total deaths. The rise was especially marked in low-, lower-middle, and upper-
middle-income countries. Interestingly, although in high-income countries the number of
deaths due to IHD declined, it still remained the main cause of death [1].

Since the early development of coronary artery angiography, it became evident that
not all atherosclerotic lesion localizations are equally dangerous. Due to its anatomical
features, patients with an obstruction of the left main coronary artery (LMCA) may be at
exceptionally high risk. Depending on coronary artery dominance, LMCA supplies blood
to 75–100% of the myocardium [2]. Knowing that, there is no wonder that LMCA in the
past was known as ‘the artery of sudden death’ [3]. During the early coronarography era,
clinicians reported even a 10% risk of death due to LMCA catheterization, and suggested
special caution when performing angiography in patients with suspected left main coronary
artery disease (LMCAD) [4]. Research available at the time reported over 50% five-year
mortality among the patients who received only pharmacological treatment [5]. In the meta-
analysis performed by Yusuf et al. 10-year mortality in the group of patients with LMCAD
exceeded even the mortality rate of patients with the involvement of three vessels [5].

The poor prognosis of patients with LMCAD gradually improved with the develop-
ment of revascularization techniques. In the 1970s, coronary artery bypass grafting (CABG)
was implemented in the treatment of coronary artery disease (CAD) [6]. Surgical efficacy
was proven in observational studies and early randomized clinical trials (RCT), which
resulted in wide acknowledgement of this treatment as a method of choice in LMCAD [7].
The following years brought another breakthrough in the treatment of CAD. In 1978, An-
dreas Gruntzig published a description of five patients not suitable for CABG, including
two with LMCAD, successfully treated with a novel method—percutaneous transluminal
coronary angioplasty (PTCA) [8]. As he reported few severe acute complications, the initial
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results were promising. Yet, there was still no data on its long-term complications and
safety. Further research revealed that application of PTCA in LMCA was highly unfavor-
able, and bore a high risk of death and restenosis [9]. It led to the grounding of the CABG
position as the first choice for LMCAD treatment for almost twenty years [10].

However, the development of bare-metal stents (BMS) and, finally, drug-eluting
stents (DES) led to the necessity of reconsideration percutaneous coronary interventions
(PCI) as the method of LMCAD treatment, at least in some subgroups [11]. In the early
2000s, multiple studies provided evidence on the effectiveness and safety of PCI in LMCA,
which was eventually reflected in 2009 as the new class IIb recommendation in ACC/AHA
guidelines, starting a new chapter in coronary artery revascularization [12–14]. Recent years
brought several highly acclaimed multicentre RCTs and large-register analyses comparing
the use of CABG and PCI in LMCAD [15–19]. Nevertheless, despite the fine quality of the
aforementioned research, the long-term outcomes and prognoses of percutaneous treatment
of this special disease are inconsistent.

In this article, we aim to provide a comprehensive review of state-of-the-art diagnos-
tic and treatment techniques of left main coronary artery disease, focusing on percuta-
neous methods.

2. Evidence Supporting LMCA Revascularization

Decision on therapeutic strategy in ischaemic heart disease is an important issue.
Current guidelines supporting significant LMCA revascularization are based on the early
studies documenting the survival advantage of CABG compared to medical therapy (MT).
A recent landmark ischemia trial that proved similar effects of an invasive approach
compared to MT excluded individuals with significant unprotected left main coronary
artery (ULMCA) stenosis [20]. Due to safety concerns, most recent studies addressing
invasive and conservative strategies did not include patients with ULMCA. In fact, no
RCT directly compared DES with MT in LMCAD. The meta-analysis by Shah et al. that
focused on the comparison of CABG to DES to MT, revealed that an invasive approach
was associated with better survival over short, intermediate, and long term [7]. To sum up,
current evidence supports ULMCA revascularization over MT, however, future ground-
breaking RCTs may influence physicians’ approach.

The beginning of the 21st century carried rapid and notable advancements in the
field of percutaneous device technology, pharmacological treatment (e.g., dual antiplatelet
therapy (DAPT)), procedural techniques, and imaging. The higher risk of adverse cardio-
vascular events led to the abandonment of BMS in favor of more promising DES [21,22].
All the aforementioned factors have contributed to the renewed enthusiasm for the percuta-
neous approach in the treatment of LMCAD and resulted in registry studies and, eventually,
multicentre RCTs that focused on its comparison with conventional surgical treatment.

2.1. Randomized Clinical Trials

Although early registry and nonrandomized studies suggested promising data on out-
comes of percutaneous treatment, they were prone to selection bias and confounding. When
the results of RCTs targeted on LMCAD treatment were finally published, they mostly
suggested the comparable efficacy and safety of percutaneous and surgical treatment in
terms of various endpoints [16,17,23–30]. The summary of the major studies and their find-
ings are presented in Table 1. Recent years brought the awaited long-term follow-ups that
provided new insights into differences between revascularization strategies [15,16,18,19].

Available presently, 10-year follow-up data of LE MANS (Left Main Coronary Artery
Stenting), PRECOMBAT (Premier of Randomized Comparison of Bypass Surgery versus
Angioplasty Using Sirolimus-Eluting Stent in Patients with Left Main Coronary Artery
Disease) and SYNTAXES (SYNTAX Extended Survival) maintained the previously reported
trends of comparable outcomes provided by both strategies. It is, however, noteworthy that
all the above RCTs were underpowered due to either too small population or unexpectedly
low event rates, thus their findings should be considered hypotheses-generating.
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Table 1. Summary of random clinical trials comparing PCI with CABG in left main coronary artery disease.

LE MANS [17]
Boudriot et al.

[29]
SYNTAX-LM

[27,31]
PRECOMBAT

[19,25]
EXCEL [15,24] NOBLE [16,23]

Recruitment
period 2001–2004 2003–2009 2005–2007 2004–2009 2010–2014 2008–2015

Follow-up (years) 10 1 5; 10 for
mortality only 10 5 5

PCI/CABG (n) 52/53 100/101 357/348 300/300 948/957 592/592

Bifurcation
disease (%) 58 72 61 65 81 81

Mean LVEF (%) 54 65 N/D 61 57 60

Age (years) 61 68 65 62 66 66

IVUS (%) Recommended No
recommendation N/D 91 77 74

Mean
SYNTAX score N/D 23 30 25 21 22

Stents BMS and
DES (35%) DP-SES DP-PES DP-SES DP-EES BP-BES and

DP-SES (8%)

OPCAB (%) 1.9 46 N/D 64 29 16

LIMA (%) 72 99 97 94 99 96

Primary endpoint Change in LVEF
All-cause death,

MI, repeat
revascularization

All-cause death,
stroke, MI, repeat
revascularization;

10-years
all-cause death

Any-cause death,
MI, stroke, TVR

Any-cause death.
MI, stroke

Any-cause death,
nonprocedural

MI, stroke, repeat
revascularization

Outcomes
Trend toward
higher LVEF

in PCI

PCI inferior
to CABG

PCI non-inferior
to CABG at
5-years; No
difference in

all-cause death at
10-years

PCI non-inferior
to CABG

PCI non-inferior
to CABG

PCI inferior
to CABG

BMS—bare metal stents, BP-BES—biodegradable polymer biolimus-eluting stent, CABG—coronary artery bypass
grafting, DES—drug-eluting stent, DP-EES—durable polymer everolimus-eluting stent, DP-PES—durable poly-
mer paclitaxel-eluting stent, DP-SES—durable-polymer sirolimus-eluting stent, EXCEL—Evaluation of Xience
Everolimus Eluting Stent vs. Coronary Artery Bypass Surgery for Effectiveness of Left Main Revasculariza-
tion, IVUS—intravascular ultrasound, LE MANS—Left Main Stenting, LIMA—left internal mammary artery,
LVEF—left ventricular ejection fraction, MI—myocardial infarction, N/D—no data, NOBLE—Nordic-Baltic-
British Left Main Revascularization, OPCAB—off-pump coronary artery bypass, PCI—percutaneous coronary
intervention, PRECOMBAT—Premier of Randomized Comparison of Bypass Surgery versus Angioplasty Using
Sirolimus-Eluting Stent in Patients with Left Main Coronary Artery Disease, SYNTAX—Synergy Between Per-
cutaneous Coronary Intervention With TAXUS and Cardiac Surgery, SYNTAX-LM—left main substudy of the
SYNTAX, TVR—target vessel revascularization.

Only two of the RCTs focusing solely on LMCAD treatment were sufficiently powered
for non-inferiority testing of prespecified major adverse cardiac and cerebrovascular events
(MACCE)–EXCEL (Evaluation of Xience Everolimus Eluting Stent vs. Coronary Artery
Bypass Surgery for Effectiveness of Left Main Revascularization) and NOBLE (Nordic-
Baltic-British Left Main Revascularization) trials. While the highly anticipated results
were expected to shed more light on the uncertainties, not only did they not break the
deadlock, but also provided conflicting outcomes. Although the added value of studies is
indisputable, they both have been criticized for their shortcomings and aroused various
controversies. To discuss and understand the dissimilarities in outcomes, it is important to
know the analogies and disparities between their design.

They have been both conducted as non-inferiority randomized trials comparing PCI
with CABG in LMCAD. The EXCEL trial recruited 1,905 patients with angiographical
LMCA stenosis of 70% or 50–70% stenosis with additional non-invasive or invasive testing
proving hemodynamically significant lesion. Additional inclusion criterium was low or
intermediate anatomical complexity (expressed as SYNTAX (Synergy between Percuta-
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neous Coronary Intervention with TAXUS and Cardiac Surgery) score ≤ 32). Patients were
randomly allocated to either PCI (n = 948) or CABG (n = 957) group. All patients received
second-generation fluoropolymer-based cobalt–chromium everolimus-eluting stents (EES).
The NOBLE trial consisted of 1,201 patients, 598 randomized to PCI and 603 to CABG.
Inclusion criteria involved visually assessed stenosis of LMCA ≥ 50% or fractional flow
reserve (FFR) ≤ 0.80. SYNTAX score was not utilized as the inclusion or exclusion cri-
terium. Instead, patients with a complex lesion or more than three additional non-complex
lesions were excluded (complex lesions were defined as chronic total occlusions, bifur-
cation lesions requiring two stent techniques, or lesions with calcified or tortuous vessel
morphology). In the beginning, around 10% of patients were treated with first-generation
sirolimus-eluting stents (SESs), and the rest received newer-generation biolimus-eluting
stents (BESs). Primary composite endpoints differed between the two studies: EXCEL
included all-cause death, myocardial infarction (MI), and stroke, while NOBLE predefined
MACCE as all-cause death, non-procedural MI, stroke, or any repeat revascularization.

Both three-year and five-year follow-up of EXCEL presented that PCI is non-inferior
to CABG in terms of primary composite endpoints. However, when analyzing individual
endpoints in the five-year follow-up, it turned out that death from any cause occurred
more frequently in the PCI group. On the other hand, short- and mid-term follow-up of
NOBLE revealed that although PCI was inferior to CABG, all-cause mortality rates were
not affected.

At a glance, contrary results of the landmark RCTs require cautious analysis. There
are at least a few sources of discrepancies that could be located on the studies’ timelines.
At the very beginning, the assessment strategies for eligibility of patients for both revas-
cularization techniques were different. In EXCEL there was a clear heart team (i.e., an
interventional cardiologist and a cardiac surgeon) involvement in decision-making, while
the multidisciplinary qualification was more ambiguous in NOBLE. It might have led to
the heterogeneity of patients enrolled in the study, affecting later outcomes. Secondly, there
were previously discussed differences in used device technology. According to the NOBLE
authors, the average LMCA diameter is above 4 mm (average 5.7 mm), while the maximum
size of used BES was 4.0 mm. Only half of the patients underwent post-dilatation with
balloons larger than 4 mm, suggesting that stent underexpansion and malapposition might
have contributed to the high rate of revascularizations. If we compare rates of therapy
failure defined as definite stent thrombosis or symptomatic graft occlusion between two
trials, there are major discrepancies. In NOBLE there were no significant differences in
failure ratios between the two strategies (2% vs. 4% for PCI and CABG, respectively), while
the superiority of the percutaneous method was apparent in the EXCEL trial (1.1% vs. 6.5%
for PCI and CABG, respectively). Additionally, in NOBLE percutaneous treatment in
patients with low SYNTAX score (<23) was unexpectedly found to be significantly inferior
to surgery. Interestingly, in the PCI arm in NOBLE, there was an unexplainable high preva-
lence of stroke occurrence at one year, which coincides with DAPT cessation. Arguably
the most important disparities concerned composite primary endpoints. EXCEL focused
on the previously discussed hard endpoints, while NOBLE adopted any revascularization
as well. On the one hand, the NOBLE investigators excluded periprocedural MI from
MACCE, but on the other, the EXCEL researchers used the SCAI definition of MI which
favored PCI [32]. As a result, NOBLE outcomes were largely driven by the inclusion of
revascularization into composite endpoints, and on the other side EXCEL non-inferiority of
PCI was driven by a lower incidence of periprocedural MI. Knowing the late cross-over of
event curves, the longer follow-up of the studies will deliver further valuable information
on both procedures’ effectiveness and safety.

2.2. Meta-Analyses

The publication of numerous long-term follow-up outcomes of RCTs prompted the
patient- and study-level meta-analysis. Most of them are consistent with each other, stating
that PCI and CABG are similarly safe in terms of all-cause mortality, MI, and stroke,
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however percutaneously treated patients more frequently required repeat revascularization.
The summary of selected meta-analyses is presented in Table 2.

Table 2. The summary of selected meta-analyses of RCTs comparing PCI with CABG in LMCAD.

Palmerini et al.
[33]

Head et al. [34] Ahmad et al. [35]
Bajraktari et al.

[36]
D’Ascenzo et al.

[37] *
Sabatine et al.

[38]

Year of
publication 2017 2018 2020 2020 2021 2021

Number of
analyzed RCTs 6 11 5 5 4 4

Number of
patients

(PCI/CABG)
4686 (2347/2339) 4478 (2233/2245) 4612 (2303/2309) 4499 (2249/2250) 4394 (2197/2197) 4394 (2197/2197)

Primary outcome All-cause
mortality

All-cause
mortality

All-cause
mortality

A composite of
all-cause

mortality, MI,
or stroke

All-cause
mortality

All-cause
mortality

Results for
primary outcome

HR = 0.99, 95% CI
0.76–1.3, p = 0.74

RR = 1.07, 95% CI
0.87–1.33, p = 0.52

RR = 1.03, 95% CI
0.82–1.30, p = 0.78

RR = 1.13, 95% CI
0.94–1.36, p = 0.19

OR = 0.93, 95% CI
0.71–1.21, p = 0.58

HR = 1.10, 95% CI
0.91–1.32, p = 0.33

Other findings

CV mortality:
HR = 1.01, 95%

CI 0.72–1.42,
p = 0.83

MI: HR = 1.33,
95% CI 0.84–2.11,

p = 0.11
Stroke: HR = 0.71,

95% CI
0.34–1.49, p = 0.31

UR: HR = 1.74,
95% CI 1.47–2.07,

p < 0.001
Significant

interaction for CV
mortality
between

treatment and
the SYNTAX
score, p for

interaction = 0.03

In diabetic
patients:

RR = 1.34, 95% CI
0.93–1.91, p = 0.11;

In non–diabetic
patients:

RR = 0.94, 95% CI
0.72–1.23, p = 0.65,

p for
interaction = 0.13

SYNTAX score
0–22: RR = 0.91,

95% CI 0.60–1.36,
p = 0.64

SYNTAX score
23–32: RR = 0.92,
95% CI 0.65–1.30,

p = 0.65
SYNTAX

score ≥ 33:
RR = 1.39, 95% CI
0.94–2.06, p = 0.10,

p for
interaction = 0.38

CV mortality:
RR = 1.03, 95% CI
0.79–1.34, p = 0.82

Stroke:
RR = 0.74, 95% CI
0.36–1.50, p = 0.40

MI: RR = 1.22,
95% CI 0.96–1.56,

p = 0.11
UR: RR = 1.73,

95% CI 1.49–2.02,
p < 0.001

All-cause
mortality:

RR = 1.07, 95% CI
0.89–1.28, p = 0.48
CV mortality: RR

1.13, 95% CI
0.89–1.43, p = 0.31
Stroke: RR = 0.87,
95% CI 0.62–1.23,

p = 0.42
MI: RR = 1.48,

95% CI 0.97–2.25,
p = 0.07

UR: RR = 1.70,
95% CI 1.34–2.15,

p < 0.001

MACCE
(all–cause

mortality, MI,
stroke, repeat
revasculariza-

tion): OR = 0.69,
95% CI 0.60–0.79,

p < 0.001
CV mortality:

OR = 0.95, 95% CI
0.68–1.32, p = 0.75
Stroke: OR = 1.17,
95% CI 0.59–2.31,

p = 0.66
MI: OR = 0.48,

95% CI 0.36–0.65,
p < 0.001
Repeat

revascularization:
OR = 0.53, 95% CI

0.45–0.64,
p < 0.001

CV mortality:
HR = 1.07, 95%

CI 0.83–1.37,
p = 0.61

Stroke: HR = 0.84,
95% CI 0.59–1.21,

p = 0.36
Spontaneous MI:

HR = 2.35, 95% CI
1.71–3.23,
p < 0.001
Repeat

revascularization:
HR = 1.78, 95% CI

1.51–2.10,
p < 0.001

10–year all–cause
death: HR = 1.10,
95% CI 0.93–1.29,

p = 0.25

Interpretation

PCI and CABG
showed similar

mortality;
interaction effect

suggesting
relatively lower
mortality with
PCI in patients

with low
SYNTAX score
and relatively

lower mortality
with CABG in

patients with high
SYNTAX score

PCI and CABG
showed similar

mortality,
regardless of

diabetic status
and

SYNTAX score

PCI and CABG
showed similar
mortality; UR

was less common
after CABG

PCI and CABG
showed similar
mortality; UR

was less common
after CABG

PCI and CABG
showed similar

mortality; CABG
reduced risk

of MI,
revascularization

and MACCE,
especially in older
patients and with

high
SYNTAX score

PCI and CABG
showed similar
mortality; MI

and repeat
revascularization

were less
common

after CABG

* All ORs are reported for CABG compared with PCI, CABG–coronary artery bypass grafting, CI—confidence
interval, CV—cardiovascular, HR—hazard ratio, MACCE—major adverse cardiac or cerebrovascular event,
OR—odds ratio, PCI–percutaneous coronary intervention, RR—risk ratio, UR—unplanned revascularization.

2.3. Special Groups

When considering the optimal strategy for LMCA revascularization, not only the
severity of CAD and the possibility of achieving complete revascularization is important,
as comorbidities, age, and past medical history also influence the treatment. As RCTs are
prone to strict enrolment criteria, they might not appropriately reflect patients that are met
in everyday practice. According to multiple reports, patients over the last years tend to be
older and sicker. As a consequence, due to high surgical risk, PCI is more often a method of
choice. It was well expressed by Kataruka et al. in their analysis, reporting over a two-fold
increase in LMCA PCI between the years 2005 and 2017 [39]. The apparent diversity of
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patients and little evidence supporting management strategies in special groups may raise
clinical uncertainties.

2.3.1. Diabetes Mellitus

Diabetes mellitus (DM) is one of the most challenging comorbidities associated with
CAD. Patients with DM are at a higher risk of developing severe CAD, complications
after revascularization, and risk of restenosis [40]. After the initial decrease of DM-related
complications, such as MI, recent years have brought an alarming trend of their resurgence,
mainly among younger patients [41]. Traditionally, diabetes has been a strong indication
for CABG treatment, especially in patients suffering from a multivessel disease (MVD).
Although there is evidence supporting CABG in such cases, the choice of optimal treatment
in LMCAD is blurrier [34]. In the BMS era, there was a noticeable benefit of CABG over PCI
in LMCAD with concomitant DM, but the development of DES has once again led to the
need for reconsideration of optimal revascularization strategy [42]. Although no trial has
solely focused on diabetic patients, there is recent evidence derived from subanalyses of
the aforementioned modern RCTs and large registry studies that suggest similar outcomes
of PCI compared with CABG. Head et al. in their pooled analysis of individual patient data
from 11 trials, reported that five-year all-cause mortality was similar in patients treated
with either method, and diabetes status did not interact with the treatment effect (p for
interaction = 0.13) [34]. A more recent meta-analysis performed by Sabatine et al. supported
these findings [38].

In conclusion, PCI with modern-era DES became a valuable option for diabetic patients
with LMCAD. Nevertheless, CABG remains the treatment of choice for MVD involving
LMCA with concomitant DM.

2.3.2. Chronic Kidney Disease

Chronic kidney disease (CKD) is a well-known condition associated not only with
more diffuse CAD, but also with a poorer prognosis [43]. A recently published RCT sug-
gested that there is no benefit of the early revascularization approach in such patients [44].
Data on LMCAD treatment with concomitant CKD is limited, but lately presented evidence
mostly supports the equivalence of CABG and PCI, especially in terms of all-cause mor-
tality rates [45–48]. Patients who obtained percutaneous treatment more often required
repeat revascularization, while surgery was linked with a higher risk of stroke. However,
the benefits of CABG were significant in severe CKD, which is consistent with Lee et al.
findings of a patient-pooled analysis of PCI outcomes [49].

2.3.3. Left Ventricular Dysfunction

Heart failure (HF) and CAD often accompany each other, as the latter is the most
common cause of left ventricular (LV) dysfunction [50]. The improved survival of patients
with MI, among others, has resulted in the increasing prevalence of HF over the last
years [50,51]. According to Bollano et al. the utilization of coronary angiography in patients
with HF between 2000 and 2018 has increased by 5.5% per year, resulting in an increased
number of revascularizations and a better long-term prognosis. Interestingly, no such
increase was seen for angina pectoris and ST-elevation myocardial infarction (STEMI) [52].
The choice of revascularization method in patients with reduced left ventricular ejection
fraction (LVEF) may determine their long-term survival. The STICH (Surgical Treatment for
Ischemic Heart Failure) trial proved that CABG is superior to medical therapy in patients
with ischemic cardiomyopathy at a ten-year follow-up [53]. On the other hand, the most
recent REVIVED trial has questioned the reasonableness of PCI in patients with severe
ischaemic LV dysfunction [54]. Importantly, the study included 95 patients with LMCAD.
In the overall cohort and in the LMCAD subgroup, the percutaneous approach did not
result in a lower incidence of death from any cause or hospitalization for heart failure
when compared to medical therapy. However, there are a few concerns regarding the study
design. First of all, it was an open-label trial. Secondly, lesion-significance assessment did
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not include intravascular imaging or physiological assessment, which may have especially
influenced patients with LMCAD. Thirdly, as much as 66% of individuals in the PCI arm
were asymptomatic, therefore results cannot be easily extrapolated to patients with angina.
Several observational studies and meta-analyses compare invasive methods of treatment
revealed better outcomes of surgery in patients with reduced LVEF and CAD [34,55–58].
When it comes to the management of patients with LMCAD, Wolff et al. reported that
CABG was associated with significantly improved survival compared with PCI [57]. A
recent analysis of the IRIS-MAIN (Interventional Research Incorporation Society-Left MAIN
Revascularization) registry proved that PCI was inferior to CABG in terms of the primary
composite outcome of death, MI, or stroke in patients with LVEF < 45% [59]. On the
other hand, the results of the EXCEL trial and Bangalore et al. study showed similar
results regarding primary composite endpoint and long-term survival, respectively [24,60].
Moreover, the superiority of the surgical approach was not significant in the IRIS-MAIN
registry when complete revascularization was achieved. It is consistent with other studies,
indicating that completeness of revascularization should be a priority in patients with
reduced LVEF [57,60]. All things considered, contemporary evidence suggests that patients
suffering from LMCAD and reduced LVEF may benefit best from CABG. For those ineligible
for surgery, complete percutaneous revascularization may be a valuable alternative.

2.3.4. Age

With improving life expectancy, it is projected that in the United States by 2050 will
be home to 18 million people aged 85 or above [61]. Age is a powerful risk factor for
CAD, adverse outcomes after cardiovascular events, and complications related to invasive
treatment [62]. Elderly patients undergoing cardiac surgeries may be at an especially high
risk of negative outcomes. Tran et al. in their analysis revealed that frailty syndrome was
remarkably more prevalent in the group of patients undergoing CABG compared with
patients undergoing major noncardiac surgery (22% vs. 3%). Recent studies comparing the
percutaneous approach with surgical treatment of CAD brought mixed results. The superi-
ority of CABG was especially marked in patients with MVD, but not in LMCAD [63–65].
A substudy from the DELTA registry (Drug-Eluting stent for LefT main Artery) found no
difference in the occurrence of the primary endpoint in octogenarians after CABG and
PCI [66]. Recently published results of a subanalysis of the ten-year follow-up SYNTAX
Extended Study which focused on elderly individuals (>70 years old) with three-vessel
disease and/or LMCAD reported comparable ten-year all-cause death, life expectancy, five-
year MACCE, and five-year quality of life (QOL) status irrespective of revascularization
mode [67]. Moreover, there was no significant difference between the relative risks of the
treatment effects in the EXCEL trial, and no interaction between age and revascularization
methods for the primary outcome was found in the NOBLE trial [15,16]. Sabatine et al. in
their meta-analysis found no statistically significant heterogeneity for five-year all-cause
deaths in a group of patients suffering from LMCAD aged ≥65 compared with <65 years
old [38]. Based on present-day evidence, providing similar effects concerning mortality and
QOL, PCI is an important alternative to CABG in LMCAD treatment in the elderly. Results
suggest that concomitant comorbidities, frailty syndrome, and expected QOL, rather than
chronological age, might be more relevant when considering optimal revascularization
strategy in this group.

2.3.5. Lesion Anatomy

When planning the optimal revascularization technique for LMCA, lesion localization
and vessel anatomy must be taken into consideration. LMCA is usually divided into three
segments—ostium, shaft, and distal segment (Figure 1). As atherosclerotic plaques can
localize in every part, treatment strategies are different. The early RCT conducted by
Boudriot et al. reported that the incidence of MACCE in the PCI arm differed dramatically
regarding lesion location (1.0% in ostium/shaft and 18% in distal segment) [29]. Later,
MAIN-COMPARE (Revascularization for Unprotected Left Main Coronary Artery Stenosis:
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Comparison of Percutaneous Coronary Angioplasty Versus Surgical Revascularization)
and DELTA registry analyses brought evidence that lesions located in the ostium and shaft
treated by either revascularization method provided comparable outcomes [68,69]. Earlier,
the analysis of the latter registry revealed that bifurcation compared with ostial/shaft
angioplasty was associated with a higher incidence of MACCE [70]. Long-term follow-up
of MAIN-COMPARE demonstrated unfavorable outcomes of PCI compared with CABG
for distal LMCAD [71]. Percutaneous treatment was associated with a significantly higher
risk for death and composite outcome (hazard ratio (HR): 1.78, 95% confidence interval
(95% CI): 1.22–2.59; HR: 1.94, 95% CI: 1.35–2.79 for death and composite outcome, respec-
tively). In contrast, this effect was not observed for ostial or shaft lesions. Interestingly,
analysis of the EXCEL trial proved only greater rates of repeat revascularizations, with
no influence on the incidence of primary composite outcome after PCI, compared with
CABG in the group of patients with bifurcation disease. In the case of lesions located in
the ostium/shaft, both treatment methods provided similar results in terms of primary
composite outcomes and repeat revascularization rates [72]. Recent findings of a meta-
analysis performed by De Filippo et al. supported the superiority of CABG in distal but
not in ostial/shaft LMCAD [73]. In summary, contemporary evidence suggests that hetero-
geneity related to the location of atherosclerotic plaques in LMCA is an important factor
that should influence the decision regarding revascularization method. For ostial/shaft
lesions, both techniques provide similar prognosis and durability, whereas surgery gives
better outcomes when applied to the distal LMCAD. In patients with bifurcation disease
selected for percutaneous treatment, better outcomes may be achieved by preferably using
the double kissing crush (DK crush) stenting technique, the appliance of intravascular
imaging, and appropriate stent optimization [74,75].

  
(a) (b) 

Figure 1. Coronary angiograms. (a) Severe distal left main coronary artery (LMCA) lesion. (b) Dis-
seminated coronary artery disease with shaft LMCA lesion.

3. State-of-the-Art Evaluation of LMCAD

Significant LMCA stenosis is detected in 4–6% of patients referred for coronary an-
giography, occasionally also in asymptomatic individuals [4]. Knowing the unfavorable
prognosis of untreated LMCAD, precise evaluation of atherosclerotic plaque is essential
in further management. Due to overlapping of side branches, lesion eccentricity, vessel
foreshortening, and angulation, conventional coronary angiography has its limitations,
especially in intermediate (40–70%) LMCA narrowing. Moreover, the significance of steno-
sis assessed angiographically is observer-dependent, and the reproducibility of results is
low even between experienced clinicians [76,77]. To avoid misclassification of the disease,
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recent years brought the development of various adjunctive tools that are helpful in the
decision-making process.

3.1. Intravascular Imaging

Intravascular ultrasound (IVUS) is the best-established method of intravascular imag-
ing in LMCAD evaluation. It may provide valuable information on the plaque extent,
cross-sectional characteristics of the lesion, and minimal lumen area (MLA) in LMCA
and its branches (i.e., left anterior descending artery (LAD), left circumflex artery (LCx)).
As it became evident that plaque burden at the MLA is an independent predictor of
events, researchers strived to set an optimal threshold for determining the significance
of LMCA stenosis [78,79]. Firstly, based on the analysis of 55 patients and a fractional
flow reserve (FFR) of 0.75, Jasti et al. proposed a cut-off value of 5.9 mm2 [80]. Later,
the prospective multicentre LITRO study validated an MLA of 6.0 mm2 as a safe value
for LMCA revascularization deferral [81]. In a two-year follow-up period, between pa-
tients with MLA < 6.0 mm2 who underwent revascularization and deferred patients with
MLA ≥ 6.0 mm2, there were no significant differences in survival and MACCE rates. Since
then, the MLA of 6.0 mm2 became a widely acknowledged cut-off value for deferring
revascularization of the LMCA. Nonetheless, both of the aforementioned studies were
conducted in Western populations. Park et al. in their analysis of 112 Asian individuals
proposed IVUS derived MLA of 4.5 mm2 as a cut-off value for an FFR of ≤0.8 [82]. A
plausible explanation of these discrepancies may include ethnic differences in coronary
artery dimensions. The mean MLA of patients included in the Asian study was 4.8 mm2,
while Jasti et al. reported a mean MLA of 7.65 mm2 in their study group. Ethnic differences
in LMCA anatomy were also supported by a comparative study of 99 Asian and 99 United
States white patients (MLA 5.2 ± 1.8 vs. 6.2 ± 14 mm2, respectively) [83].

Not only is IVUS a useful tool for LMCAD assessment, but also it may provide im-
portant information on stent adequate expansion and apposition. Early insights from
the MAIN-COMPARE registry provided evidence on a better prognosis of patients with
LMCAD who underwent PCI under the guidance of IVUS in comparison to only conven-
tional angiography [84]. The reduction in three-year incidence of mortality was especially
marked in the group of patients who received DES (4.7% vs. 16.0%, log-rank p = 0.048)
and no difference was observed in the group treated with BMS (8.6% vs. 10.8%, log-rank
p = 0.35). Further registry studies supported these findings [85–87]. The meta-analysis of
ten studies performed by Ye et al. revealed that IVUS-guided PCI of LMCA impressively
reduced the risks of all-cause death by 40% compared with angiography-guided PCI [88].
The benefit of IVUS-guidance may especially include stent optimization. It was proved in
an early analysis of RCTs by Doi et al. that post-intervention minimum stent area (MSA)
measured by IVUS was an important factor that could predict in-stent restenosis (ISR)
after nine-months of follow-up, and the authors suggested an MSA threshold of 5.7 mm2

for paclitaxel-eluting stents [89]. In the EXCEL trial IVUS-substudy there was a strong
association between the group of patients with small final MSA (4.4–8.7 mm2) and the
occurrence of adverse events during long-term follow-up, compared with patients with the
largest MSA (11.0–17.8 mm2) [90]. The currently best-known proposed MSA cut-off values
that predicted ISR are 5.0 mm2 for LCx, 6.3 mm2 for LAD, 7.2 mm2 for confluence zone,
and 8.2 mm2 for LMCA [91]. However, nowadays some clinicians advocate for higher MSA
thresholds, as in the DK-CRUSH VIII trial (>10 mm2, >7 mm2, >6 mm2 for LMCA, LAD,
and LCx, respectively) [92]. To sum up, IVUS is an important tool that can improve PCI
performance, leading to fewer procedural-related complications and a better prognosis in
patients with LMCAD.

Optical coherence tomography (OCT) is a newer method that can provide excellent
resolution images influencing a better assessment of plaque phenotype and identification
of PCI-related complications. However, due to technology that requires proper blood
clearance, OCT cannot be applied to coronary artery ostia. Another drawback includes
low tissue penetration which limits the utilization of this method in LMCA stenosis as-
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sessment [93]. Despite that, recent studies investigated its outcomes in PCI of LMCA in
comparison with IVUS and conventional angiography, especially in bifurcation disease. In
the retrospective analysis of 730 patients, OCT was found to be superior to angiography in
distal LMCA stenting with no difference compared to IVUS-guidance [94]. In the LEMON
trial that analyzed the feasibility, safety, and impact of OCT-guided LMCA PCI, the primary
endpoint of procedural success was achieved in 86% of subjects, suggesting that OCT may
be a suitable tool for PCI guidance in distal LMCA [95]. Although contemporary results
are promising, further research that investigates safety, long-term outcomes in big arteries,
and OCT correlation with physiological assessment is needed.

3.2. Physiological Assessment

Knowing the limited accuracy of conventional coronary angiography in the evaluation
of LMCAD significance, a physiological assessment may deliver crucial information on
the ischemic potential of vessel narrowing, determining further management strategy.
A study conducted by Hamilos et al. proved that the FFR threshold of ≥0.80 for LMCA
revascularization deferral is safe and clinical outcomes in such patients were similar to those
who obtained surgical treatment based on the FFR values < 0.80 [96]. The data on the safety
and feasibility of FFR-based deferral was later supported by various meta-analyses, RCTs,
and register studies [97–100]. Moreover, decisions based on visually assessed 50% diameter
stenosis (DS) may not accurately reflect the hemodynamic and functional significance of the
vessel narrowing, especially in LMCA. Interestingly, an analysis of 152 patients revealed
that the optimal cut-off value of DS for predicting FFR ≤ 0.80 was 43%, and multiple
studies supported visual-functional mismatch in patients with LMCA lesions [96,101,102].
However, it is noteworthy that FFR interpretation in patients with bifurcation disease or
downstream stenoses requires special caution, as it may cause under- or over-estimation of
LMCA narrowing functional significance [103–105].

Apart from the pre-PCI assessment of LMCAD, FFR is also a useful tool in post-PCI
functional optimization or jailed side branch management. According to previous studies
that focused on functional significance of side branches after bifurcation crossover stenting,
angiography alone tends to overestimate the functional severity of stenoses [106,107]. When
it comes to LMCA, Lee et al. reported that only 16.9% of patients that underwent simple
crossover stenting had FFR < 0.80 in jailed LCx, and no correlation between FFR values and
angiographic percent DS was found [108]. Moreover, at five years, patients with higher FFR
values had lower target lesion failure (TLF) rates, while no difference in such outcomes was
found based solely on DS. It suggests insufficient angiographic accuracy in the evaluation of
jailed LCx functional significance and, consequently, that in most cases complex procedures
can be avoided by postinterventional FFR assessment.

Recently, instantaneous wave-free ratio (iFR) established the position of a valuable tool
that provides outcomes non-inferior to FFR in CAD treatment [109–111]. However, data
on its safety and long-term clinical outcomes in LMCAD assessment is currently limited.
A study by Warisawa et al. indicates that iFR cutoff ≤ 0.89 for LMCA revascularization
deferral is safe, and at a median follow-up of 30 months, MACCE rates were similar to
patients that underwent invasive management [112]. If confirmed in further studies, iFR
may become an important adenosine-free alternative to FFR in LMCAD evaluation.

4. Percutaneous Management Techniques

Evolution and pursuit of better clinical outcomes in patients with LMCAD also affected
percutaneous management techniques. As mentioned before, atherosclerotic plaques
localized in the distal segment of LMCA are related to a higher incidence of MACCE
compared with ostial/shaft lesions. Therefore, optimal stenting technique for bifurcation
disease was a subject of special interest over the last years.

Early RCTs concerning percutaneous treatment provided data on unfavorable out-
comes of the two-stent technique in coronary artery bifurcations, and advocated for provi-
sional stenting (PS) in such cases [113,114]. Contrary to them, DKCRUSH-II (Randomized
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Study on Double Kissing Crush Technique Versus Provisional Stenting Technique for Coro-
nary Artery Bifurcation Lesions) reported that the DK crush technique in selected patients
was associated with lower target lesion revascularization (TLR) and target vessel revascu-
larization (TVR) rates compared with PS [115]. The results of this study evoked scientists’
interest in further research of the optimal percutaneous approach in coronary bifurcation
disease, including distal LMCA. Besides RCTs that involved all-comer bifurcation lesions,
two of them focused exclusively on LMCA. DKCRUSH-V trial investigated the difference
in TLF between patients with LMCAD that underwent PS compared with DK crush [74]. At
three years, the two-stent technique was associated with significantly better outcomes (TLF
occurred in 16.9% and 8.3% of patients in the PS and DK crush groups (p = 0.005), respec-
tively), and the advantage was especially marked in complex lesions. On the other hand,
in the EBC MAIN (European Bifurcation Club Left Main Study) patients with true LMCA
bifurcation lesions were randomly allocated to a stepwise layered provisional strategy
group or systemic dual stent approach [116]. Interestingly, although none of the analyzed
methods proved to be significantly superior, a single-stent approach provided numerically
better outcomes in terms of primary (and most of the secondary) endpoints. As the main
findings differ between studies, a closer look into procedural characteristics may clarify the
source of the discrepancy. Firstly, it is noteworthy that an earlier DKCRUSH-III study which
focused on differences in clinical outcome between DK crush compared with culotte in
distal LMCAD proved that at three years culotte stenting was associated with significantly
increased rates of MACCE and stent thrombosis (ST) [117]. Moreover, the most recent
network meta-analysis comparing bifurcation techniques that included 8318 patients from
29 RCTs reported that DK crush was superior to PS and other two-stent techniques [118].
Yet, in EBC MAIN culotte was the most common, and, on the contrary, DK crush was the
least common technique used in a two-stent approach (53% and 5% for culotte and DK
crush, respectively). Secondly, the PS protocol differed between the two studies—in EBC
MAIN kissing balloon inflation (KBI) of the side vessel after stenting was a part of the
procedure, whereas in DKCRUSH-V KBI was permitted only if residual DS of the side
branch was >75%, or dissection ≥ type B, or Thrombolysis In Myocardial Infarction (TIMI)
flow grade < 3 was present. As the studies comparing KBI with no-KBI in a one-stent
approach provide non-consistent results, this difference in protocols presumably influenced
the final outcomes of the aforementioned RCTs [119]. Lastly, it is noteworthy that operators
included in the DKCRUSH-V study had to be well-experienced, as it was confirmed by
sending three to five cases to the trial steering committee, which to some extent might have
driven favorable DK crush outcomes. The question of whether if the procedure protocols
had been unified would the outcomes of both RCTs be similar is thought-provoking, and
suggests that further research with the state-of-the-art approach is needed.

When it comes to the recommendations, a provisional strategy followed by a proximal
optimization technique (POT) is preferred for the majority of patients, especially without
a true distal LMCA lesion [120]. In case of too distal balloon positioning during POT,
carina shift resulting in side branch ostium lumen reduction might occur. In such cases, as
described before, FFR assessment of functional significance might be applicable. Impor-
tantly, if a suboptimal effect was achieved or complications occur, such an approach allows
conversion to a two-stent technique (T-, T and protrusion (TAP) or culotte) for a better final
outcome. When deciding between a one-stent and up-front two-stent strategy, the complex-
ity of LMCA lesion should be the key-determinant. Although no universal definition of
complexity has been established, developed in the DEFINITION study (Definitions and
impact of complEx biFurcation lesIons on clinical outcomes after percutaNeous coronary
IntervenTIOn using drug-eluting steNts) criteria are the most acknowledged [121]. Recent
results of the DEFINITION II trial, including 28.8% of patients with distal LMCAD, proved
that for the pre-specified coronary bifurcation lesions, the complexity criteria two-stent ap-
proach was associated with significantly better outcomes compared with PS [122]. Of note,
in this study, as much as 77.8% of patients in the two-stent group were treated with the DK
crush technique. Current ESC/EACTS guidelines indicate that in true bifurcation lesions of
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LMCA, DK crush may be preferred over provisional T-stenting (class IIb recommendation,
level of evidence B) [123]. Even though presumably superior to other methods, it should be
kept in mind that DK crush is technically demanding and optimal effects may be achieved
in hands of experienced operators. Selected PCI bifurcation techniques are presented in
Figure 2.

 

Figure 2. Selected percutaneous coronary intervention bifurcation techniques. (A) Provisional
stenting, (B) culotte, (C) double kissing crush.

5. Current Guidelines and Future Directions

Surgical revascularization has established its position as a gold standard for LMCA revas-
cularization, reflected in class I recommendation by European and US guidelines [123,124].
Over recent years, great progress has been made in the field of percutaneous CAD treat-
ment, and its equivalence with CABG in selected patients was supported by gradually
accumulated evidence, eventually earning a part in recommendations for LMCAD treat-
ment. In the most recent European guidelines class of recommendation for PCI in LMCA
was dependent on SYNTAX score: tertiles–I in the lowest, IIa in intermediate, or III in the
highest [123]. On the other hand, last year, updated US clinical practice guidelines gave
more unified class IIa recommendation for percutaneous treatment in selected patients
for whom PCI can provide equivalent revascularization to that possible with CABG, with-
out anatomical complexity stratification [124]. However, recommendations are consistent
with each other when it comes to the multidisciplinary heart team involvement in the
decision-making process. Such an approach can improve outcomes and minimize the risk
of inappropriate use of revascularization strategies, as a marked variability in PCI-to-CABG
ratios between countries was observed [125]. Surgical risk scores, such as the European
System for Cardiac Operative Risk Evaluation (EuroSCORE II) and the Society of Thoracic
Surgeons (STS) score, and anatomical complexity SYNTAX score may provide useful infor-
mation that influences heart team discussion toward a more patient-orientated decision.
If the outcomes are expected to be comparable, the preferences of the patient should be
forefront. The summary of indications for PCI and CABG are presented in Figure 3.

Although great effort has been put to improve outcomes and dispel doubts concerning
the optimal approach in LMCAD, not all issues have been resolved. Firstly, knowing
the late cross-over of event curves, long- and very long-term follow-up of NOBLE and
EXCEL are likely to deliver more information on the actual durability and effectiveness
of percutaneous and surgical treatment. Secondly, more subgroup-dedicated studies that
investigate optimal treatment options in specific patients are needed. Knowing the unequal
clinical outcomes of various stenting techniques and the influence of adjunctive tools on
PCI results, contemporary state-of-the-art percutaneous treatment comparison with CABG
might start a new chapter in LMCAD revascularization.
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Figure 3. Indications for percutaneous coronary intervention and coronary artery bypass grafting in
left main coronary artery disease. CABG–coronary artery bypass grafting, DAPT–dual antiplatelet
therapy, LVEF–left ventricular ejection fraction, PCI–percutaneous coronary intervention, SYNTAX -
Synergy Between Percutaneous Coronary Intervention With TAXUS and Cardiac Surgery.

6. Conclusions

The last decades’ developments and further progress in coronary revascularization
methods were arguably one of the greatest steps in cardiology and changed the dramatic
course of CAD. Although the declining trend in deaths due to IHD in high-income countries
is caused by many factors, technical improvements and widespread access to percutaneous
treatment are undoubtedly one of them. As for once-deadly LMCA stenosis, nowadays
two effective treatment options are available. There is no unified algorithm for decision-
making in LMCAD, but careful selection of patients and a multi-disciplinary heart team
approach can provide the best management option at the time. Since the modern coronary
revascularization philosophy has become patient-orientated, it is important to emphasize
that PCI and CABG are not contradictory to each other but rather complementary in terms
of reaching favorable outcomes in various clinical settings. Further years are expected
to bring more research on LMCA treatment, but due to constant improvements in both
techniques they will likely not break the deadlock and the optimal approach will remain a
moving target.
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Abstract: Since the prevalence of heart failure (HF) increases with age, HF is now one of the most
common reasons for the hospitalization of elderly people. Although the treatment strategies and
overall outcomes of HF patients have improved over time, hospitalization and mortality rates remain
elevated, especially in developed countries where populations are aging. Therefore, this paper is
intended to be a valuable multidisciplinary source of information for both doctors (cardiologists
and general physicians) and pharmacists in order to decrease the morbidity and mortality of heart
failure patients. We address several aspects regarding pharmacological treatment (including new
approaches in HF treatment strategies [sacubitril/valsartan combination and sodium glucose co-
transporter-2 inhibitors]), as well as the particularities of patients (age-induced changes and sex
differences) and treatment (pharmacokinetic and pharmacodynamic changes in drugs; cardiorenal
syndrome). The article also highlights several drugs and food supplements that may worsen the
prognosis of HF patients and discusses some potential drug–drug interactions, their consequences
and recommendations for health care providers, as well as the risks of adverse drug reactions and
treatment discontinuation, as an interdisciplinary approach to treatment is essential for HF patients.

Keywords: heart failure; treatment strategies; new pharmacological approaches; age-induced
changes; sex-related differences; pharmacokinetics; pharmacodynamics; discontinuation of treatment;
food supplements; drug interactions

1. Introduction

Heart failure is defined by the European Society of Cardiology Guidelines as a clinical
syndrome derived from structural and/or functional cardiac abnormalities [1]. This syn-
drome is characterized by common symptoms (such as fatigue, breathlessness, or ankle
swelling) and typical signs (such as peripheral edema, elevated jugular venous pressure,
or pulmonary crackles), all leading to reduced cardiac output and/or high intracardiac
pressure (at rest or during stress periods) [2]. Thus, heart failure (HF) can be defined as
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the inability of the heart to ensure optimal blood flow, which is necessary for the organs to
maintain the metabolic and functional processes of all organs. Currently, several HF defini-
tions are available, which differ in the function of the setting (from the medical literature
to medical practice, including the current guidelines) [3]. Moreover, several classification
frameworks also exist, which aim to properly characterize different subsets of HF (from
NYHA classification to EF categories or HF etiology) [3].

Drug therapy is a well-established strategy in treating heart failure (HF) and there
are guidelines that cover most of the long-standing and recent research, although specific
situations cannot be extensively analyzed [2].

HF affects a wide range of patients and thus occurs in several forms that are widely
based on the assessment of left ventricular (LV) ejection fraction (EF): heart failure with
preserved ejection fraction (HFpEF), with mildly reduced ejection fraction (HFmrEF),
and with reduced ejection fraction (HFrEF) [4]. HFpEF is considered in patients with normal
LVEF (commonly considered to be ≥50%, with symptoms and signs, elevated levels of
natriuretic peptides and 1 additional criterion of relevant structural heart disease/diastolic
dysfunction at least) [3]. The HFrEF designation is typically applied to patients presenting
with less than 40% EF. Patients with LVEF between 40 and 49% represent a gray area,
nowadays referred to as HFmrEF [5].

The diagnosis of HFpEF is relatively demanding, as patients usually have a normal
LV, with a certain degree of wall hypertrophy and/or increased left atrial (LA) volume.
Diagnosis requires proof of increased LV filling pressure or impaired LV filling, which
explains the terminology of diastolic HF/dysfunction. However, diastolic dysfunction is
also found in most HFrEF and HFmrEF patients (previously referred to as systolic HF) [2].

It seems that the prevalence of HF significantly varies with age, starting from ap-
proximately 1–2% among adults and increasing strikingly to more than 10% in people
older than 70 years, and is more common in men than in women [2,6]. Since HF incidence
and prevalence increase with age, HF is nowadays one of the most common reasons for
hospitalization of elderly people [7]. Although treatment strategies and overall outcomes
of HF patients have improved over time, hospitalization and mortality rates still remain
elevated, especially in developed countries where the population is aging, which represents
an economic burden for healthcare budgets [7].

Except for the pathology itself, HF is also associated with co-morbidities such as prior
stroke or myocardial infarction, atrial fibrillation, diabetes mellitus, chronic lung disease,
osteoarthritis, thyroid disease, dementia, depression, and chronic renal/hepatic failure,
and all of these pathologies require additional treatment strategies [8].

Moreover, several aspects, such as changes in the mechanisms (neuroendocrine, in-
flammatory, immunological, or metabolic) involved in the physiopathogenesis of HF [7],
the presence of co-morbidities, the use of polypharmacy in HF patients, and altered phar-
macokinetics and pharmacodynamics of drugs in elderly people [9,10], require a patient-
centered approach in order to avoid inappropriate medical prescriptions, drug interactions,
exacerbation of adverse drug effects [11], and low adherence to pharmacological treatment,
with altered prognosis of HF patients being a major consequence [12–14].

Moreover, because the worldwide population is aging and the number of people
≥80 years old will triple by 2050, it is extremely important to decrease the prevalence and
incidence of cardiovascular pathologies in order to decrease multi-morbidity and health
care costs [15].

Herein, we discuss the main important aspects regarding pharmacological approaches,
treatment strategies, and the particularities of patients and treatment that should absolutely
be taken into account in order to improve treatment outcomes for HF patients.

2. General Considerations Regarding HF Treatment

The pharmacological treatment of HF is oriented towards the following: long-term
management of the pathology and improvement in survival (e.g., ACEIs (angiotensin-
converting enzyme inhibitors), ARBs (angiotensin receptor blockers), beta-blockers, MRA
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(mineralocorticoid receptor antagonists), ARNI (angiotensin receptor-neprilysin inhibitors),
SGLT2 (sodium-glucose cotransporter-2) inhibitors and ivabradine, an If channel blocker,
highly selective for sinoatrial node pacemaker current) and symptom relief medication
(e.g., administration of diuretics, nitrates or digoxin). Except for loop diuretics and digoxin,
all of these options for treatment have been shown to improve symptoms, reduce hospital-
ization rates and/or prolong survival, in large randomized controlled trials [16,17].

Drug selection for HF depends on the type of HF and on the personal characteristics
of the patients, the most important goals being as already mentioned: to reduce mortality,
to improve clinical status and functional capacity and to prevent hospitalization [16,17].

2.1. Mechanisms of Action of the Classical Therapy in Chronic HF Patients

Later, we summarize the mechanisms of actions and the benefits of the main classes of
drugs/pharmaceutical substances used in the treatment of HF.

Beta-blockers bind to β adrenergic receptors (β1-receptors located in the heart and
kidneys; β2-receptors located in the vessels, lungs, gastrointestinal tract, liver, uterus,
and skeletal muscle; β3-receptors located in the adipocytes). By binding toβ1-receptors,
they block the deleterious actions of catecholamines: noradrenaline and adrenaline [18].
As a result, the heart rate and the contractility decrease and thus, the cardiac output and
blood pressure will also decrease. As the heart rate will decrease, this will allow a longer
time for diastolic filling, without typically reducing the stroke volume. Moreover, certain
beta-blockers (cardioselective ones) will also reduce rennin secretion (via the blockade of
β1 receptors in the juxtaglomerular apparatus), thus decreasing the severity of angiotensin
II-induced vasoconstriction and aldosterone-induced volume expansion [19]. They are
classified into noncardioselective beta-blockers (e.g., propranolol, carvedilol, and labetalol)
and cardioselective beta-blockers (β1-selective, e.g., atenolol, metoprolol, bisoprolol and
nebivolol). Certain beta-blockers are associated with vasodilating properties (nebivolol
improves nitric oxide release, whereas carvedilol and labetalol block the α1-receptor).
The vasodilating properties are beneficial because they decrease the peripheral vascular
resistance, thus improving stroke volume, left ventricular function and therefore, car-
diac output [18].

ACEIs selectively inhibit the angiotensin-converting enzyme leading to decreased
angiotensin II production and, therefore, limit its negative effects, such as vasoconstriction,
antidiuretic hormones, and aldosterone secretion. Moreover, ACEIs will increase the levels
of the potent vasoactive peptide bradykinin, an endogenous vasodilator. Thus, ACEIs will
induce vasodilatation, decreasing the total peripheral resistance (both arterial and venous)
and blood pressure. In this way, they decrease the left ventricular afterload, thus increasing
cardiac output and decreasing filling pressures (both left and right), which will improve
pulmonary and systemic venous congestion [20].

ARBs work on the same angiotensin pathway, the difference being the fact that they
bind to AT1 receptors located on the vascular smooth muscle, as well as in other tissues
(e.g., heart) and thus, they block the damaging actions of angiotensin II. They induce less
vasoconstriction and antidiuretic hormone and aldosterone secretion and lower blood
pressure. Therefore, as well as ACEIs, they prevent damage to the vasculature, heart
and kidneys [20].

As in some cases, the ACEIs or ARBs do not suppress the excessive formation of
aldosterone sufficiently, patients with moderate to severe heart failure can also benefit from
aldosterone antagonists. MRAs work by competitively blocking the binding of aldosterone
to the mineralocorticoid receptor, thus decreasing the reabsorption of sodium and water,
as well as decreasing the excretion of potassium, leading to cardioprotective effects [21].

Loop diuretics act by inhibiting the luminal sodium-potassium chloride cotransporter
located in the thick ascending limb of the loop of Henle, where approximately 20–30% of
the filtration of sodium occurs. Therefore, compared with other diuretics, loop diuretics
reduce the reabsorption of a much greater proportion of sodium, leading to the excretion of
it, alongside water. This will decrease the plasma volume, cardiac workload, and oxygen
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demand, thereby relieving the signs and symptoms of volume excess. They are currently
used to relieve symptoms associated with pulmonary congestion and peripheral edema in
HF patients [22].

If the patient is intolerant to ACEIs/ARBs/ARNIs, other vasodilators can be used,
such as isosorbide dinitrate or hydralazine. Isosorbide dinitrate acts by releasing nitric
oxide into the vascular smooth muscle cell, which activates guanylyl cyclase (an enzyme
that catalyzes the formation of cyclic guanosine monophosphate-cGMP from guanosine
triphosphate–GTP). Therefore, the increased intracellular cGMP will activate a series of
reactions, which will decrease the intracellular calcium and thus, the contractility of vascular
smooth muscle, leading to smooth muscle relaxation and vasodilatation. Hydralazine
also acts on the vascular smooth muscle, with multiple effects such as the stimulation
of nitric oxide release from the vascular endothelium (with cGMP production and low-
intracellular calcium concentration), opening of potassium channels and inhibition of
calcium release from the sarcoplasmic reticulum, thus inducing smooth muscle relaxation
and subsequent vasodilatation [23].

Digoxin increases cardiac muscle cells’ contractility by inhibiting Na+/K+/ATPaze
pump in the cardiac muscle, a pump responsible for moving sodium ions out of the cells
and bringing potassium ions into the cells. When sodium concentrations in the cardiac
cell increases, another electrolyte mover known as the sodium-calcium exchanger pushes
the excess of the sodium ions out, while bringing additional calcium ions in. Therefore,
the intracellular calcium increases, which will later increase the force of contraction and
thus the cardiac output. Cardiac output increases followed by a decrease in ventricu-
lar filling pressures. Moreover, it inhibits the atrio-ventricular node, by stimulating the
parasympathetic nervous system. Therefore, it diminishes the electrical conduction in the
AV node and thus the heart rate. However, it has not been shown to reduce mortality [24].

Ivabradine acts by blocking the If current channel, responsible for the cardiac peace-
maker, which regulates the heart rate. In this way, it prolongs the diastolic time and
decreases the heart rate without affecting myocardial contraction/relaxation or ventricu-
lar repolarization [25].

2.2. New Approaches in HF Pharmacological Treatment

As several pharmacological classes of drugs have emerged in recent years with proven
long-term benefits, in the following, we describe some of the most important aspects,
as they are currently underused.

2.2.1. Sacubitril/Valsartan

The combination of sacubitril and valsartan is the first from the class of angiotensin
receptor–neprilysin inhibitors (ARNI). Agents in this new therapeutic class (sacubitril/valsartan)
act at the level of RAAS and the neutral endopeptidase system. Sacubitril acts by inhibit-
ing neprilysin and slowing down the degradation of natriuretic peptides, bradykinin,
adrenomedullin, and other peptides [26]. It is indicated in chronic symptomatic heart
failure with reduced ejection fraction [27].

Sacubitril/valsartan also improves symptom severity and heart functionality in pa-
tients with HFpEF, reducing the serum levels of the biomarker NT-pro BNP (and increasing
BNP), an indicator of heart failure severity, and improves quality of life after 24 weeks [28].

One of the largest HF trials ever performed (PARADIGM-HF trial) compared enalapril
with sacubitril/valsartan. In this trial, 8442 patients with HFrEF with FEVS ≤ 40% were
enrolled and randomly received enalapril or sacubitril/valsartan twice daily. The trial
was stopped early after 27 months because sacubitril/valsartan met the pre-specified
stopping endpoint for an overwhelming benefit. All of the outcomes showed a 20% lower
event rate in favor of sacubitril/valsartan; even the death rate from any cause was 16%
lower in the group receiving sacubitril/valsartan [29]. ARNIs have been associated with
improvements in diastolic function, left ventricular function, quality of life and decrease in
ventricular arrythmias [30,31].
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In the PROVE-HF and EVALUATE-HF trials, sacubitril/valsartan showed efficacy in
improving the structural and functional changes that occur during heart failure. It improves
cardiac remodeling and decreases the biomarker NT-pro BNP, so the drug reverses the
damage to the heart in HFrEF patients [32].

Sacubitril/valsartan is recommended to replace ACE inhibitors when HFrEF patients
are still symptomatic after optimal therapy. When initiating therapy with sacubitril/valsartan,
there are some safety issues, including symptomatic hypotension, angioedema, and risk of
hyperkalemia, so monitoring blood pressure levels, kidney function, and kalemia is extremely
important [27,33]. Although the new combination was approved for the market starting from
2015, it is currently still underused, despite its proven benefits [34].

Figure 1 presents the mechanism of action of sacubitril/valsartan association and
its consequences [27–34].

 

Figure 1. Neurohumoral imbalance in heart failure.

2.2.2. Sodium Glucose Co-Transporter-2 Inhibitors

It is known that patients with type 2 diabetes mellitus (T2DM) are prone to developing
cardiovascular events and heart failure, which can lead to high rates of hospitalization and
premature mortality [35].

A new class of antidiabetics, sodium glucose co-transporter-2 (SGLT2) inhibitors,
has also been found to have beneficial effects in patients with cardiac diseases [36,37]. The
compounds in this class are represented by empagliflozin, dapagliflozin, canagliflozin,
and ertugliflozin [38]. They act by inhibiting glucose transport in the proximal tube of the
kidney, resulting in glucosuria and, as a result, lower blood glucose levels [35].
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Aside from the direct mechanism of action on glucose control, other indirect mecha-
nisms are taken into account regarding possible cardiovascular benefits [39].

In Figure 2, we summarize the possible mechanisms involved, their actions, and their
effect on the heart [39,40].

 
Figure 2. Mechanisms, actions and effects of SGLT2 inhibitors on the heart.

The main trials reporting the benefits of SGLT2 inhibitors in HF patients with reduced
EF, more precisely of dapagliflozin and empagliflozin, are as follows: DAPA-HF [41],
DEFINE-HF [42] and EMPEROR-reduced [43].
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The DAPA-HF trial evaluated the long-term effects of dapagliflozin on the incidence
of cardiovascular death or HF hospitalization, regardless of the presence of diabetes. It
was a phase 3 randomized placebo-controlled study, enrolling 4744 patients suffering
from chronic HFrEF (NYHA class II-IV, LVEF ≤ 40% in addition to the recommended HF
therapy, NT-proBNP high and eGFR ≥ 30 mL/min/1.73 m2) and having a median period
of 18 months. The obtained results were as follows: a reduction in all-cause mortality
and HF symptom aggravation, and the improvement in physical condition and overall
quality of life. Their excellent benefits were seen very soon after starting the treatment
with dapagliflozin. Regarding the incidence of adverse effects, they were attributed to
volume depletion, renal dysfunction or hypoglycemia, but they did not differ between the
studied groups [41].

The DEFINE-HF trial assessed the effect of dapagliflozin on the symptoms and
biomarker plasmatic concentration of HFrEF patients (NYHA class II-III, LVEF ≤ 40%,
eGFR ≥ 30 mL/min/1.73 m2 and with elevated natriuretic peptides). In total, 263 patients
were included (taking either dapagliflozin 10 mg/once, daily, or a placebo, for a period
of 12 weeks, in addition to the recommended HF therapy). Dapagliflozin induced an im-
provement in the patients’ health conditions or in their natriuretic peptides’ plasmatic con-
centrations [42].

The EMPEROR-reduced clinical trial evaluated the outcome of empagliflozin in pa-
tients with chronic HFrEF (NYHA class II-IV, LVEF ≤ 40%, eGFR ≥ 20 mL/min/1.73 m2). It
was a double-blind clinical trial involving 3730 patients who received either empagliflozin
(10 mg/once daily) or a placebo, in addition to the recommended HF therapy, for a median
period of 18 months. Cardiovascular death and hospitalization rates (due to the worsening
of HF) were reduced by empagliflozin, regardless of the presence of diabetes mellitus.
The annual decline in the renal filtration rate was reduced, as well as the severity of renal
complications. Non-complicated fungal infections of the genital tract were reported more
often in patients taking empagliflozin [43].

Therefore, both substances are included as recommend treatments for HFrEF patients
by the American and European guidelines [1,17].

The EMPEROR-preserved study assessed the effects of empagliflozin in patients with
chronic HFpEF (NYHA class II-IV, LVEF ≥ 40%, eGFR ≥ 20 mL/min/1.73 m2). In total,
5988 patients were included, who were randomized 1:1 and received either empagliflozin
(10 mg/once daily) or a placebo, in addition to their classical HF therapy. Over a period of
26.2 months, the primary outcome was obtained (decreased risk of hospitalization in HF
patients, regardless of the presence/absence of diabetes). Beneficial effects were also seen
in eGFR, without considering the renal outcomes by themselves. It is important to note
the fact that the most used medicines for HFrEF have not shown benefits in patients with
HFpEF; therefore, empagliflozin is superior in improving HF outcomes even in patients
with HFpEF, which are symptomatic and stable [44,45].

In Table 1, we summarize the indications, contra-indications and cautions worth
considering for ARNI and SGLT2 inhibitors [17].

Table 1. The indications, contra-indications and cautions for ARNI and SGLT2 inhibitors.

ARNI SGLT2 Inhibitors

Indications

� HFrEF (≤40%)
� NYHA class II-IV
� Alternative of ACEI/ARB

� HFrEF (≤40%) ± diabetes mellitus
� NYHA class II-IV

Contra-indications

- hypersensitivity to the active
substances
- history of angioedema
- severe hepatic impairment
- ≤36 h of the last ACEI dose

- hypersensitivity to the active substance
- type I diabetes
- dialysis
- eGFR < 30 mL/min/1.73 m2

(dapagliflozin)
- eGFR < 20 mL/min/1.73 m2

(empagliflozin)
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Table 1. Cont.

ARNI SGLT2 Inhibitors

Cautions

♦ severe renal impairment
(starting dose: 24/26 mg × 2/day)
♦ moderate hepatic impairment
(starting dose: 24/26 mg × 2/day)
♦ SBP < 100 mmHg
♦ volume depletion
♦ renal artery stenosis
♦ pregnancy/lactation

♦ high risk of genital infections
(especially mycotic) and
urinary infections
♦ hypovolemia
♦ ketoacidosis
♦ acute renal impairment
♦ necrotizing fasciitis of the perineum
(Fournier gangrene)
♦ bladder cancer
♦ pregnancy

3. Treatment Strategies in HF Patients

For the treatment of heart failure with preserved ejection fraction or with mildly
reduced ejection fraction (LVEF ≥ 50% or LVEF between 40 and 49), the guidelines recom-
mend the prescription of diuretics, as first line therapy [1]. The other drugs (ACEI or ARB,
beta-blockers or MRA) may be considered as a second alternative [1].

The treatment strategy also focuses on treating co-morbidities such as: hypertension,
atrial fibrillation, cardiac ischemic disease, pulmonary hypertension, diabetes mellitus,
chronic kidney disease, COPD (chronic obstructive pulmonary disease), anemia and obesity.
The optimal management of co-morbidities has been shown to improve symptoms and to
improve the patient’s quality of life [2].

In the case of congestion, diuretics will be very effective and will improve the symp-
tomatology. There is proof that nebivolol, candesartan, digoxin and spironolactone might
reduce hospitalization for patients with HFpEF in sinus rhythm [46]. Moreover, besides
empagliflozin, none of other drugs consistently met their primary endpoint in the clinical
trials that were performed, and none reduced mortality and morbidity [44,45].

For patients in atrial fibrillation, the prescription of an anticoagulant is very important
for reducing thrombo-embolic events [47]. For the control of heart rate, the use of digoxin,
beta-blockers or verapamil/diltiazem is recommended, targeting an optimal rate control
between 60 and 100 bpm [48].

Amiodarone and non-dihydropyridine calcium-channel blockers (CCB) are able to
reduce heart rate, but due to their adverse effects profile, they should be replaced, if possible.
In the case of a fast ventricular rate and symptoms, it might be appropriate to consider AV
node ablation, and if there are indications for ICD (implantable cardioverter-defibrillator),
AV node ablation with the implantation of CRT-D (cardiac resynchronization therapy–
defibrillator) might be preferred. The rhythm control strategy has not been shown to be
superior to the rate control strategy. Urgent cardioversion is indicated if atrial fibrillation is
life threatening [49].

Regarding HFrEF treatment, the evidence base for drug treatment in HF is for HFrEF. Either
an ACEI/ARB/ARNI or a beta-blocker should be started (sometimes also ACEI/ARB/ARNI
and beta-blocker at the same time), with doses up-titrated to the maximum tolerated/targeted
dose every 2 weeks. ACEI, beta-blockers and MRA proved to improve survival and are
recommended for the treatment of every patient with HFrEF. The new ARNI (sacubi-
tril/valsartan) has been shown to be superior to ACEI in reducing the risk of death and
hospitalization. Thus, ARNI is recommended to replace ACEI in cases of HFrEF patients if
they are symptomatic despite optimal therapy [26].

In the case of decompensated patients, beta-blockers should not be initiated or if
already initiated but patients develop worsening of HF symptoms (e.g., fatigue, dyspnea,
dizziness or erectile dysfunction) caution should be applied regarding their prescription.
Moreover, in the case of frailty or other complications (e.g., marginal hemodynamics),
a longer period of time may be required for dose up-titration [17].
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ARNI can be prescribed as an alternative to ACEI/ARB intolerance (e.g., angioedema)
or in the absence of hypotension, electrolyte or renal imbalance. It is recommended to
avoid the association of an ARNI with an ACEI and if previously administered ACEI,
to ensure a 36 h washout period before the initiation of an ARNI, due to the high risk of
angioedema [50]. This delay is not required when switching from ARB to ARNI. When
up-titrating ARNI/ACEI/ARB (every 2 weeks or more), the monitoring of the potassium
level, renal function and blood pressure is required. Lower loop diuretic doses may
be necessary for the optimal titration of ARNI/ACEI/ARB and caution regarding the
potassium concentration is required, as well as the dietary restriction of/supplementation
with potassium, as the kaliuretic effect of loop diuretics might no longer be present [17].

If the patients have LVEF ≤ 35%, the guidelines recommend the use of MRAs to
reduce mortality and hospitalization. MRAs (e.g., spironolactone or eplerenone) are added
in patients with symptomatic chronic HFrEF, as a triple therapy (ACEI/ARB/ARNI +
beta-blockers + MRA), in the absence of contra-indications. It is essential to achieve the
targeted dose of other drugs before initiating the treatment with an aldosterone antagonist
and to monitor the potassium levels and renal function under the treatment [17].

SGLT2 inhibitors can also be added, as part of the quadruple therapy (ACEI/ARB/ARNI
+ beta-blocker + MRA + SGLT2 inhibitor), in the absence of contra-indications. There is no
need to achieve targeted doses of other drugs before adding SGLT2 inhibitors, although the
loop diuretic dose might require adjustments based on the close monitoring of symptoms
and weight [17].

Isosorbide dinitrate/Hydralazine could be prescribed especially for African Amer-
ican patients once the targeted dose of ACEI/ARB/ARNI + beta-blockers + MRA has
been achieved [17].

The If channel inhibitor ivabradine is recommended in patients with symptomatic
HFrEF or LVEF ≤ 35%, in sinus rhythm and heart rate ≥ 70 bpm, and in patients that have
been hospitalized for HF in the last year, despite receiving beta-blockers at the maximum
tolerated dose, ACEI and an MRA. The titration of the dose should be performed every
2 weeks in order to decrease the heart rate. In the case of patients ≥ 75 years old or in those
with a history of conduction defects, the recommended initial dose is 2.5 mg twice daily,
administered with meals [17].

4. Particularities of Patients

4.1. Age-Induced Changes
4.1.1. Cardiovascular Structure and Function

A reduction in the response after beta adrenergic stimulation was observed (due
to impaired coupling of G-protein receptors to adenyl cyclase and a decrease in adenyl
cyclase concentration), which damages the capacity of the aging heart to increase cAMP
as a response to the stimulation of beta receptors [7,51]. Thus, age-related cardiovascular
changes are associated with a reduction in chronotropic and inotropic responses, which
decline with age (peak contractility and heart rate decline almost linearly with age) [52].

The filling of left ventricular diastole is impaired by the aging process, as it is a process
that depends on energy and active myocardial relaxation. Altered calcium release by the
cardiomyocytes, with resulting prolonged contractile period of the heart, was also observed
in elderly people [7,53].

The high deposits of collagen, amyloid, and lipofuscin in the interstitial space and
myocyte hypertrophy seen in older people increase cardiac stiffness and decrease cardiac
compliance, altering cardiac filling, especially in critical situations [7,54–56].

The increased vascular (arterial) stiffness (due to collagen deposition and cross-linking
in the vascular media and to fragmentation of arterial elastin), together with impaired
endothelium-dependent vasorelaxation (a consequence of vascular inflammation and
altered endothelial nitric oxide synthesis) observed in aging lead to a higher afterload and
a predisposition to systolic hypertension in the elderly [57,58].
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Inadequate mitochondrial synthesis of adenosine triphosphate in response to stress
will lead to altered energy release, thus altered cellular reactions, such as gene expression,
chromatin remodeling, intra/extra-cellular signaling, ion homeostasis, muscle contraction,
protein and hormone synthesis and secretion, and neurotransmitter release and reuptake [59].

4.1.2. Other Organs

Age-associated modifications in the glomerular filtration rate and electrolyte imbal-
ances [60,61] often seen in the elderly (due to dehydration, diuretic use, etc.) can raise the
risk of HF decompensation and exacerbate the risk of drug side effects, with dangerous
consequences, especially if the patient also has chronic kidney disease [62].

The aging of the respiratory system can lead to decreased compliance in pulmonary
function. Moreover, the presence of chronic lung disease or sleep-related breathing disor-
ders can increase the risk of pulmonary hypertension, exacerbate the sensation of dyspnea,
and decrease biventricular filling [7,63,64].

The aging of the autonomic nervous system is characterized by sympathetic hyperre-
activity and increased plasma concentrations of catecholamines, but a reduced sympathetic
response is observed due to the diminished response of catecholamine receptors. Thus,
tachycardia is felt less in elderly than middle-aged adults [65].

4.2. Sex Differences in HF

Regarding sex differences in heart failure, it seems that a large percentage of women
tend to develop HRpEF, with the etiology of HF being either hypertension, diastolic
dysfunction, or valvular pathology, whereas men tend to develop HFrEF or HFmrEF (HF
with mid-range ejection fraction), with the etiology usually being an ischemic condition [66].
Moreover, it seems that women with HF are usually older and present with increased EF
and more frequent symptoms linked to HF. Although they tend to also have multiple
comorbidities compared to men, a meta-analysis showed that they have a better prognostic
rate regarding hospitalization and mortality risk, regardless of EF [67].

The cardioprotection found in women seems to be due to the secretion of 17β-estradiol,
an estrogen with a very clear established role in counteracting ischemic, hypertrophic,
apoptotic, and cytotoxic impulses related to the heart [66,68,69].

Animal studies have shown that the cardiomyocytes of female models had a higher
rate of survival after they were exposed to oxidative stress, which led to cell death, with the
explanation relying on the fact that highly expressed estrogen receptor alpha (ER-α) can
mediate the inhibition of pro-apoptotic pathways and the activation of the Akt signal-
ing pathway [66,70].

Other differences regarding plasma B-type natriuretic peptide (BNP) levels, left ventric-
ular mass index, left ventricular ejection fraction, and peak oxygen consumption between
the sexes were also noted, suggesting that men are more susceptible to HF development
than women [66,71,72].

Concerning treatment, it seems that although angiotensin-converting enzyme (ACE)
inhibitors decrease the morbidity and mortality rates in both men and women, their
effect seems to be more pronounced in men [73]. On the contrary, angiotensin II receptor
blockers (ARBs) seem to have a higher mortality reduction rate in women than in men,
although no difference was observed between the two classes of drugs (ACE inhibitors
and ARBs) in terms of reduced mortality rates [74]. All of these aspects could be due
to the action of estrogen on the receptor expression of angiotensin II by the ACE2 gene,
located on chromosome X, and to the higher incidence of coughing and thus higher rate of
discontinuation of ACE inhibitors in women [75].

No sex-related differences were observed in terms of treatment outcomes in patients
under treatment with beta blockers or mineralocorticoid receptor antagonist [66].

Differences between the sexes were also noted in the case of digoxin treatment; women
with a digoxin plasma concentration of 1.2–2.0 ng/mL had a higher mortality rate than men,
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although plasma levels of 0.5–0.9 ng/mL in men were associated with reduced mortality,
but not any effect in women [76].

5. Particularities of Treatment

5.1. Pharmacokinetic Considerations and Their Consequences in HF Patients

Reduced blood flow to the gastrointestinal tract causes decreased absorption of
drugs [77]. In the case of medicines with low permeability into the intestinal tissue, edema
in the intestinal mucosa may affect their transport into the intestine [13,78].

Intestinal wall dysfunction secondary to hypoperfusion can, over time, induce chronic
enteral inflammation and malnutrition. On the other hand, increased intestinal permeability
in patients with HF can stimulate the transfer of drugs from the gastrointestinal tract to the
portal blood [13].

Decreased blood perfusion in the central and peripheral organs results in an irregular
tissue distribution of drugs [79]. Differences in the body’s water load can also affect the
distribution of drugs [80,81].

Plasma protein binding may also be affected, especially after a myocardial infarction
(production of α1-glycoproteins in the liver increases tissue necrosis and inflammatory
reactions in the myocardium) or in patients with cachexia [82].

Reduced hepatic and renal blood flow induces an altered metabolism and elimina-
tion of administered drugs and their metabolites. In addition to an irregular distribution
of drugs in the liver (a consequence of poor hepatic blood infusion), hepatic congestion
and/or hypoxia (as a major consequence) and hepatocellular lesions may occur, mani-
fested by hepatocytolysis (and thus increased liver transaminases) and disorders affecting
enzymatic activity [83,84].

Since the concentration of active substances at the site of action cannot yet be directly
determined, plasma concentration is often measured as a surrogate marker of the drug
effect, depending on the concentration of active substances at the site of action [80].

Practically, changes in pharmacokinetics have been only observed in patients with
renal and/or hepatic complications [13,84,85].

Increased action of the following drugs was observed after oral administration in
patients with decompensated HF: captopril, enalapril, perindopril, carvedilol, felodipine,
candesartan, furosemide, milrinone, and enoximone [13,84,85].

Since most studies to date (clinical trials) have not included patients with decompen-
sated HF or major renal or hepatic problems (which involve more severe changes in PK and
PD), the pharmacokinetic and pharmacodynamic parameters are currently under-studied
in patients with HF. Thus, we recommend paying more attention to monitoring the efficacy
and safety of drugs used in HF. Furthermore, the progressive titration of drugs should be
implemented and the benefit/risk ratio should be periodically evaluated [13,84,85].

5.2. Pharmadynamic Considerations

The pharmacodynamics of drugs, as well as their tolerability, may also be affected
by several neuronal and endocrinological compensatory mechanisms in HF, including the
activation of the renin-angiotensin (RAA) and sympathetic system. Moreover, nodal activity
and baroreceptor sensitivity are affected, and peripheral vascular resistance is increased;
these are aspects that could cause an altered response to administered drugs [13,84,85].

The activation of the sympathetic nervous system can alter the perfusion of the viscera,
especially the splenic organs (liver, gastrointestinal tract, kidneys), to maintain the perfusion
of vital organs (brain and heart), resulting in hypoperfusion in the liver and kidneys.
Furthermore, increased central pressure in patients with right HF causes hepatic congestion
and dilation of the central vein in the hepatic acini, inducing hepatocellular ischemia and
necrosis, and reducing the activity of microsomal enzymes [13,84–86].

Therefore, it is advisable to consider all changes that might occur in heart failure
patients (Figure 3) [13,84–86].
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Figure 3. Particularities in heart failure.

5.3. HF Treatment in Patients with Cardiorenal Syndrome

It is well known that the acute/chronic dysfunction of one organ could induce the
acute/chronic dysfunction of the other organ [87], therefore, cardiorenal syndrome has
been defined as a spectrum of diseases involving the heart and the kidneys. This syndrome
implies a “hemodynamic cross-talk” between the injured heart and the kidneys’ responses
and vice versa [87,88]. Several mechanisms underline this cardiorenal syndrome, such as
the hemodynamic interactions between the heart and kidneys in HF patients; cytokine
production; the impact of atherosclerotic disease on both organs; biochemical perturbations
due to the installation of chronic kidney disease; and the structural changes that appear in
the heart, which are due to kidney disease progression [87,89].

In summary, the drop in cardiac output induces the activation of the sympathetic
nervous system which will increase the stroke volume and the heart rate, as a compensatory
mechanism. Sympathetic nervous system activation will also stimulate the release of renin
from the kidneys, with the consequence of RAAS activation. Moreover, the drop in cardiac
output will also induce a decreased perfusion of the kidneys, leading to kidney injuries
(the beginning of cardiorenal syndrome). A reduced perfusion in the kidneys will stimulate
renin release, RAAS activation and thus sodium and water retention (due to aldosterone
secretion and antidiuretic hormone release), which will later increase the mean arterial
pressure and the preload and decrease the cardiac output. RAAS activation will also cause
vasoconstriction, which will contribute to reduced renal perfusion [87,89,90].
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Moreover, chronic kidney disease (CKD) can lead to cardiovascular dysfunction,
as a low glomerular filtration rate activates RAAS, which will lead, in time, to cardiac re-
modeling and left ventricular hypertrophy. CKD also implies a reduction in erythropoietin
production over time, leading to anemia, which will increase the risk of ischemic events in
the heart. Moreover, CKD induces a decrease in vitamin D production and parathormone
stimulation, leading to an increase in calcium and phosphate levels and thus, increased
risk of coronary and vessel calcification, augmenting the high risk of ischemic events [91].
Electrolyte imbalances are also observed in CKD patients, more precisely, hyperkalemia,
which can increase the risk of cardiovascular complications [87].

Therefore, the management of cardiorenal syndrome is challenging and must be
directed towards the specific pathophysiologic mechanism involved. The volume overload
can be either addressed by prescribing diuretics (usually loop diuretics, as they are the
most potent diuretics e.g., furosemide, torsemide and bumetanide) or using ultrafiltration
methods. The addition of a thiazide diuretic to a loop diuretic may be preferred in the case
of diuretic resistance, as an initial approach to restore euvolemia [87,89]. Regarding HF
treatment in patients with renal disease, the renal function and potassium level should
be checked within 1–2 weeks of the initiation or up-titration of an ACEI/ARB/ARN.
Regarding aldosterone antagonists (MRA), in patients with preserved renal function or
mild to moderate impairment, potassium levels and renal function should be checked
within 2–3 days after the initiation of the therapy, followed by a check after 7 days of
treatment, and at least monthly for the first 3 months and then, every 3 months [17].

In patients with severe renal impairment (eGFR < 30 mL/min/1.73 m2), the ARBs/ACEIs
are considered safe. The starting dose of ARNI (Sacubitril/Valsartan) should be reduced to
24/26 mg, twice a day, in patients with severe renal impairment. The dose of ARNI might
also need to be reduced in the case of hypotension or hyperkalemia. MRAs are contraindi-
cated in patients with severe renal impairment, creatinine > 2.5 mg/dL in men, creati-
nine > 2 mg/dL in women or potassium > 5.0 mEq/L. As for SGLT2 inhibitors, there is cur-
rently no evidence regarding dose adjustments in patients with eGFR < 30 mL/min/1.73 m2

for dapagliflozin and eGFR < 20 mL/min/1.73 m2 for empagliflozin [17]. As a general rule,
a decrease in eGFR of more than 30% or the apparition of hyperkalemia should alert the
clinician to adjust (decrease) the doses of HF drugs [17].

5.4. HF Treatment in Pregnancy and Lactation

During pregnancy, the increased physiological requirements are partially fulfilled
through changes in the physiology of the cardiovascular system, which has to adapt to
the extra metabolic demands of the fetus and of the other organ systems. Therefore,
the augmentation of the size and activity of the uterus, as well as the increase in blood flow
in the choriodecidual space, represents extra work for the cardiovascular system. Moreover,
during pregnancy, the skin and kidneys have an increased perfusion which allows them to
disperse heat and retain sodium and water [92,93].

Symptoms of HF are more likely to appear in the second trimester as a consequence of
an increased cardiac output and of intravascular volume (during pregnancy, the plasma
volume increases by 40% and the cardiac output by 30–50%) [94]. Therefore, the therapeu-
tical management of HF during pregnancy will be adapted to the clinical setting and the
severity of the pathology. For cases in which the oral administration of drugs is sufficient,
diuretics, betablockers, hydralazine or nitrates can be recommended. Usually, diuretics
represent the first line treatment for pregnant HF women due to the increased preload
associated with pregnancy (therefore, reducing preload will diminish the left side filling
pressure and the pulmonary capillary pressure, and thus, it will allow the resorption of
the pulmonary interstitial fluid). Currently, there is no evidence that diuretics are directly
responsible for fetal growth restrictions. Betablockers decrease the heart rate and allow
a greater filling during diastole. Beta-1-selective blockers (for example metoprolol succinate
or bisoprolol) are preferred and better tolerated [1,92].
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Regarding the management of HF before pregnancy, ACEIs, ARBs, ARNI, MRA
and SGLT2 inhibitors, as well as ivabradine should all be avoided and stopped prior to
conception due to an increased risk of fetal harm. It is recommended that the pregnancy be
planned and closely monitored by a multidisciplinary team of specialists in order to avoid
HF decompensation and fetal harm (induced by either the pathology or the treatment) [1].

Hydralazine, methyldopa, or oral nitrates can also be recommended during pregnancy [1].
In patients with atrial fibrillation, low-molecular-weight heparins are the first choice

of anticoagulant treatment (NOAC should be avoided due to insufficient data regarding
their safety) [1].

Concerning the breastfeeding period in HF women, it is important to know that
the mother’s treatment prevail over breastfeeding compatibility, and that the benefits of
breastfeeding are important for both the mother and child [95,96]. Enalapril is among the
preferred options of ACEIs (as it has the most assuring safety data) and can be used from
birth. [95]. As a second option, among the ARBs, losartan can be a good choice, due to its
extensive first-pass metabolism and thus low systemic concentration, but breastfeeding
should be performed with caution [95]. From the betablockers, metoprolol succinate or
propranolol are the preferred choices (favorable PK profile and assuring data). Additionally,
carvedilol or bisoprolol can be seen as a second option of treatment. Sacubitril/valsartan
association should be avoided due to lack of data regarding their use during pregnancy,
as well as SGLT2 inhibitors. Moreover, there is good evidence for digoxin, hydralazine
and spironolactone use during breastfeeding period. The monitorization of babies exposed
to either betablockers or ACEIs is recommended for hypotension (especially in neonates),
lethargy, drowsiness, bradycardia, poor feeding, or weight gain [95].

6. Drugs and Food Supplements That Can Aggravate HF

The treatment of HF patients is very complex and includes not only lifestyle changes
but also multiple pharmacological therapies, as well as the presence of co-morbidities
and individual pharmacological strategies; this leads to polypharmacy in HF patients,
generating increased iatrogenic risks [97,98].

In Appendix A we summarize the main/most used drugs and food supplements that
can worsen the prognosis of heart failure patients; thus, it is recommended to avoid them
by this category of patients [99–170].

7. Potential Drug–Drug Interactions in HF Patients

Several studies have shown a strong association between the number of drugs taken by
HF patients (usually more than five) and the occurrence of potential drug–drug interactions,
leading to the conclusion that the incidence of drug–drug interactions in HF patients is
extremely high [97,171,172].

The coordinated efforts of a multidisciplinary team of healthcare providers also
involving a clinical pharmacist could reduce the medication-related problems and im-
prove the efficacy, tolerability, and safety of the pharmacological strategies implemented
by physicians [171,173,174].

Appendix B summarizes the main important drug–drug interactions that should be
considered in HF patients, their consequences, and some recommendations regarding
their management [174–185].

8. Adverse Drug Reactions in HF Patients

Adverse drug reactions (ADRs) have been estimated to account for approximatively
10–20% of hospital admissions in geriatric units [186]. Moreover, an observational study
performed in 1996 highlighted that the iatrogenic problems accounted for nearly 7% of
HF admissions and were associated with higher mortality and prolonged hospital stays
compared with those of non-iatrogenic causes [187,188]. Thus, the decompensation of HF
patients due to iatrogenic conditions is a well-known and documented problem, which
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leads to increased morbidity and mortality rates. Therefore, good management of all
prescribed drugs is mandatory for HF patients.

It seems that there are also sex-related differences between men and women regarding
ADRs. Although women are underrepresented in all phases of clinical trials and little is
known about this aspect, several meta-analyses concluded that women are more susceptible
(1.5–1.7×) to developing ADRs than men and are also at higher risk of hospitalization due
to the severity of ADRs [189,190].

As women usually present HFpEF with additional risk factors (co-morbidities and
advanced age) compared with other types of HF, there seems to be a high incidence of
polypharmacy, as they tend to take more drugs than men (including over-the-counter
drugs and food supplements); thus, they have an increased risk of iatrogenic events (due
to ADRs and drug interactions) and low adherence to treatment. Other explanations
may underline this problem of high iatrogenic risk. Sex differences in the pharmacoki-
netics and pharmacodynamics of administered drugs (regarding distribution volume,
hepatic/renal clearance, sex hormones, alterations in drug target expression and signal
transduction pathways, immunological conditions, etc.) predispose women to a higher
probability of overdosing than men [190–194]. Drug-induced ventricular arrhythmia (torsade
de pointes) is more often encountered in women, as women have longer QTc intervals, proba-
bly due to the sex hormone modulation of Ca2+ and K+ channels implicated in ventricular
repolarization [190,195]. Differences in prescribing habits for men and women compared with
the recommended guidelines is another reason supporting the high incidence of ADRs in
women, as well as the overall poor quality of life observed in women HF patients [189,190].

All of the aforementioned sex-related differences in female patients predispose women
to a higher probability of drug-induced complications such as bleeding problems (e.g., un-
der antithrombotics), electrolyte abnormalities (e.g., under diuretics), cough and increased
creatinine (under treatment with ACE inhibitors), myopathy (under statin treatment),
hepatotoxicity, skin diseases, etc. [190,196,197].

Thus, it is important to adjust the drug dosage as a function of total body weight/size
or glomerular filtration rate and titrate it to the required clinical effect, especially in those
with a narrow therapeutic index, in order to avoid the incidence of ADRs [189,190].

9. Discontinuation of Drugs in HF Patients

Several articles also discuss the negative outcomes of HF patients after discontinuing
chronic HF treatment [2,187,198–200].

It was observed that RAAS (renin-angiotensin-aldosterone system) inhibitors provide
the most beneficial outcomes in terms of mortality reduction in patients with HFrEF,
although renal function is affected at baseline [201]. The cessation of these drugs in patients
with HFrEF was associated with increased mortality and re-hospitalization admissions
after 1 month, 3 months, and 1 year, which led to the conclusion that RAAS inhibitors
should not be discontinued in patients with moderate to several renal dysfunction if the
benefits outweigh the risks [202].

Regarding beta blocker discontinuation, although they are associated with a risk of
negative inotropic effects and hypotension, ESC has recommended not to disrupt beta
blocker treatment unless severe hypotension is present, due to the risk of rebound ef-
fects (such as rebound tachycardia, aggravation of angina pectoris, risk of ventricular
arrhythmia) and the correlation with increased mortality and readmissions rates after
cessation of treatment [2,199,203]. Several trials highlighted that continuous adminis-
tration of beta blockers in patients with decompensated HF reduced the mortality and
readmission rates [203–205].

10. Conclusions

In order to reduce exacerbations, hospital readmission rates, morbidity, and mortality
and to improve the overall quality of life, an interdisciplinary approach to treatment strate-
gies is mandatory for HF patients. The treatment strategy must be individualized for each
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HF patient, periodically monitored and reviewed by the healthcare team. Moreover, patient
education, including topics such as dietary counseling, healthy lifestyle habits, regular
exercise in a tolerable amount, alcohol and smoking cessation; moreover, understanding
the alarming signs and symptoms of HF decompensation (shortness of breath, fatigue,
ankle swelling, sudden weight modification) is another extremely important action that
needs to be urgently implemented by societies with aging populations.
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Appendix A

Table A1. Drugs and food supplements that can worsen HF prognosis.

Drugs [99]
Possible Mechanism

Involved
Results References

NSAIDs

Inhibition of
cyclooxygenase enzyme

Inhibition of renal
prostaglandin synthesis

Sodium and water retention
Higher systemic

vascular resistance
Reduction in

renal perfusion,
glomerular filtration rate,

sodium excretion

[100–106]

Alpha-1 blockers
(e.g., doxazosin)

Beta-1 receptor stimulation
Stimulation of renin and

aldosterone release
Chronic alfa1 antagonism

Stimulation of heart fibrosis
factor galectin-3 expression

Edema
Tachyphylaxis

Cardiomyocyte apoptosis
Myocardial hypertrophy

[107]

Calcium channel blockers
(e.g., verapamil,

diltiazem)

Negative inotrope
Calcium channel blockade

Cardiac depression
Atrioventricular
conduction block

[103,106]

Moxonidine (centrally
acting α-adrenergic drug)

Possible sympathetic
withdrawal

Myocardial depression
Hypotension

Rebound norepinephrine
increase

[108]

Class I antiarrhythmic
(e.g., flecainide,
disopyramide)

Negative inotrope
Pro-arrhythmic stimulation

Myocardial infarction
Premature ventricular beats
Myocardial depressant effects

[106,109]

Class III antiarrhythmic
(e.g., sotalol)

Beta inhibition
Pro-arrhythmic stimulation
Potassium channel blockade

Bradycardia
Prolonged QT interval

Torsades de pointes
T-wave abnormalities

[109–111]

Inhibitors of dipeptidyl
peptidase 4 (e.g.,

sitagliptin, saxagliptin)

Dipeptidyl peptidase
4 enzyme interference

Direct interaction
in myocytes

Calcium channel interference
Interference in substance

P degradation
Sympathetic nervous
system stimulation

Myocardial infarction
Stroke [103,112–115]

Thiazolidinediones (e.g.,
rosiglitazone,
pioglitazone)

Possible calcium
channel blockade
Interference with

mitochondrial respiration or
oxidative stress

Sodium and
water retention

Peripheral edema
Myocardial infarction

Stroke Transient
ischemic attacks

[106,115–117]
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Table A1. Cont.

Drugs [99]
Possible Mechanism

Involved
Results References

Itraconazole

Negative inotropic effect
Mitochondrial dysfunction

Inhibition of
11 beta-hydroxysteroid

dehydrogenase 2
Cytochrome P450 inhibition

Peripheral edema
Hypertension

Prolonged QT interval
Cardiac depression

Excess mineralocorticoid
Myofibroblast damage

[118–120]

Amphotericin B Unknown Cardiotoxicity
Dilated cardiomyopathy [121]

Carbamazepine(overdose)

Negative inotropic and
chronotropic effects
Depression of phase

2 repolarization
Direct toxic effect on

myocardial fibers
Anticholinergic action

Increased automaticity of
ectopic pacemakers

Sodium channel blockade

Left ventricular dysfunction
Suppressed sinus

nodal activity
Atrioventricular

conduction disturbances
Hypotension

[122–124]

Pregabalin

Alterations in cardiac renin
angiotensin system (RAS)

L-type calcium
channel blockade

Peripheral edema
Decreased calcium influx

in cardiomyocytes
Left ventricular deterioration

[125–127]

Tricyclic antidepressants

Negative inotrope
Pro-arrhythmic stimulation

Norepinephrine and
serotonin reuptake blockade

Sodium channel blockade
Suppression of potassium

channels in myocytes
Vasoconstriction of

cerebral arteries

Arrhythmias
Impaired heart conduction
Prolonged intraventricular

conduction
Prolonged QT interval

Hemorrhagic stroke
Ischemic stroke

[128,129]

Citalopram

Inhibition of depolarizing
current mediated by L-type

calcium channels
Antagonistic effects on

myocardial
potassium channels

Prolonged QT interval
Episodes of torsades de pointes

Arrhythmias
[130,131]

Pergolide, cabergoline,
pramipexole

Potent agonists at cardiac
myocyte 5-

HT2B
serotonin receptors

Induction of
fibroblast activation

Valvular damage
Cardiac valvular regurgitation
Pulmonary arterial hypertension

Peripheral edema

[132–134]

Clozapine

Calcium channel blockade
Ig-E mediated

hypersensitivity
Reduced left ventricular

function

Myocarditis
Cardiomyopathy

Prolonged QT interval
Elevated troponin

[135–138]

Lithium

Altered acetylcholinesterase
activity

Direct myofibril
degeneration

Induction of oxidative stress
Interference with calcium

ion influx

Cardiac fibrosis
Cardiomyocyte apoptosis

Rhythm disturbances
Edema, ascites

Complete heart block and
first-degree AV block

[139–143]

β2 adrenergic agonists
(e.g., salbutamol)

Decreased β-receptor
responsiveness

Small positive inotropic and
chronotropic effects

Activation of
Gs/cAMP/PKA

Inhibition of Gi/PDE

Arrhythmias
Prolonged QT interval [144,145]
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Drugs [99]
Possible Mechanism

Involved
Results References

Tumor necrosis factor-α
(TNF-α) inhibitors

Cytokine mediation
Sympathetic excitation

Inflammation and
renin-angiotensin

system upregulation

Peripheral inflammation
Cardiac dysfunction [146–148]

Topical beta-blockers
(e.g., timolol)

Hemodynamic effects due to
beta blockade

Arrhythmias
Myocardial ischemia

Hypotension
Pulmonary edema

[99]

Food supplements [149] Possible mechanism
involved

Results Reference

Aconitum spp.
(Monkshood)

Alkaloids block potassium
channels

Ventricular fibrillation
Bradycardia
Hypotension

[150]

Aesculus hippocastanum L.
(Horse chestnut) Antiplatelet effect

Increased risk of bleeding
when associated with
anticoagulant drugs

[151]

Allium sativum L.
(Garlic)

Inhibition of platelet
aggregation

(dose-dependent)

Increased risk of bleeding
when associated with
anti-thrombotic drugs

[152]

Aloe barbadensis Mill.
(Aloe vera) Laxative effect

Risk of hypokalemia with
increased toxicity of

cardiotonic glycosides or
antiarrhythmia drugs

[153]

Angelica sinensis (Oliv.)
Diels

(Angelica)

Antiplatelet and
anticoagulant effect Increased anticoagulant effect [154]

Cassia senna L.
(Senna) Laxative effect

Risk of hypokalemia with
increased toxicity of

digitalis or
antiarrhythmia drugs

[153]

Citrus paradisi Macfad.
(Grapefruit)

Inhibition of
CYP3A4 enzyme

Increased effects
(therapeutic or toxic) of
co-administered drugs

(e.g., calcium
channel blockers,

antiarrhythmia drugs)
Inefficacy of pro-drugs

metabolized by CYP3A4

[155,156]

Cratageus spp.
(Hawthorn)

Increases digitalis toxicity
(incompletely elucidated)

Risk of digitalis
intoxication if

co-administered
[157,158]

Ephedra sinica Stapf
(Chinese ephera)

Alkaloids stimulate
adrenergic receptors

Indirect agonist stimulation
and noradrenaline release

Tachycardia
Hypertension Arrythmias

Heart attack
Stroke

[159]

Ginkgo biloba L.
(Ginkgo) Antiplatelet effect

Increased risk of bleeding
when co-administered

with antithrombotic drugs
[160,161]

Glycyrrhiza glabra L.
(Licorice)

Hypokalemia
Reduced sodium and water

excretion

Increased toxicity of
digitalis or

antiarrhythmic drugs
Decreased effect

of diuretics

[153]

Harpagophytum
procumbens Burch.

(Devil’s claw)

Inhibition of CYP1A2 and
CYP2D6

Increased effects
of diuretics,

antihypertensives, statins,
and anticoagulants

[162,163]
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Food supplements [149] Possible mechanism
involved

Results Reference

Hypericum perforatum L.
(St. John’s Wort)

Induction of
CYP3A4 isoenzyme activity

Decreases plasma levels of
co-administered drugs

metabolized by this enzyme
[164–166]

Leonurus cardiaca L.
(Motherwort) Antiplatelet effect

Increased risk of bleeding
when co-administered

with antithrombotic drugs
[152]

Oenothera biennis L.
(Evening primrose)

Inhibition of platelet
activating factor

Increased risk of bleeding
when co-administered

with antithrombotic drugs
[167,168]

Panax ginseng
C.A. Meyer

(Asian ginseng)
Decreased prothrombin time

Decreased warfarin effect
and increased risk of

thrombo-embolic events
[152]

Stephania tetrandra
S. Moore Calcium channel blockade Cardiac depression [169]

Zingiber officinale Roscoe
(Ginger)

Thromboxane synthase
inhibition

Prostacyclin agonist

Increased risk of bleeding
when co-administered

with antithrombotic drugs
Increased effects of

antihypertensive drugs

[170]

Appendix B

Table A2. Drug-drug interactions in HF.

Main Drug for HF
Co-Administered

Drugs
Consequences Recommendations

ACE inhibitors

ARBs/aliskiren
(angiotensin II receptor

blockers)

Increased risk of impaired
renal function, acute renal

failure, hyperkalemia,
hypotension, syncope and
falls, thus increased risk of

fractures in the elderly

Avoid association

Sacubitril High risk of angioedema Avoid association

NSAIDs
(nonsteroidal

anti-inflammatory
drugs)

Risk of acute renal failure
due to decreased

glomerular filtration rate
(decreased synthesis of

renal vasodilating
prostaglandins), especially

if patient is elderly,
dehydrated, or under

diuretic treatment

If possible,
avoid association

If association is needed,
proper hydration is

recommended,
monitoring of renal

function, administering
the lowest therapeutic

NSAID dose and for the
shortest period of time

Spironolactone,
amiloride, triamterene

High risk of hyperkalemia,
especially in patients with

chronic renal failure

Evaluate renal function
before beginning of

treatment (determine
creatinine clearance),

administer in
therapeutically effective

minimum doses
and periodically
check potassium

Allopurinol
Higher risk of

hypersensitivity reactions
(Steven-Johnson syndrome)

If associated, ensure
clinical supervision and

adjust dose [177]

Gliptins
Increased risk of

angioedema through
decreased DPPIV by gliptin

Avoid association
If associated, ensure

clinical supervision and
adjust dose
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Main Drug for HF
Co-Administered

Drugs
Consequences Recommendations

Insulin High risk of hypoglycemia Monitor blood glucose
and adjust insulin dosage

Hypoglycemic
sulfonamides

Hypoglycemic risk through
improved glucose tolerance

and decreased
hypoglycemic sulfonamide

dose requirements

Monitor blood glucose
and adjust dosage of

hypoglycemic
sulfonamides

Racecadotril High risk of allergic side
effects (angioneurotic edema)

Avoid association
If associated, ensure

clinical supervision and
adjust dose

Lithium
Increased lithium plasma

concentration through
decreased elimination

Avoiding association
If associated, ensure

clinical supervision and
adjust lithium dose

ARBs

ACE inhibitors
NSAIDs

Spironolactone
Lithium

Same as for ACE inhibitors

Sacubitril/valsartan

Statins Increased effects of statins Adjust statin dose [178]

Sildenafil Additional blood
pressure reduction

Use caution when
associated and adjust
dose of sildenafil [179]

Beta
blockers

(carvedilol, bisoprolol,
metoprolol, nebivolol)

Amiodarone
Cardiac conduction

disorders, bradycardia,
atrioventricular block

Preferably avoid
association, or adapt drug

dosages and conduct
patient monitoring (ECG,

heart rate)

Verapamil
Diltiazem

Cardiac depression, HF
decompensation, AV block

Preferably avoid
association

Antidiabetic drugs

Risk of masking signs
of hypoglycemia

(palpitations, tachycardia,
tremor of extremities)

Preferably avoid
association or closely

monitor dosage of
antidiabetic drugs

Digitalis
Automatic disorders

(bradycardia, sinus arrest),
AV block

Preferably avoid
association or
adjust dosages

NSAIDs

Decreased
antihypertensive effect

due to inhibition of renal
vasodilating prostaglandin

synthesis by NSAIDs

Preferably avoid
association or
adjust dosages

Mexiletine

Negative inotropic effect
Automation disorders

Risk of cardiac
decompensation

Preferably avoid
association

Central
antihypertensives

Decreased central
sympathetic tone and

vasodilating effect of central
blood-lowering drugs

Preferably avoid
association

Imipramine
antidepressants

(e.g., amitriptyline)

Intensification of
vasodilating effect and risk
of orthostatic hypotension

Avoid association or
adapt beta

blocker dosage

Neuroleptics
Vasodilator effect
Risk of orthostatic

hypotension

Monitor blood pressure
and adapt dosages

if needed
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Main Drug for HF
Co-Administered

Drugs
Consequences Recommendations

Anticholinesterases Excessive bradycardia

Avoid association or
monitor heart rate with

adjustment of beta
blocker dosage

Diuretics

NSAIDs Decreased diuretic effect
and risk of kidney failure

Avoid association
if possible

Carbamazepine Increased risk of hyponatremia
Hydrate patient

and correct
electrolyte imbalances

Lithium
Decreased renal

elimination of lithium with
high risk of accumulation

Avoid association if
possible or adapt
lithium dosage

SGLT2 inhibitors
Dapagliflozin
Empagliflozin

Thiazide
diuretics/loop diuretics Increased diuretic effect

Adjust dosage
Monitor the

blood pressure.
Hydrate patients and

monitor the
electrolyte balance

Nitrates

Sildenafil
Increased risk of

hypotension, blood
pressure collapse

Avoid association or
adjust dosage

Heparins Increased excretion of
heparins Adjust dosage

Digoxin

Amiodarone
Propafenone

Quinidine
Clarithromycin

Hypokalemic diuretics

Digoxin toxicity Avoid association or
adjust dosage

Carbamazepine
Dronedarone

Decreased plasma
concentration of digoxin

Cardiac deprivation
Increased digoxinemia

Therapeutic supervision
Therapeutic supervision

(clinical and ECG)
Reduce digoxin dosage

by half

Amiodarone

Verapamil/
Diltiazem

Cardiac deprivation with
high risk of bradycardia

and atrioventricular block

Avoid intravenous
administration,

use ECG
surveillance when

administered orally

Levofloxacin/
moxifloxacin

Ventricular rhythm disorders
(risk of torsades

des pointes)

Therapeutic supervision
(clinical and ECG)

Statins Increased effects of statins
Adjust statin dose

(maximum 20 mg/day
for simvastatin)

Ivabradine

Verapamil/
diltiazem

Increased ivabradine
plasma concentration with
increased risk of side effects

Marked bradycardia

Avoid association

Azithromycin
Ventricular rhythm disorders

(risk of torsades
des pointes)

Therapeutic supervision
(clinical and ECG)

AVK Amiodarone Increased AVK effects
Hemorrhagic risk

INR (International
Normalized

Ratio) control
Adjust dosage (up to

4 weeks after stopping
amiodarone treatment)
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Main Drug for HF
Co-Administered

Drugs
Consequences Recommendations

Allopurinol Increased hemorrhagic risk

INR surveillance and
adjust AVK dosage up to

8 days after stopping
allopurinol treatment [180]

Cefamandole/
cefazolin/

ceftriaxone

Increased AVK plasma
concentration with high

hemorrhagic risk

INR surveillance and
adjust AVK dosage

Fluoroquinolones
Increased AVK plasma

concentration with high
hemorrhagic risk

INR surveillance and
adjust AVK dosage

Fenofibrate
Increased AVK plasma

concentration with high
hemorrhagic risk

INR surveillance and
adjust AVK dosage

Paracetamol

Increased AVK plasma
concentration with high
hemorrhagic risk when

given paracetamol in high
dosage (>4 g/day),

>4 days

INR surveillance and
adjust AVK and

paracetamol dosage

Thiamazole
(methimazole)

Increased risk of bleeding
due to

hypoprothrombinemia
caused by methimazole

If possible, avoid
association or conduct
INR surveillance and

adjust AVK dosage [181]

NSAIDs
Increased AVK plasmatic
concentration with high

hemorrhagic risk

If possible, avoid
association or conduct
INR surveillance and
adjust AVK dosage

NOAC
(New Oral

Anticoagulants)

Rifampicin
Decreased NOAC efficacy

and increased
thromboembolic risk

Clinical supervision
Adjust NOAC dose up to

8 days after stopping
rifampicin treatment [180]

Itraconazole/
ketoconazole/
voriconazole

Increased NOAC plasma
concentration and efficacy
with high risk of bleeding

Clinical surveillance and
adjust dose of NOAC

Carbamazepine/
levetiracetam/
phenobarbital/
valproic acid

Decreased NOAC efficacy
and increased

thromboembolic risk

Clinical supervision and
adjust NOAC dose

Dabigatran

Amiodarone

High plasma
concentration of

dabigatran and increased
risk of bleeding

Clinical supervision and
adjust dabigatran
dose (maximum

150 mg/day) [182]

Dronedarone

High plasma
concentration of
dabigatran (also

rivaroxaban) with
increased risk of bleeding

Clinical supervision
and adjust dabiga-

tran/rivaroxaban dose

Quinidine

High plasma
concentration of

dabigatran with increased
risk of bleeding

Avoid association
If associated, clinical

supervision and adjust
dabigatran dose

Fluconazole/
itraconazole/
ketoconazole

High plasma
concentration of

dabigatran with increased
risk of bleeding

Avoid association
If associated, clinical

supervision and adjust
dabigatran dose
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Main Drug for HF
Co-Administered

Drugs
Consequences Recommendations

Apixaban

Diltiazem

Increased plasma
concentration of apixaban

with increased risk of
bleeding [182,183]

Clinical supervision and
adjust apixaban dose

Clarithromycin/
Erythromycin

High plasma
concentration of

apixaban/rivaroxaban
with increased risk of

bleeding

Clinical supervision
and adjust apixa-

ban/rivaroxaban dose

Fluconazole

High plasma
concentration of

apixaban/rivaroxaban
with increased risk of

bleeding

Avoid association
If associated, clinical

supervision and adjust
apixaban dose

Antiplatelet agents

NSAIDs Increased risk of bleeding
(especially gastro-intestinal)

Avoid association
If associated, clinical

supervision and
adjust dose

Heparins/
oral anticoagulants Increased risk of bleeding

Avoid association
If associated, clinical

supervision and
adjust dose

Selective serotonin reup-
take inhibitors (SSRIs) Increased risk of bleeding

Avoid association
If associated, clinical

supervision and
adjust dose

Antidepressants with mixed
adrenergic–serotoninergic

mechanism
Increased risk of bleeding

Avoid association
If associated, clinical

supervision and
adjust dose

Pentoxifylline Increased risk of bleeding Clinical supervision and
dose adjustments

Clopidogrel

Proton pump
inhibitors (PPIs) High thromboembolic risk Avoid association [184]

Repaglinide

Increased plasma
concentration of oral

antidiabetic with
intensified side effects

Adjust repaglinide dose

Ticagrelor

Dabigatran

High plasma
concentration of

dabigatran and increased
risk of bleeding

Avoid association
If associated, clinical

supervision and adjust
dabigatran dose

Diltiazem/
verapamil

High plasma
concentration of ticagrelor

and increased risk
of bleeding

Avoid association
If associated, clinical

supervision and adjust
ticagrelor dose

Atorvastatin Increased plasma
concentration of statin

Adjust statin
dosage (maximum

40 mg/day) [178,185]
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Abstract: The introduction of new therapeutics for patients with chronic heart failure, including
sacubitril/valsartan, sodium-glucose cotransporter 2 inhibitors, and ivabradine, in addition to beta-
blockers, angiotensin converting enzyme inhibitors, and mineralocorticoid receptor antagonists,
lends an opportunity for significant clinical risk reduction compared to what was available just
one decade ago. Further clinical options are needed, however, for patients with residual clinical
congestion refractory to these therapies. Adaptive servo-ventilation is a novel therapeutic option
to address significant clinical volume in cases resistant to medical therapy. The aggregate benefit
of these additional therapeutic strategies in addition to foundational medical therapy may be a
promising option in the selected candidates who do not achieve acceptable clinical and quality-of-life
improvements with oral medical therapy alone. Now is the era to reconsider the implication of
an adaptive servo-ventilation-therapy-incorporated medical therapeutic strategy for patients with
congestive heart failure.

Keywords: heart failure; hemodynamics; congestion

1. Introduction

Several novel therapies have been introduced over the last decade that both improve
quality of life and reduce mortality in patients with chronic heart failure, including sacubi-
tril/valsartan (ARNI), sodium-glucose cotransporter 2 (SGLT2) inhibitor, and ivabradine [1].
Up-titration of neurohormonal agents including beta-blockers and mineralocorticoid recep-
tor antagonists to maximal doses in addition to these new therapies is essential to achieve
the best clinical benefit [2]. The additional risk reduction for heart failure hospitalization or
death with contemporary four-tier guideline-directed medical therapy (ARNI, beta-blocker,
mineralocorticoid inhibitor, and SGLT2i) compared to angiotensin-converting enzyme in-
hibitors and beta-blockers alone is >50%. The guidelines of the Japanese Circulation Society
recently published a focused update to emphasize the importance of these life-saving
therapies, with a clear recommendation of urgency to rapidly up-titrate these therapies to
doses specified in respective landmark clinical trials [3].

In addition to the survival benefit, improvement in patient-reported outcomes includ-
ing functional status and quality of life is also of paramount importance [4]. Much of this is
related to the treatment of congestion. Although these new medical therapies significantly
reduce the burden of congestions, some patients suffer from residual volume overload
that considerably reduces functional capacity. Furthermore, adequate decongestion at in-
dex discharge following heart failure hospitalization is unsurprisingly strongly associated
with clinical outcomes [5]. Loop diuretics are conventional tools to treat pulmonary and
systemic congestion [6]. Tolvaptan, vasopressin type-2 receptor antagonist, is a potent
natriuretic agent that has been utilized for a decade [7]. Tolvaptan as a diuretic therapy
improves pulmonary/systemic congestion while not worsening renal function [8]. The cost
of this medication in addition to lack of evidence when combined with contemporary heart
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failure therapies are limiting factors to justify the widespread implementation of tolvaptan.
There remains a gap in care for patients with residual congestion, for which nonmedical
therapeutic strategies should be considered.

Adaptive servo-ventilation (ASV; AutoSet-CS; ResMed, Sydney, Australia) is a non-
invasive, positive pressure ventilation tool that reduces work of breathing, suppresses
sympathetic nervous system activation, and improves pulmonary/systemic congestion
via decreasing cardiac preload and afterload in patients with congestive heart failure, if
appropriately utilized at least for 4 h during the night (Figure 1) [9]. Importantly, this
occurs irrespective of the existence of sleep-disordered breathing [10]. Although large-scale
randomized control trials of ASV in patients with chronic heart failure did not demonstrate
a mortality benefit [11], ASV is still being utilized with success in some scenarios to improve
patient symptomology [12].

Figure 1. Adaptive servo-ventilation device set.

We believe that ASV therapy can be an effective strategy in managing persistent
pulmonary/systemic congestion refractory to medical treatment [13], and should be recon-
sidered as part of the therapeutic armamentarium in patients with chronic heart failure,
even in the era when novel medical agents have been introduced, if appropriately utilized
as discussed in this review.

2. Management of Congestion in the Current Era

Adequate control of congestion is a critically important goal in chronic heart failure
management to both reduce mortality and morbidity and improve patients’ symptomology
and quality of life [14]. Furthermore, residual pulmonary congestion misdiagnosed by
clinical assessment at index discharge is associated with worse clinical outcomes [5].

Sacubitril/valsartan was the first of the new medical therapies in patients with chronic
heart failure shown to reduce mortality and morbidity compared to the enalapril arm in the
PARADIGM-HF trial [15]. However, the secondary analysis demonstrated reduced efficacy
of sacubitril/valsartan in patients with multiple signs of congestion based on clinical
exam [16]. SGLT2 inhibitors have pleiotropic benefits with no single direct mechanism to
explain the substantial clinical benefit in patients with heart failure and reduced ejection
fraction. Furthermore, there is a longitudinal benefit in patients with chronic kidney disease
with and without heart failure, which is unique among the current heart failure-specific
therapies [17]. However, the renoprotective effect of SGLT2 inhibitors was less expected in
patients with insufficient cardiac unloading, indicated as higher plasma B-type natriuretic
peptide levels [18]. The additive effects of these novel medical therapies may potentiate
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clinical benefit with alternative therapies such as ASV, whereas this benefit was not realized
in prior clinical trials before the debut of both ARNI and SGLT2 inhibitor therapy.

In the acute phase of decompensated heart failure, early de novo administration of
beta-blocker therapy is generally contraindicated given the risk of worsening cardiac output
due to negative inotropic effects in the presence of pulmonary congestion [19]. This may be
a time point when ASV can be utilized to more immediately alleviate congestion and thus
shorten the period to initiation of foundational medical therapy [20].

3. Adjustment of Adaptive Servo-Ventilation Therapy

The indications, pressure settings, and timing of termination need to be identified
during ASV therapy. For successful ASV therapy and avoidance of congestion, the baseline
existence of pulmonary congestion is necessary to be confirmed [13]. Inappropriate ASV
therapy for those without pulmonary/systemic congestion would rather decrease cardiac
output, deteriorate hemodynamics, and increase cardiovascular mortality and morbidity.

Recently, remote dielectric sensing (ReDSTM, Sensible Medical Innovations Ltd., Ne-
tanya, Israel) system, which is a noninvasive electromagnetic-based technology to quantify
lung fluid volume, has been introduced in the clinical setting (Figure 2) [21]. Prior work
has demonstrated the correlation between ReDS value and lung fluid level measured by
high-resolution computed tomography [22,23]. The ReDS system is a promising tool to
accurately assess for pulmonary congestion and may be an appropriate precursor modality
to screen for patients that may benefit from early ASV therapy when decompensated heart
failure is suspected.

Figure 2. A monitor and a sensor of the remote dielectric sensing system.

Another novel tool in the care of heart failure patients is the AESCULON miniTM

(Osypka Medical, Berlin, Germany), which noninvasively estimates cardiac output (Figure 3) [24].
With ASV therapy, inappropriately high pressure settings may rather lower cardiac output
during the ASV therapy [12]. We thus propose a pressure ramp test, during which cardiac
output is measured at each pressure setting to optimize end-expiratory pressure to accom-
pany maximum cardiac output (Figure 3) [25]. ReDS values might also be measured during
the pressure ramp test to assess lung fluid levels at each pressure setting [26].
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Figure 3. ASESCULON mini device (A) and examples of pressure ramp test (B) [25]. Red arrow
heads indicate end-expiratory pressures with maximum cardiac output. CO, cardiac output; SV,
stroke volume; CI, cardiac index.

Continuation of ASV after improvement in clinical congestion is not encouraged and
may explain the lack of superior clinical benefit in the SAVIOR-C randomized control
trial [10]. However, optimal methodologies for clinicians deciding the appropriate timing
to terminate ASV therapy remain unestablished. Monitoring of daily congestion through
utilization of the ReDS system, in addition to congestion-related biomarkers including
adrenomedullin, should allow the clinicians to accurately tailor the use of ASV. When
ReDS value trends to decrease, we should consider terminating the ASV therapy to avoid
hemodynamic deterioration.

4. Renoprotection

A cardiorenal syndrome is an additional clinical syndrome within heart failure presen-
tations which is independently associated with worse clinical outcomes [27]. Unoptimized
chronic heart failure can lead to renal congestion, decreased renal perfusion and further
downstream activation of inflammatory and maladaptive neurohormonal pathways. Renal
impairment worsens volume overload, subsequentially increasing cardiovascular preload
and afterload.

Up-titration of loop diuretics is one option to manage volume overload triggered
by progressive chronic kidney disease. However, high-dose diuretics are associated with
inappropriate stimulation of the renin–angiotensin system, and may further worsen renal
function [4]. Angiotensin-converting enzyme inhibitor, ARNIs, and mineralocorticoid
receptor antagonist may increase serum creatinine and potassium levels particularly in
elderly patients with chronic kidney disease [28,29].

ASV therapy might be a promising alternative to manage congestion while maintaining
renal function. We recently demonstrated that ASV therapy maintained renal function by
comparison with the pre-ASV treatment period (i.e., pretreatment versus on-treatment) [30].
Underlying mechanisms should be multifactorial. Improvement of cardiac output following
the initiation of ASV supports would enhance renal perfusion and ameliorate renal ischemia.
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Suppression of sympathetic nerve activity by respiratory stabilization would dilate the
renal artery and maintain renal perfusion, as well as prevent the progression of renal tissue
apoptosis and fibrosis. Of note, those who achieved a reduction in diuretics dosage had
greater long-term renal function preservation. Thus, ASV therapy might have a direct and
indirect protective effect on kidney function.

Other therapies may also have the potential to preserve kidney function. Tolvaptan,
a vasopressin type-2 receptor antagonist, may have a neutral impact on renal function
as opposed to conventional loop diuretics. Tolvaptan has potent aquaretic properties
and may decrease the dosage needed of typical loop diuretics, though in some countries
this presents a cost challenge [8]. SGLT2 inhibitors, in addition to being associated with
significant clinical benefits in patients with chronic heart failure, have also been shown to
have considerable renoprotective effects in a large-scale randomized control trial [17]. One
of the proposed mechanisms is the regulation of tubularglomerular feedback. Although
further studies are needed, sacubitril/valsartan might also slow the worsening of renal
function through an improvement in ventricular function and lowering the volume and
pressure burden experienced by kidneys [31]. Although categorized as a mineralocorticoid
receptor antagonist, the newly introduced esaxerenone might reduce proteinuria and better
preserve renal function [32]. Another nonsteroidal, selective mineralocorticoid receptor
antagonist, finerenone, may also suppress progression of chronic kidney disease and
prevent cardiovascular events [33]. The combination of these heart failure therapies with
ASV may be a promising strategy to manage cardiorenal syndrome.

5. Conclusions

In the current era with a new regimen of available medical therapies for heart failure,
a combination of ASV and medical therapy may be a promising option for patients with
considerable congestion and impaired renal function.
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Abstract: Diabetes mellitus (DM) represents an independent risk factor for chronic AF and is as-
sociated with unfavorable outcomes. We aimed to evaluate the efficacy and safety of direct oral
anticoagulants (DOACs) in patients with atrial fibrillation (AF), with and without diabetes mellitus
(DM), using a new risk index (RI) defined as: RI = Rate of Events

Rate of Patients at Risk . In particular, an RI lower than
1 suggests a favorable treatment effect. We searched MEDLINE, MEDLINE In-Process, EMBASE,
PubMed, and the Cochrane Central Register of Controlled Trials. The risk index (RI) was calculated
in terms of efficacy (rate of stroke/systemic embolism (stroke SEE)/rate of patients with and without
DM; rate of cardiovascular death/rate of patients with and without DM) and safety (rate of major
bleeding/rate of patients with and without DM) outcomes. AF patients with DM (n = 22,057) and
49,596 without DM were considered from pivotal trials. DM doubles the risk index for stroke/SEE,
major bleeding (MB), and cardiovascular (CV) death. The RI for stroke/SEE, MB, and CV death was
comparable in patients treated with warfarin or DOACs. The lowest RI was in DM patients treated
with Rivaroxaban (stroke/SEE, RI = 0.08; CV death, RI = 0.13). The RIs for bleeding were higher in
DM patients treated with Dabigatran (RI110 = 0.32; RI150 = 0.40). Our study is the first to use RI to
homogenize the efficacy and safety data reported in the DOACs pivotal studies against warfarin in
patients with and without DM. Anticoagulation therapy is effective and safe in DM patients. DOACs
appear to have a better efficacy and safety profile than warfarin. The use of DOACs is a reasonable
alternative to vitamin-K antagonists in AF patients with DM. The RI can be a reasonable tool to help
clinicians choose between DOACs or warfarin in the peculiar set of AF patients with DM.

Keywords: atrial fibrillation; DOACs; diabetes mellitus; risk index

1. Introduction

Atrial fibrillation (AF) is the most common arrhythmia worldwide. The prevalence
of AF is expected to increase 2.5-fold in the next 50 years due to the growing mean age
of the population [1]. Diabetes can be considered a pandemic too [2,3]. Diabetes mellitus
(DM) represents an independent risk factor for chronic AF [4]. The development of AF
is likely to be multifactorial and the mechanism is elusive, while evidence is emerging
on the correlation between AF and DM [4]. DM and AF certainly share common risk
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factors, including hypertension, dyslipidemia, atherosclerosis, and obesity. Population-
based studies suggested that DM is an independent risk factor for atrial fibrillation [5]. In
patients with hypertension, DM did not act as an independent predictor for new onset
AF in a post-hoc analysis from ALLHAT [6]. Nevertheless, a retrospective analysis of the
VALUE study showed that hypertensive patients with new onset DM had a significantly
higher event rate of new onset AF compared to patients without DM, even after adjusting
for body mass index [7]. On the other hand, DM is one of the most common concomitant
diseases in patients with AF [8]. Indeed, DM and AF are both predictors for stroke and
mortality [9].

DM itself is associated with increased thrombin production and consequently may in-
crease thromboembolic risk [10,11]. Anticoagulation therapy is mandatory in DM patients
with AF. The use of VKA in these patients is to be implemented with caution. Hyper-
glycemia induces an increase in glycated albumin in DM patients. Glycated albumin has
a reduced binding affinity for warfarin, resulting in a higher free fraction of the anticoag-
ulant [12]. Consequently, there is a greater variability of the INR in AF patients with an
increased risk of Stroke/SEE and MB [13].

Prevention of thromboembolic events was improved with the use of direct oral
anticoagulants (DOACs) (Dabigatran, Rivaroxaban, Apixaban, and Edoxaban), which
overcame the limitations of therapeutic standard of dose-adjusted vitamin K antagonists
(VKAs) [14–18]. These drugs were approved based on the results from their respective
dose-adjusted phase III, warfarin-controlled, randomized controlled trials (RCTs) [14–17].

The proportion of patients with DM enrolled in the four trials was 23% in the Ran-
domized Evaluation of Long-Term Anticoagulant Therapy (RE-LY) study, 40% in the
Rivaroxaban Once-daily oral direct factor Xa inhibition Compared with vitamin K antago-
nism for prevention of stroke and Embolism Trial in Atrial Fibrillation (ROCKET-AF) study,
25% in the Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial
Fibrillation (ARISTOTLE) study, and 36% in the Effective Anticoagulation With Factor Xa
Next Generation in Atrial Fibrillation (ENGAGE-AF TIMI 48) study [14–17].

This systematic review aimed at evaluating the efficacy and safety of DOACs versus
warfarin in patients with AF, with and without DM, by applying the risk index (RI)
proposed by Uguccioni et al. [19,20].

2. Methods

We performed an extensive literature search to identify studies reporting stroke and
systemic embolism, major bleeding, and cardiovascular (CV) death in patients with AF,
randomized to VKA or DOAC, with and without DM. The search was performed in
MEDLINE, MEDLINE In-Process, and Other Non-Indexed Citations, EMBASE, PubMed,
and the Cochrane Central Register of Controlled Trials through the Ovid interface to
identify English-language clinical articles published from 2002 (first marketed DOAC) to
February 2020 related to phase III RCTs of dabigatran, rivaroxaban, apixaban, or edoxaban
versus warfarin for the prevention of thrombotic events in AF patients. Keywords used
were: “atrial fibrillation”, “warfarin”, “oral thrombin inhibitor”, “oral factor Xa inhibitor”,
“dabigatran”, “rivaroxaban”, “apixaban”, “edoxaban”, and “diabetes”.

We also established regular alerts and complemented the electronic search strategy
with a direct, manual reference review.

Systematic reviews, which included RCTs that evaluated stroke/systemic embolic
events (SEE), major bleeding, and/or cardiovascular (CV) death and evaluated DOACs
and VKAs were eligible for inclusion. PICOS (patients, intervention, comparator, outcomes,
and study design) criteria for inclusion and exclusion of network meta-analyses (NMAs)
are described in Table 1.
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Table 1. PICOS criteria for inclusion and exclusion of systematic review.

Inclusion Criteria Exclusion Criteria

Population

Patients with NVAF receiving any of the
treatments below. All studies in the SLR
must include ≥ 90% patients with NVAF.

SLRs including studies with < 90% patients
with NVAF must report data separately for

the NVAF studies

Not a population of interest (ie,
non-NVAF patients)

Studies of patients receiving ablation,
cardioversion, or left-atrial appendage closure

Intervention/comparator
DOACs (apixaban, dabigatran, rivaroxaban,
edoxaban) and warfarin studies need to have
compared 1 or more DOACs and/or warfarin

Studies not reporting outcomes for population
of interest

Outcome

Clinical outcomes:

• Stroke/systemic embolism
• Major bleeding (ISTH or modi-

fied ISTH).
• Cardiovascular death
• Patients with and without

diabetes mellitus

Doses included:
Apixaban: 5 or 2.5 mg a

Rivaroxaban: 20 or 15 mg
Dabigatran: 150 or 110 mg

Edoxaban: 30 or 60 mg

SLRs/NMAs of observational studies,
nonsystematic reviews, primary research trials,

primary observational studies, case reports, case
series, narrative reviews

Letters to the editor, guidelines,
meeting abstracts

In vitro pharmacodynamic or pharmacokinetic
studies only, animal studies, genetic studies only

Study design SLR of randomized controlled trials

PICOS, patients, intervention, comparator, outcomes, study design; DOAC, direct oral anticoagulant; ISTH, International Society on
Thrombosis and Hemostasis; CHADS2 = (congestive heart failure, hypertension, age ≥ 75 years), diabetes mellitus, stroke (double weight));
NMA, network meta-analysis; NVAF, nonvalvular atrial fibrillation; SLR, systematic literature review. a Any network meta-analysis
comparison of apixaban 2.5 mg only with another DOAC was not included.

The search results were compared and the duplicates eliminated. An initial screening
of the studies was performed on the basis of titles and abstracts, and then the full texts
were reviewed by five. Five reviewers (D.A., P.S., C.A., V.C., and G.C.) independently
performed the revision, while discrepancies were solved by a consensus, involving two
additional authors (M.U., M.M.C.).

Data were derived from four pivotal trials (Figure 1). Details of the search strategy
according to PRISMA-P were described in all of the tables in the supplementary materi-
als section.

The RI was computed in terms of efficacy (rate of stroke-systemic embolism/rate of
patients with and without diabetes) and safety (rate of major bleeding/rate of patients
with and without diabetes; rate of cardiovascular death/rate of patients with and without
diabetes) of DOACs and VKAs.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA-P) flow diagram: search and
selection process.

3. Statistical Analysis

No statistical analyses were conducted; according to the authors, indirect, com-
parative meta-analyses among DOACs are a hypothesis generator that cannot provide
definitive answers.

Furthermore, the RI does not allow the comparisons of rates among non-
homogeneous studies.

4. Main Results

The main characteristics of the four RCTs involving DOACs are summarized in Table 2.
About 22,057 patients with AF and DM and 49,596 AF patients without DM were finally
included. The results of our systematic review are summarized in Table 3. The percentages
of patients with DM ranged from 23.3% to 39.9%. The highest number of patients with DM
was in the patient population treated with Rivaroxaban (40.3%).
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Table 2. Main characteristics of the four DOACs pivotal trials.

ROCKET AF
Rivaroxaban

ARISTOTLE
Apixaban

RE-LY
Dabigatran

ENGAGE
Edoxaban

Effect Anti-Xa Anti-Xa Anti-IIa Anti-Xa
Dose 20/15 mg QD 5/2.5 mg BID 150/110 mg BID 60/30 mg QD

Mean CHADS2 score 3.5 2.1 2.1 2.8
Target INR (Warfarin arm) 2–3 2–3 2–3 2–3

TTR (%) 58 62 64 68
Asia Pacific Region N (%) 2109 (14.8%) 2916 (16%) 3854 (21%) 3383 (16%)

Median Follow-up duration 1.9 y 1.8 y 2 y 2.8 y

ROCKET-AF = Rivaroxaban Once-daily oral direct factor Xa inhibition Compared with vitamin K antagonism for prevention of stroke
and Embolism Trial in Atrial Fibrillation [17]; ARISTOTLE = Apixaban for Reduction in Stroke and Other Thromboembolic Events in
Atrial Fibrillation [16]; RE-LY = Randomized Evaluation of Long-Term Anticoagulant Therapy [14]; ENGAGE-AF TIMI 48 = Effective
Anticoagulation With Factor Xa Next Generation in Atrial Fibrillation [15]; Xa = Factor X activated; IIa = Thrombin; QD = Quaque die;
BID = Bis in die; CHADS2 = Congestive Heart Failure, Hypertension, Age, Diabetes, Stroke; INR = International Normalized Ratio;
TTR = Time to Range; N = Number; y = year.

Table 3. Patients with and without diabetes in the pivotal trials.

RCTs
Pts on DOACs

(N)
Diabetes

N (%)
No Diabetes

N (%)

Pts on
Warfarin

(N)

Diabetes
N (%)

No Diabetes
N (%)

ROCKET AF 7131 2878 (40.3%) 4253 (59.7%) 7133 2817 (39.5%) 4316 (60.5%)

ARISTOTLE 9120 2284 (25.0%) 6836 (75%) 9087 2263 (24.9%) 6818 (75.1%)

RE-LY 110 mg 6015 1409 (23.4%) 4606 (66.6%) 6022 1410 (23.4%) 4612 (66.6%)

RE-LY 150 mg 6076 1402 (23.1%) 4674 (63.9%) 6022 1410 (23.4%) 4612 (66.6%)

ENGAGE 30 mg 7034 2544 (36.2%) 4490 (63.8%) 7036 2521 (35.8%) 4515 (64.2%)

ENGAGE 60 mg 7035 2529 (35.9%) 4476 (64.1%) 7036 2521 (35.8%) 4515 (64.2%)

RCTs = randomized controlled trials; DOACs = non-VKA antagonist drugs; Pts = Patients; N = Number; ROCKET-AF = Rivaroxa-
ban Once-daily oral direct factor Xa inhibition Compared with vitamin K antagonism for prevention of stroke and Embolism Trial in
Atrial Fibrillation [17]; ARISTOTLE = Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation [16];
RE-LY = Randomized Evaluation of Long-Term Anticoagulant Therapy [14]; ENGAGE-AF TIMI 48 = Effective Anticoagulation With Factor
Xa Next Generation in Atrial Fibrillation [15].

Table 4 summarized data regarding the rate of stroke/SEE, major bleeding, and CV
death related to warfarin, Dabigatran 110 mg and 150 mg BID, Rivaroxaban 20 mg QD,
Apixaban 5 mg BID, and Edoxaban high and low dose (60−30 mg) QD.

The RIs for stroke/SEE and CV death were similar between patients treated with
DOACs and patients treated with warfarin (Figures 2 and 3, Table 5), except for Edoxaban
30 mg QD, which showed a higher RI than warfarin for stroke/SEE. Indeed, Rivaroxaban
QD had the lowest RI values in terms of both stroke/SEE and CV death (Figures 2 and 3,
Table 5). Nevertheless, no data about CV death were reported for Edoxaban low doses, as
none of the patients on Edoxaban low dose were included in the pivotal RCT (Table 5).
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Table 4. Stroke/systemic embolism, major bleeding, and cardiovascular death in patients with and
without diabetes in the pivotal trials.

Diabetes

RCTs Stroke o SEE (N)% MB (N)% CV Death N (%)

DOACs Warfarin DOACs Warfarin DOACs Warfarin

ROCKET AF 95 (3.3%) 114 (4.0%) 165 (5.7%) 169 (6.0%) 152 (5.3%) 192 (6.8%)

ARISTOTLE 57 (2.5%) 75 (3.3%) 112 (4.9%) 114 (5.0%) 79 (3.5%) 88 (3.9%)

RE-LY 110 49 (3.5%) 64 (4.5%) 106 (7.5%) 114 (8.0%) 91 (6.5%) 109 (7.7%)

RE-LY 150 40 (2.9%) 129 (9.2%) 95 (6.8%)

ENGAGE 30 mg 135 (5.3%) 107 (4.2%) 123 (4.9%) 278 (11%) NA NA

ENGAGE 60 mg 102 (4.0%) 219 (8.6%) 209 (8.1%) 219 (8.6%)

No Diabetes

RCTs Stroke o SEE (N)% MB (N)% CV Death N (%)

ROCKET AF 174 (4.0%) 192 (4.4%) 230 (5.4%) 217(5.0%) 223 (5.2%) 209 (4.8%)

ARISTOTLE 155 (2.3%) 190 (2.8%) 215 (3.2%) 348 (5.1%) 229 (3.4%) 256 (3.7%)

RE-LY 110 134 (2.9%) 138 (2.9%) 236 (5.1%) 307 (6.6%) 198 (4.3%) 208 (4.5%)

RE-LY 150 94 (2.0%) 271 (5.8%) 179 (3.8%)

ENGAGE 30 mg NA NA NA NA NA NA

ENGAGE 60 mg 207 (4.6%) 248 (5.4%) 335 (7.5%) 417 (9.2%) 331 (7.4%) 406 (8.9%)

RCTs = randomized controlled trials; DOAC = non-VKA antagonist drugs; N = Number; SEE = systemic embolism;
MB = major bleeding; CV = cardiovascular death; ROCKET-AF = Rivaroxaban Once-daily oral direct factor Xa
inhibition Compared with vitamin K antagonism for prevention of stroke and Embolism Trial in Atrial Fibrillation
[17]; ARISTOTLE = Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial Fibrillation [16];
RE-LY = Randomized Evaluation of Long-Term Anticoagulant Therapy [14]; ENGAGE-AF TIMI 48 = Effective
Anticoagulation With Factor Xa Next Generation in Atrial Fibrillation [15].

Table 5. Risk index of stroke/systemic embolism, major bleeding, and cardiovascular death in
patients with and without diabetes in the pivotal trials.

Diabetes

RCTs Stroke o SEE MB CV Death

DOACs Warfarin DOACs Warfarin DOACs Warfarin

ROCKET AF 0.08 0.10 0.14 0.15 0.13 0.17

ARISTOTLE 0.10 0.13 0.19 0.20 0.14 0.15

RE-LY 110 0.14 0.19 0.32 0.34 0.27 0.33

RE-LY 150 0.12 0.40 0.29

ENGAGE 30 mg 0.15 0.12 0.13 0.30 NA NA

ENGAGE 60 mg 0.11 0.23 0.22 0.24

No Diabetes

RCTs Stroke o SEE MB CV Death

ROCKET AF 0.06 0.07 0.09 0.08 0.08 0.08

ARISTOTLE 0.03 0.03 0.04 0.06 0.04 0.04

RE-LY 110 0.04 0.04 0.07 0.09 0.06 0.06

RE-LY 150 0.03 0.09 0.06

ENGAGE 30 mg NA NA NA NA NA NA

ENGAGE 60 mg 0.07 0.08 0.11 0.14 0.11 0.13

RCTs = randomized controlled trials; N = Number; SEE = systemic embolism; MB = major bleeding; CV =
cardiovascular death; DOAC = non-VKA antagonist drugs; ROCKET-AF = Rivaroxaban Once-daily oral direct
factor Xa inhibition Compared with vitamin K antagonism for prevention of stroke and Embolism Trial in Atrial
Fibrillation [17]; ARISTOTLE = Apixaban for Reduction in Stroke and Other Thromboembolic Events in Atrial
Fibrillation [16]; RE-LY = Randomized Evaluation of Long-Term Anticoagulant Therapy [14]; ENGAGE-AF TIMI
48 = Effective Anticoagulation With Factor Xa Next Generation in Atrial Fibrillation [15].
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Figure 2. Risk index of stroke/systemic embolism in patients with (A) and without (B) diabetes in the pivotal trials.
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Figure 3. Risk index of CV Death in patients with (A) and without (B) diabetes in the pivotal trials.

The RIs for major bleedings are shown in Table 5 and Figure 4. Dabigatran 150 mg
BID showed a higher risk for bleeding compared to warfarin, while other DOACs showed
substantially equal RIs in comparison with warfarin (Table 5 and Figure 4). No DM patients
with AF as compared to DM patients without AF showed lower RIs (Table 5, Figures 2–4).
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Figure 4. Risk index of Major Bleeding in patients with (A) and without (B) diabetes in the pivotal trials.

5. Discussion

Diabetes mellitus per se increases the risk of systemic stroke/embolism or cardio-
vascular death in patients with atrial fibrillation [21]. Therefore, anticoagulant therapy is
mandatory in these patients [22]. Choosing the correct anticoagulant therapy in patients
with AF is a challenge, especially in patients at higher risk such as DM patients. DM and AF
are two sides of the same coin due to the tight correlation between these two pathological
conditions [4]. The frequency of NVAF increases by 40% in patients with Type 2 diabetes,
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while thromboembolic risk is 79% higher compared to non-diabetic patients [14,22–24].
Indeed, both conditions can potentiate their negative effects on systemic tissue and organs:
for example, they can both promote kidney failure [25,26]. In such a setting, choosing the
correct anticoagulation remains challenging as these drugs may also promote systemic
alterations. Warfarin, the traditional anticoagulant used to prevent thromboembolism, can
also be dangerous due to a supposed negative influence on kidneys and systemic vessels
by promoting arterial calcification and decreasing renal function [27]. Indeed, DOACs
seemed to be safer and more efficacious [27], especially when dealing with Type 2 diabetic
patient [22–24].

Using RI as suggested by Uguccioni et al. could help reduce heterogeneity enrolled in
RCTs and provide a better approach for the selection of the correct anticoagulant based
on the different patient characteristics [19,20]. In particular, an RI lower than 1 suggests
a favorable treatment effect. The lower the RI value, the better the performance of the
drug within the specific context [19,20]. This is the first report that evaluates the risk for
stroke/SEE, CV death, and major bleeding in patients with AF with and without DM by
means of RI.

In our study, both DOACs and warfarin appear to be effective in preventing stroke and
systemic embolism, with lower rates of CV death and major bleeding. The RI of each drug
is lower than one, although some differences should be outlined. In particular, Dabigatran
150 mg BID might increase major bleeding risk as compared to warfarin, while the risk
for stroke/SEE seems higher with Edoxaban 30 mg QD as compared to warfarin in DM
patients. These data are the most contradictory in the panel of RIs comparisons as all of
the other drugs and dosages revealed protective and efficient effects on patients’ outcomes
as compared to warfarin (Figures 2 and 4). By considering the absolute measurements,
Rivaroxaban QD demonstrated the lowest RI value in terms of stroke/SEE outcomes, while
Edoxaban 30 mg QD showed the lowest RI in terms of major bleeding outcomes, although
no data are reported on pivotal Edoxaban Low Dose RCT with regard to CV death in
patients with and without DM.

The literature offers evidence about the DOACs performances in AF patients in terms
of efficacy and safety, but the reproducibility of the data and indirect comparisons among
drugs may interfere with the correct choice of anticoagulants [28]. A meta-analysis by Ruff
et al. involving the 71,683 patients with AF from registration RCTs showed a significant
reduction in the incidence of stroke and SEE (relative risk (RR) 0.81, confidence interval
(CI) 95% 0.73–0.91; p < 0.0001) in patients with DOACs versus warfarin, as well as all-cause
mortality (RR 0.90, CI 95% 0.85–0.95; p = 0.0003) and intracranial hemorrhages (RR 0.48,
95% CI 0.39–0:59; p < 0.0001), despite the increase in gastrointestinal bleeding (RR 1.25, 95%
CI 1.01–1.55; p = 0.04) [18].

6. Study Limitations

Unfortunately, a number of methodological discrepancies, including study design,
different selection of the populations, and different definitions of outcomes among the
four phase-III RCTs, reduce the generalization of results and the comparisons among
drugs [14–17]. The selection of DM patients among RCTs populations aimed at evaluating
a uniform subset of individuals.

Registration studies differ in terms of thromboembolic risk of the enrolled populations,
age, heart failure, and active cancer. Active cancer is a high thromboembolic risk condition,
and DAOCs appear to be an effective and safe therapeutic option in these patients [29].
The highest rate of DM patients was in Rocket-AF (40%) while ARISTOTLE had 25% and
RE-LY had 23%.

The incidence of major bleeding was similar in AF patients with DM treated with
Rivaroxaban or warfarin, while increasing when Dabigatran 110 mg, Dabigatran 150 mg,
or warfarin were adopted. This difference might be associated with patients’ risk profiles,
as well as other factors that may influence the pharmacokinetics and pharmacodynamics
(co-morbidities, advanced age, HF, diabetes, hepatic or renal insufficiency). RCTs did
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not provide routine information about blood glucose levels and HbA1c, while patients
with creatinine clearance < 30 mL/min were excluded. Therefore, patients with severe
diabetic nephropathy, who are at even higher risk for cardiovascular complications, were
excluded from RCTs. In these RCTs, no interactions were found between diabetic status
and clinical efficacy of DOACs versus warfarin. Interestingly, the superiority of Apixaban
over warfarin in terms of safety was lost when patients with AF and DM were considered
(p = 0.003 for interaction) [30]. Moreover, a study-level meta-analysis in patients with
DM and AF demonstrated a significant reduction in stroke and systemic embolism event
rates (−20%) in patients treated with DOACs as compared to warfarin, as well as vascular
mortality (−17%) and intracranial bleeding (−43%), while no influence was observed in
terms of incidence of major bleeding [23].

We did not conduct any statistical analyses; indirect, comparative meta-analyses
among DOACs are hypothesis generators and cannot provide definitive answers.

Conversely, it has been shown that published RCT data can be affected by the insertion
of controversial data. In addition, they could invalidate the medical literature, alter the
results of meta-analyses, and consequently compromise future research, political decisions,
and above all patient care [31].

7. Conclusions

To our knowledge, no data are available about direct comparisons between DOACs in
patients with DM. The choice of DOAC in patients with DM is not supported by specific
evidence, but it should be guided by general principles, taking into account age and
comorbidities (hypertension, coronary artery disease, heart failure, kidney disease, obesity,
and dyslipidemia).

Diabetic patients show a doubled RI compared to non-diabetic patients. Data from the
systematic evaluation of the four phase-III RCTs with DOACs in patients with AF and DM
showed that Rivaroxaban had the lowest RI with regard to MB, CV death, and stroke/SEE.
The use of DOACs is a reasonable alternative to VKAs in the management of patients with
AF and DM. The risk index is a useful additional tool to help clinicians to choose DOACs
or warfarin in a particular category of AF patients.
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Abstract: Acetylsalicylic acid (ASA) is one of the most frequently used medications worldwide.
Yet, the main indications for ASA are the atherosclerosis-based cardiovascular diseases, including
coronary artery disease (CAD). Despite the increasing number of percutaneous procedures to treat
CAD, coronary artery bypass grafting (CABG) remains the treatment of choice in patients with
multivessel CAD and intermediate or high anatomical lesion complexity. Taking into account that
CABG is a potent activator of inflammation, ASA is an important part in the postoperative therapy,
not only due to ASA antiplatelet action, but also as an anti-inflammatory agent. Additional benefits
of ASA after CABG include anticancerogenic, hypotensive, antiproliferative, anti-osteoporotic, and
neuroprotective effects, which are especially important in patients after CABG, prone to hyperten-
sion, graft occlusion, atherosclerosis progression, and cognitive impairment. Here, we discuss the
pleiotropic effects of ASA after CABG and provide insights into the mechanisms underlying the
benefits of treatment with ASA, beyond platelet inhibition. Since some of ASA pleiotropic effects
seem to increase the risk of bleeding, it could be considered a starting point to investigate whether
the increase of the intensity of the treatment with ASA after CABG is beneficial for the CABG group
of patients.

Keywords: acetylsalicylic acid; ASA; CABG; coronary artery bypass grafting; Alzheimer’s disease;
hypertension; osteoporosis; cancer; inflammation; atherosclerosis

1. Introduction

Acetylsalicylic acid (ASA), commonly known as aspirin, is one of the most renowned
drugs of all times. It was firstly introduced into clinical practice in 1899. Its centuries-
long fame remains vivid thanks to its antipyretic, analgesic, and anti-inflammatory effects.
Yet, the ubiquitous ASA is generally indicated in the secondary prevention of major
cardiovascular and neurovascular events. However, more and more studies indicate the
pleiotropy of this well-known anti-inflammatory agent.

ASA in a standard dose of 75–160 mg once daily is commonly used for secondary pre-
vention of thromboembolic events after coronary artery bypass grafting (CABG) [1]. CABG
is the treatment of choice in patients with stable multivessel coronary artery disease (CAD)
or left main CAD with intermediate or high anatomical complexity of CAD [2]. During
CABG, an artery or vein from the patient’s body is used to create a bypass for the coronary
artery around the significant atherosclerotic lesions. The goal of CABG is to provide ade-
quate blood flow to the ischemic myocardium and thus restore its viability and function [3].
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Patients after CABG procedure may benefit from ASA not only due to its antiplatelet
activity, but also due to other features, including anti-inflammatory, anticancerogenic,
hypotensive, antithrombotic, anti-osteoporotic, and neuroprotective effects.

Taking into account that CABG is a potent activator of inflammation, ASA is an im-
portant part in postoperative therapy not only as an antiplatelet action, but also as an
anti-inflammatory agent [4,5]. Furthermore, since CAD and some types of cancer have
common risk factors—including diabetes, obesity, and smoking—the use of ASA as a
complementary therapy in cancer patients might limit the side effects from chemotherapeu-
tics [6–8]. Moreover, ASA seems to have a hypotensive effect, especially when administered
in the evening with statins, which indicates the benefits of the combined therapy after
CABG. ASA therapy also prevents excessive and dysfunctional vascular smooth muscle
cell proliferation (VSMCs), thereby decreasing the risk of late graft failure and further
atherosclerosis progression [9]. Furthermore, ASA may increase bone marrow density
(BMD) and reduce the potential fracture risk after CABG, thus facilitating rehabilitation. Fi-
nally, the neuroprotective features of ASA might be especially beneficial in elderly patients
after CABG, who are susceptible to cognitive impairment and dementia [10].

CABG can be performed with (on-pump) or without cardiopulmonary bypass applica-
tion (off-pump). On- and off-pump CABG have a different effect on inflammatory response
and platelet homeostasis [11,12]. Off-pump CABG affects platelet function less than the
on-pump CABG and is associated with higher rate of high on-ASA platelet reactivity after
the operation [13].

Though well-recognized for its beneficial effects, ASA is also associated with several
serious complications, with increased risk of bleeding being the most important one. In
2018 Tsoi et al. compared clinical outcomes of 204,170 ASA users and 408,339 non-users and
observed significantly higher incidence of gastrointestinal bleeding in long-term aspirin
users (4.64% vs. 2.74%) [14]. A meta-analysis of 35 randomized controlled trials showed a
55% increased risk for a major gastrointestinal bleeding due to ASA administration in daily
doses of 75 to 325 mg [15]. The risk of bleeding associated with ASA has been established
to be dose-related and further elevated by combining it with other antiplatelet agents or
gastrotoxic drugs such as corticosteroids [16].

ASA has been examined several times as a potential drug for primary prevention of
cardiovascular diseases and most of the studies concluded that ASA offered little to no
benefit for primary prevention, while it increased the risk of major bleeding [17]. Recently, a
randomized controlled trial of healthy participants aged ≥70, who were randomly assigned
to receive 100 mg of ASA or placebo, confirmed no significant difference in the risk of
cardiovascular disease, but markedly higher risk of major hemorrhage was significantly
higher in the ASA group, than in placebo group (8.6 events per 1000 vs. 6.2 events per
1000 person-years, respectively) [18].

The threat of bleeding is the most important concern when it comes to the use of ASA
in cardiac surgery. Several randomized controlled trials conducted in the 1980s and 1990s
showed a rise in transfusion, re-exploration, and chest tube drainage in patients treated
with preoperative ASA [19–22]. However, the results of more recent studies do not entirely
confirm the previous findings. A 2015 study examined the effect of preoperative ASA
administration in patients undergoing CABG, valve or combined CABG/valve surgery [23].
Preoperative ASA was associated with an increased incidence of red blood cell transfusion.
On the contrary, a 2005 retrospective cohort study showed lower postoperative mortality
rate among patients who received preoperative aspirin without significant increases in
hemorrhage and transfusion [24].

In this review, we report data on the studies regarding off-pump CABG proce-
dures [13]. We discuss the plethora of the underestimated applications of ASA, which
might underlie its possible additional benefits in patients after CABG, who are a unique
group of multimorbid patients. The accompanying diseases in this patient group include
arterial hypertension (84%), hypercholesterolemia (47%), type 2 diabetes mellitus (32%),
lower limb atherosclerosis (28%), chronic kidney disease (9%), and chronic obstructive
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pulmonary disease (9%) [13]. In addition, these elderly patients are more prone to post-
operative wound healing disturbances and bleeding complications, and are at high risk of
age-associated disease including osteoporosis, cancer, and cognitive impairment [25,26].
Based on ASA pleiotropic effects, we suggest that it could be considered to study the
intensification of the postoperative treatment with ASA after CABG, by increasing either
the frequency of ASA administration (e.g., 75–81 mg twice daily) or by increasing a single
dose (e.g., 150–162 mg once daily).

The possible targets for ASA pleiotropic effects in patients after CABG are shown in
Figure 1. The summary of ASA pleiotropic effects discussed in this review are summarized
in Figure 2.

Figure 1. Possible targets for pleiotropic effects of acetylsalicylic acid in patients after coronary artery
bypass grafting Figure created with BioRender.com.

2. Mechanism of Action

ASA belongs to the non-salicylate nonsteroidal anti-inflammatory drugs (NSAIDs),
which mechanism of action is based on cyclooxygenase (COX) inhibition. COX plays the
main role in the conversion of arachidonic acid, which is released from membrane phospho-
lipids, into prostaglandin H2 (PGH2) [27]. PGH2 has two active sites: one for peroxidase
and one for COX. The latter is the binding site for ASA and NSAIDs. Eventually, COX
by binding to the COX site of PGH2 leads to transformation into various prostaglandins
(PGI2, PGE2, PGF2, PGD2) and thromboxane A2. By inhibiting COX, ASA reduces the
inflammatory response and inhibits platelet function. The antiplatelet effect of ASA, in turn,
results from inhibition of TXA2 production, which is formed in platelets from arachidonate
by the aspirin-dependent COX pathway [28]. Since platelets are anucleated bone marrow
fragments, unable to produce the COX-1 protein, the effect of ASA lasts for the lifetime of
a platelet, around 10 days [29]. At least two different isoenzymes are the targets of ASA:
COX-1 and COX-2. COX-1 is constitutively expressed on most cells, especially platelets
and gastric mucosal cells. By stimulating prostaglandin production, COX-1 takes maintains
homeostasis, for example activates platelets when required and protects the gastric mucosa.
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Conversely, COX-2 is periodically produced by the inflammatory cells in response to cy-
tokine and growth factor stimulation. ASA irreversibly blocks both COX isoenzymes, but it
has a stronger effect on COX-1, in comparison to COX-2. The dose-dependence of the ASA
effect is crucial to understand its mode of action. Low doses of ASA (75–81 mg per day)
inhibit COX-1, providing an antithrombotic effect. Intermediate doses (650 mg to 4 g per
day) target both COX-1 and COX-2, exerting analgesic and antipyretic effects by impeding
prostaglandin production. Finally, high doses (4–8 g per day) have anti-inflammatory
effects [27].

Figure 2. Pleiotropic effects of acetylsalicylic acid (ASA) discussed in this review. For details regarding the mechanisms,
please see the main text. BDNF—brain-derived neurotrophic factor; COX—cyclooxygenase; EGFR—epidermal growth
factor receptor; EV—extracellular vesicles; NF-κB—nuclear factor kappa-light-chain-enhancer of activated B cells; NO—
nitric oxide; PDGF—platelet-derived growth factor; PGE-2—prostaglandin E-2; PPARγ—peroxisome proliferator-activated
receptor gamma; Pyk-2—proline-rich tyrosine kinase 2; TGF-β1- transforming growth factor β1. Figure created with
BioRender.com.

3. Anti-Inflammatory Effect

ASA activity is primarily associated with dose-dependent COX-1 and COX-2 inhibi-
tion. The most common ones are (i) inhibition of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) pathway; (ii) endothelial nitric oxide (NO) release; and (iii)
acting as a peroxisome proliferator-activated receptor gamma (PPARγ) agonist (Figure 2).
Since these pathways were mostly investigated in vitro and in animal models and not
always associated with myocardial ischemia, the results should be interpreted with caution,
as they may not be directly applicable to patients undergoing CABG.

ASA improved alveolar bone defects healing in rats by impeding lipopolysaccharides
(LPS)-induced macrophages via the inhibition of NF-κB pathway [30]. Moreover, ASA
treatment improved the inflammatory response in cerebral infarction in mice thanks to
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downregulation of both TLR4 (toll-like receptor 4) and NF-κB expression, which led to
endoplasmic reticulum (ER) stress inhibition [31]. Another promising target point for
ASA is preeclampsia, which is known to depend on oxidative stress and inflammation via
activation of NF-kB. By decreasing the translocation of NF-kB, low doses of ASA are used
in preeclampsia prevention and treatment [32,33]. Also, ASA inhibits the growth and the
metastasis of osteosarcoma through the NF-κB pathway [34].

Another alternative anti-inflammatory pathway of ASA is stimulation of direct en-
dothelial NO release, independent of COX suppression, but presumably associated with
endothelial nitric oxide synthase activation [35]. The NO-dependent effects of ASA include
vasoprotection, gastric smooth muscle relaxation, and improvement of endothelial func-
tion, and they are directly associated with the reduction of cardiovascular risk. Moreover,
ASA by indirectly activating alternate compensatory pathway including mainly heme
oxygenase-1 and NO reduces the frequency of gastric injury. This gastric pathway works
protectively, in contrast to the well-known ASA-dependent increased risk of disturbing
gastrointestinal mucosal integrity [35,36].

The third possible pathway responsible for the anti-inflammatory effects of ASA is
acting as a PPARγ agonist with subsequent downregulation of the WNT/β-catenin path-
way. Upregulated WNT/β-catenin pathway participates in tumor growth, whereas PPARγ
reduces inflammation, oxidative stress, cell proliferation, and invasion. NSAIDs such
as ASA seem to work opposite on the two above mentioned pathways: downregulating
WNT/β-catenin pathway and being a PPARγ agonist.

CABG is considered to be a trigger for the ‘cytokine storm’ phenomenon, which
manifests in the increased concentrations of cytokines (e.g., interleukin 6 (IL-6), IL-8,
tumor necrosis factor alpha) [37]. Taking into account that CABG is a potent activator of
inflammation, ASA could be an important part in the postoperative therapy as an anti-
inflammatory agent [4,5]. However, to achieve the ASA anti-inflammatory effect, it would
be necessary to substantially increase the daily dose to at least 4 g per day.

4. Anticancerogenic Effect

There is increasing data demonstrating the role of ASA both in prevention and treat-
ment in many cancer types. Cancer cells not only upregulate platelet production, but also
generate extracellular vesicles (EVs) which stimulate platelet and leukocyte activation,
leading to phosphatidylserine and tissue factor exposure on platelets and leukocytes and
overall prothrombotic state in cancer patients [38].

The mechanisms of anticarcinogenic activity of ASA include: (i) inhibition of EV re-
lease; (ii) inhibition of the enzymatic activity of heparinase; and (iii) inhibition of epidermal
growth factor receptor (EGFR) expression (Figure 2).

EVs are nanosized particles which are key players in intercellular communications [39]
and have gathered a lot of attention as potential biomarkers of cancer development and
progression [40,41]. For example, increased concentration of cancer-derived EVs was found
in patients with many cancer types, including breast cancer [42], prostate cancer [43], or
lung cancer [44]. Concurrently, ASA administration decreases both plasma concentrations
of EVs and their procoagulant properties [45], suggesting that modulation of EV concen-
tration and composition might be one of the mechanisms underlying ASA pleiotropic
effects [46].

Heparanase is an extracellular matrix enzyme responsible for polymeric heparan
sulphate degradation at the cell surface and in the extracellular matrix, which may be
another key point for ASA application. By changing the constitution of extracellular matrix,
heparanase promotes (i) cancer metastasis by assisting cancer cell migration and invasion
and (ii) angiogenesis by releasing heparin-binding cytokines including hepatocyte growth
factor (HGF), vascular endothelial growth factor (VEGF), and basic fibroblast growth
factor (bFGF). By inhibiting heparanase activity, ASA was found to delay cancer progress
(metastasis, angiogenesis) both in vitro and in vivo [47].
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EGFR is a receptor commonly linked to epithelial malignancies [48]. It is upregu-
lated in tumor microenvironment, resulting in tumor growth, invasion and metastasis [48].
ASA inhibits EGFR signaling, therefore exerting anticancerogenic effect in various cancer
types. For example, ASA was shown to normalize EGFR expression and inhibit EGFR
signaling both in human colorectal cancer (CRC) cells and ovarian cancer cells in vitro [32].
Consequently, ASA has gained a lot of attention as probably the most promising chemopre-
ventive medication of CRC. Consequently, the United States Preventive Services Task Force
recommended the use of low-dose ASA for the prevention of CRC in patients with specific
cardiovascular profiles (aged 50–69 years with a 10% or greater 10-year cardiovascular risk,
who are not at increased risk for bleeding, have a life expectancy of at least 10 years and
are willing to take ASA for at least 10 years) [49]. Hence, ASA has become a part of the
CRC prevention strategy [8].

In addition, ASA was shown to have a synergic effect with temozolomide, beva-
cizumab, and sunitinib in the glioblastoma therapy. The combined therapy of ASA and
chemotherapeutics could improve the glioblastoma treatment efficacy [50]. Finally, a meta-
analysis of four cohort studies and seven case-control studies including 653,828 participants
with 12,637 incident cases showed that the increased dose of ASA (per two prescriptions
per week increment) was related to a 5% relative risk reduction of head and neck cancers,
compared to no prior use.

Since CAD and cancer are two prominent causes of death worldwide, the coexistence
of both diseases is frequent. The prevalence of CAD in patients with different cancer types
ranges from 43% in patients with lung cancer to 17% in patients with breast cancer [51].
Moreover, from the clinical experience the number of elderly patients undergoing CABG
increases. Since age is a risk factor of cancer development, the above-mentioned group
suffers often from both CAD and cancer simultaneously. Hence, a therapy which targets
both disorders simultaneously seems promising. Taking into account that CAD and some
cancer types have common risk factors including diabetes, obesity and smoking, the
use of ASA as a complementary therapy in cancer patients might both prevent and/or
delay cancer development, and limit the side effects of chemotherapeutics [6–8]. Thus,
some experts have suggested to incorporate ASA in primary cancer prevention due to the
reduction of cancer incidence and mortality after 3–5 years treatment with ASA [52].

5. Hypotensive Effect

ASA hypotensive effect has been the subject of many studies, and the majority of
studies agreed on three outcomes: (i) low-dose ASA treatment is associated with a stronger
decrease in blood pressure, compared to high-dose; (ii) evening ASA administration
decreases blood pressure more effective than morning administration; and (iii) combination
of ASA and statin reduces cardiovascular risk (Figure 2).

First, low-dose ASA treatment is associated with stronger decrease in blood pressure,
in comparison to high-dose [53]. The underlying mechanism is based on the inhibition of
COX-2 by high-dose ASA, but not by low-dose ASA. High-dose ASA leads to reduction of
renal blood flow, glomerular filtration rate, sodium, and water excretion [53], which are the
reasons for against using high doses of ASA in clinical practice. Another mechanism which
seems to play a role in ASA hypotensive effect is a COX-independent pathway which
revolves around proline-rich tyrosine kinase 2 (Pyk2). Pyk2 is a key player in RhoA/Rho
activation, which is necessary for the vascular smooth muscle constriction. RhoA/rho is
dysregulated in hypertension. Through the inhibition of the Pyk2-associated pathway in
vascular smooth muscle cells, ASA and other salicylates may lower the blood pressure.
This phenomenon is unique for ASA doses of higher concentrations than those required to
inhibit COX [53].

Second, low doses of ASA may increase the efficacy of both antiplatelet and anti-
hypertensive therapy, if administered in the evening. ASA administration in the evening
increases its antiplatelet effect due to the release of young platelets from the bone marrow
in the morning. The mechanism of ASA hypotensive effect, in turn, is possibly related to
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the increase in the nocturnal angiotensin II-dependent NO production [54]. Moreover, a
greater decrease in blood pressure was noted in non-dipper patients who became dippers
while taking ASA in the evening. The observed hypotensive effect in non-dippers is of
great importance, because non-dippers are at higher risk of cardiovascular events.

Third, the combined therapy of ASA and statins is beneficial for cardiovascular
risk reduction. The addition of ASA to statin therapy resulted in the decrease of SBP
and DBP, in comparison to the control group treated with placebo [55,56]. Furthermore,
the flow-mediated vasodilatation of brachial artery increased with aspirin-statin therapy,
compared to placebo. However, it is inconclusive whether this effect was truly a result
of the combined aspirin-statin therapy, or just the well-established impact of statins on
endothelial functions [55].

About 24% of patients after CABG admitted for in-hospital cardiac rehabilitation
presented with maximum systolic pressure of 200 mmHg and diastolic of 110 mmHg,
caused most often by stress and withdrawal of antihypertensive medications used preoper-
atively [57]. The majority of patients have arterial hypertension prior to CABG, as it is a
well-established risk factor for CAD development [58]. The most presumed mechanism
underlying the development of CAD in hypertensive patients is the increase in pulsatile
aortic wall stress, which enhances degradation of elastin, leading to arterial stiffness [59].
Arterial stiffness is strongly associated with vascular calcification, which is a major pathol-
ogy underlying CAD development [60]. The synergy of action between ASA and statins
demonstrates the complementary benefits of the combined therapy after CABG.

Altogether, ASA seems to have a hypotensive effect, especially when administered
with statins. However, since the majority of previous studies were conducted in healthy
volunteers or mildly hypertensive patients who were not treated with anti-hypertensive
drugs before, there are yet no firm conclusions on the hypotensive effect of ASA and more
studies are needed to clarify it [54].

6. Antiproliferative Effect

It has been established that ASA exerts antiproliferative effect on VSMCs in patients
after CABG [61]. So far, several mechanisms underlying this specific effect of ASA have
been discovered. They are mainly related to (i) transforming growth factor β1 (TGF-β1)
and (ii) platelet-derived growth factor (PDGF) (Figure 2).

Primarily, ASA increases the secretion of TGF-β1. TGF-β1 directly inhibits VSMCs
proliferation by inducing G0/G1 phase cell cycle arrest [62]. Additionally, TGF-β1 reduces
the production of matrix metalloelastase (MMP-12) in macrophages [63]. MMP-12 is one
of metalloproteinases—enzymes associated with instability and rupture of atherosclerotic
plaque. By increasing TGF-β1 secretion, ASA therapy might promote atherosclerotic
plaque stability.

Second, ASA suppresses PDGF release from thrombocytes [64]. PDGF is one of the
most important growth factors for VSMCs. Its excessive expression contributes to the
development of atherosclerosis or organ fibrosis, but also to the late graft occlusion and
late restenosis in patients after CABG [65,66].

One in vitro study evaluated the effect of ASA on PDGF-treated VSMCs and on
retinoblastoma protein hyperphosphorylation, which is known to regulate cell cycle pro-
gression. This study found that ASA arrests the cell cycle also at the G1/S phase. Therefore,
the high-dose of ASA treatment may be beneficial in treatment of vascular proliferative
disorders [67].

The main factors which determine graft failure after CABG include endothelial dam-
age, thrombosis and VSMCs proliferation. VSMC proliferation is associated with atheroscle-
rotic plaque formation and neointimal hyperplasia, which lead to graft stenosis and finally
to (mainly late) graft occlusion [9]. ASA therapy seems to prevent excessive and dysfunc-
tional VSMC proliferation, therefore decreasing the risk of late graft failure and further
suppressing atherosclerosis progression [9].
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7. Influence on Bone Mineral Density

Osteoporosis is a metabolic bone disease that mainly affects elderly, postmenopausal
women. It is associated with low bone mineral density (BMD) which can be measured
by dual-energy X-ray absorptiometry scan. Osteoporosis leads to pathologic fractures
of the hip, spine, and wrist and is a significant cause of disability and mortality among
elderly patients. Osteoporosis develops due to the imbalance between bone formation
and resorption, with the latter being predominant. It has been established that ASA
affects bone remodeling. PGE2 stimulates the proliferation of osteoclast precursors and
their differentiation and transformation to mature osteoclasts [68]. Furthermore, PGE2
stimulates bone resorption and may contribute to increased bone loss [69]. By inhibiting
COX-2 activity, ASA reduces PGE2 production. Furthermore, ASA promotes the survival
of bone marrow mesenchymal stem cells [70], the progenitors of osteoblasts. In this manner,
ASA supports bone formation and decreases bone resorption.

Prolonged ASA intake was associated with higher total hip and lumbar BMD in
women [71–73] and men [71,72,74] and with lower fracture risk in observational stud-
ies [72]. For example, ASA users between the age of 70–79 were found to have higher
BMD, compared with non-users [71]. In a multicenter study which included 7786 women
aged ≥65 years, the hip and lumbar BMD was higher in patients who used ASA for more
than a year, compared to non-users [73]. However, more studies should be conducted
to confirm these findings, as the heretofore conducted studies had methodological differ-
ences including different study groups, different ASA dosages, and questionable patient
compliance [75].

Patients undergoing CABG are more likely to develop osteoporosis due to several
risk factors, such as elderly age or immobilization after surgery. A study comprising
26 patients revealed considerable, progressive bone mineral density decrease during the
first year after CABG [76]. Despite the small sample size, this study implies that patients
undergoing CABG may be at higher risk of osteoporosis. Fragility and osteoporotic
fractures significantly worsen the quality of life, diminish physical activity and may disturb
rehabilitation after CABG. Hence, ASA therapy, even in low doses (<150 mg) may bring
additional benefits of BMD increase and reduced fracture risk.

8. Neuroprotective Effect

Thanks to its potential neuroprotective effect, ASA found its place in the neuropsy-
chiatric field in the treatment of Alzheimer’s disease, schizophrenia, bipolar disease,
and depression. The precise mechanism underlying ASA neuroprotective effect has not
been well established yet. However, studies show few promising possibilities related to
(i) PPARα, (ii) brain-derived neurotrophic factor (BDNF), (iii) COX-1 and COX-2, and
(iv) glutamate excitotoxicity (Figure 2).

ASA binding to PPARα was found to up-regulate the hippocampal plasticity [77].
Moreover, ASA was found to enhance expression of BDNF messenger RNA in the neurons
of the hippocampus in mice. BDNF is a neurotrophin promoting cell survival and synaptic
plasticity which plays a key role in pathogenesis of different neurodegenerative diseases,
such as Alzheimer’s disease [78]. Accordingly, low-dose ASA was observed to improve
spatial learning and memory in animal model of Alzheimer’s disease [77].

Another pathway underlying ASA neuroprotective function may involve COX-2
modification and COX-1 irreversible inhibition, which leads to suppression of inflammatory
reaction [79]. As schizophrenia has an inflammatory background, ASA is recommended
also in the treatment of the first episode of schizophrenia [80]. However, in schizophrenia,
high doses of ASA are needed because of difficulties to cross the blood brain barrier [79].

ASA anti-inflammatory activity appears to improve symptoms of mood disorders,
such as depression or bipolar relapse [81]. Another animal study demonstrated ASA
positive impact on oligodendrocyte precursor cell (OPCs) proliferation and differentiation
after white matter lesion, using low and high doses of ASA, respectively [82]. It was
shown that low doses of ASA (25 mg/kg) increase the amount of OPCs, while relatively
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high doses of ASA (100–200 mg/kg) elevate the number of oligodendrocytes and im-
prove myelin thickness after white matter lesions [82]. Thus, both doses seemed to have
neuroprotective effects.

A case report described a woman with electroencephalogram abnormalities in the left
temporal-occipital area reversed and symptoms relieved after low-dose ASA therapy alone.
A potential mechanism underlying the neuroprotective abilities of ASA seems to be related
to its activity against glutamate excitotoxicity. However, this hypothesis is based on case
reports and more research should be carried out to prove a direct link between ASA and
neurotransmitter dysfunction [83].

CABG is a procedure performed in the elderly patients who are known to be at higher
risk of atherosclerotic vascular changes. Moreover, atherosclerosis is an established risk fac-
tor of Alzheimer’s disease. In addition, especially elderly patients who underwent CABG
are susceptible to cognitive impairment and dementia [10]. Therefore, the neuroprotective
features of ASA related to BDNF, PPARα, and glutamate excitotoxicity may complement
the standard therapy for patients suffering from both cognitive impairment/dementia and
atherosclerosis. Altogether, the framework of ASA as a neuroprotective agent is broad, but
furthermore, more specific research is essential to draw firm conclusions.

9. COVID-19 and ASA

In the times of global pandemic, the application of various drugs in the treatment and
prophylaxis of COVID-19 and the following complications is an important research topic.
Accumulating data prove the relationship between COVID-19 and thrombosis [84]. The
clinical and autopsy studies indicate that the risks of microvascular thrombosis, venous
thromboembolism, and ischemic stroke are higher in COVID-19 patients [85,86]. Also,
it was found that platelets have high affinity receptors for SARS-CoV-2, suggesting that
platelets may participate in the development of COVID-19 [85]. Thus, the application of
antiplatelet drugs in the prophylaxis and treatment of COVID-19 and related complications
might be a viable treatment strategy. Currently, the clinical data regarding the efficacy
of ASA to improve outcomes in COVID-19 patients remains ambiguous. CAD patients
treated with ASA (75–150 mg per day) prior to COVID-19-related hospitalization have
comparable in-hospital mortality as patients not receiving ASA (21.2% vs. 22.1%) [87].
On the other hand, when comparing in-hospital ASA intake to no antiplatelet therapy, a
decrease in the rate of in-hospital death in the ASA group was found [88]. In addition,
ASA in-hospital administration was associated with lower need of mechanical ventilation,
in comparison to the non-ASA group [89]. Altogether, more studies are needed to obtain
reliable conclusions regarding the effect of ASA use in the prophylaxis and treatment of
COVID-19 and related complications.

10. Conclusions and Future Directions

In spite of ASA’s long medical history, novel possible applications for ASA therapy
still arise. Recent data demonstrates a variety of new targets for ASA beyond platelet
inhibition, including cancer, hypertension, vascular cell muscle proliferation, osteoporosis,
and neurological impairment. Many of these disorders have a higher prevalence in patients
undergoing CABG, demonstrating the potential benefits of ASA beyond platelet inhibi-
tion. The pathophysiological mechanisms underlying these disorders after CABG include
peripheral and central atherosclerosis, thrombosis, hypertension, and risk of fractures.
They are often based on chronic inflammatory state associated with such pathways as
WNT/β-catenin, NF-κB, PPARα, PPARγ, and different growth factors (e.g., BDNF, TGF-β1)
which are affected by ASA. Some of the proposed mechanisms remain innovative and not
evident yet, as they were observed in vitro and in animal models only. Many of the above-
described mechanisms were not confirmed in the CABG patients and thus, they should
be interpreted with caution. The risks of adverse effects of ASA (e.g., bleeding) should be
taken into account, especially when the higher dose therapy of ASA is considered.

267



J. Clin. Med. 2021, 10, 2317

Considering ASA pleiotropic effect, a hypothesis arises that the intensification of ASA
therapy might improve outcomes after CABG. The American Heart Association guidelines
recommend the use of 81–325 mg ASA daily to reduce the risk of graft occlusion and
adverse cardiac events [1]. One meta-analysis implied that the intermediate ASA dose
(300–325 mg) may decrease the rate of reduce graft occlusion, compared to the low dose
(75–160 mg) regimes within the first year after CABG [90]. There is a need for further
clinical studies to establish whether the intermediate dose is superior to low dose in
patients after CABG, taking into account both the graft patency and other beneficial effects;
including hypotensive or neuroprotective effects, as well as adverse effects such as the risk
of bleeding, gastric complaints, and reduction of glomerular filtration rate.

It is important to mention another antiplatelet drug with pleiotropic effects—ticagrelor,
which could be combined with ASA to maximize the treatment benefits [91]. In the
Dual Ticagrelor Plus Aspirin Antiplatelet Strategy After Coronary Artery Bypass Grafting
(DACAB) study, 500 patients were randomized to receive ticagrelor (90 mg twice daily) +
ASA (100 mg once daily), ticagrelor (90 mg twice daily), or ASA (100 mg once daily) within
24 h post-CABG. Although the combination of ticagrelor and ASA was superior to aspirin
alone in maintaining the saphenous vein graft patency for up to 1 year after elective CABG,
there were no differences between ticagrelor and ASA. Although the rate of cardiovascular
events and bleeding events was low, the combination of ticagrelor and ASA numerically
decreased the risk of the major cardiovascular events after CABG (cardiovascular death,
myocardial infarction, stroke), but also increased the risk of bleeding (CABG-related, non-
CABG-related, and major bleeding events) [92], compared to ASA. The main results of
DACAB study are presented in Figure 3. Altogether, the combinations of ticagrelor and
ASA might improve graft patency after CABG, but further studies are needed to assess the
bleeding risk.

Figure 3. Postoperative complications after CABG with different treatment regimens. CV deaths—cardiovascular deaths;
MI—myocardial infarction.

In another population—patients undergoing transcatheter aortic valve implantation
(TAVI), those treated with ASA monotherapy for 3 months after TAVI has lower incidence
of a composite end-point of bleeding and thrombotic events at 1 year, compared to ASA and
clopidogrel [93]. Hence, ASA monotherapy seems to be associated with decreased bleeding
risk, compared to dual antiplatelet therapy. It could be hypothesized that increasing
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the ASA dose might also be associated with reduced rate major cardiovascular events.
However, in absence if evidence-based data, this hypothesis remains a speculation.

Until now, only a few studies have compared the bleeding risk with different ASA
doses. For example, a review of 39 studies conducted in the field of gastroenterology
proved that the risk for upper gastrointestinal bleeding was comparable, regardless of the
ASA dose and treatment duration [94]. Hence, it is crucial to investigate whether higher
doses of ASA indeed significantly increase the bleeding risk, and if so, whether it is higher
than the bleeding risk during dual antiplatelet therapy.

Altogether, individualization of the postoperative dose of ASA after CABG based on
the patients’ individual risk of graft occlusion and bleeding is worth consideration. At
least in some patients, the possible benefits of ASA pleiotropism might outweigh the risk
of bleeding. However, these groups of patients still remain to be identified. Moreover,
although the results of pre-clinical studies are very promising, the evidence-based data
from randomized controlled trials are lacking. Further research is required to confirm the
pleiotropic effects of ASA in the clinical setting.
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Abstract: Background and Aims: Randomised controlled trials (RCTs) comparing outcomes after
fractional flow reserve (FFR)-guided versus angiography-guided management for obstructive coro-
nary artery disease (CAD) have produced conflicting results. We investigated the efficacy and safety
of an FFR-guided versus angiography-guided management strategy among patients with obstructive
CAD. Methods: A systematic electronic search of the major databases was performed from inception
to September 2022. We included studies of patients presenting with angina or myocardial infarction
(MI), managed with medications, percutaneous coronary intervention, or bypass graft surgery. A
meta-analysis was performed by pooling the risk ratio (RR) using a random-effects model. The
endpoints of interest were all-cause mortality, MI and unplanned revascularisation. Results: Eight
RCTs, with outcome data from 5077 patients, were included. The weighted mean follow up was
22 months. When FFR-guided management was compared to angiography-guided management,
there was no difference in all-cause mortality [3.5% vs. 3.7%, RR: 0.99 (95% confidence interval
(CI) 0.62–1.60), p = 0.98, heterogeneity (I2) 43%], MI [5.3% vs. 5.9%, RR: 0.93 (95%CI 0.66–1.32),
p = 0.69, I2 42%], or unplanned revascularisation [7.4% vs. 7.9%, RR: 0.92 (95%CI 0.76–1.11), p = 0.37,
I2 0%]. However, the number patients undergoing planned revascularisation by either stent or
surgery was significantly lower with an FFR-guided strategy [weighted mean difference: 14 (95% CI
3 to 25)%, p =< 0.001]. Conclusion: In patients with obstructive CAD, an FFR-guided management
strategy did not impact on all-cause mortality, MI and unplanned revascularisation, when compared
to an angiography-guided management strategy, but led to up to a quarter less patients needing
revascularisation.

Keywords: fractional flow reserve; angiography; coronary artery disease; percutaneous coronary
intervention; coronary artery bypass graft surgery

1. Introduction

Current guidelines recommend fractional flow reserve (FFR) to guide revascularisation
for intermediate stenoses with no prior evidence of myocardial ischaemia on non-invasive
testing and in the setting of multivessel coronary disease [1]. These recommendations are
predominantly based on the FAME (Fractional Flow Reserve Versus Angiography for Mul-
tivessel Evaluation) trial, which demonstrated lower rates of major adverse cardiac events
(MACE), predominantly driven by repeat revascularisation, in patients with multivessel
disease who had FFR-guided revascularisation, compared to angiography-guidance [2].

Subsequent randomised controlled trials (RCTs), performed in a variety of clinical
settings, comparing outcomes after FFR-guided versus angiography-guided revasculari-

J. Clin. Med. 2022, 11, 7092. https://doi.org/10.3390/jcm11237092 https://www.mdpi.com/journal/jcm
275



J. Clin. Med. 2022, 11, 7092

sation have produced conflicting results, but have, in general, failed to demonstrate the
expected additional benefit from using FFR in addition to angiography to guide diagnosis,
management and revascularization [2–8]. Most recently, the FRAME-AMI trial (FFR- vs.
Angiography-guided PCI in AMI with multivessel disease) found lower MACE with FFR-
guided complete revascularisation, compared to angiography-guided, among 562 patients
with ST-segment elevation myocardial infarction (STEMI) who had been committed to
complete revascularisation of non-culprit coronary disease [3]. Furthermore, RIPCORD-2
(Does Routine Pressure Wire Assessment Influence Management Strategy at Coronary An-
giography for Diagnosis of Chest Pain?) randomised 1100 patients undergoing diagnostic
angiography for stable angina or non-ST elevation MI (NSTEMI) to either angiographic di-
agnosis and management alone, of angiography plus FFR assessment of all major coronary
arteries. It found no difference in MACE, cost, or quality of life between the groups [4].

Given the discrepant outcome data, the aim of this study was to perform a contempo-
rary meta-analysis of RCTs (including patients with stable angina or AMI, managed with
medications, percutaneous coronary intervention (PCI) or coronary artery bypass grafts
surgery (CABG), to compare clinical outcomes after an FFR-guided versus an angiography-
guided management strategy in patients with obstructive CAD.

2. Methods

This study was performed following the PRISMA (Preferred Reporting Items for
systematic Reviews and Meta-Analyses) guidelines [9]. The protocol for this study was
registered with the International Prospective Register of Systematic Reviews (PROSPERO
ID: CRD42022356766).

2.1. Search Strategy

A systematic search of the online databases Medline and Embase via Ovid was per-
formed, from inception to September 2022. Peer-reviewed RCTs were selected using
combinations of the following keywords: ‘fractional flow reserve’; ‘pressure wire’; ‘FFR’;
‘coronary angiogram’; and ‘coronary angiography’. The electronic database search was sup-
plemented by using the clinical trial registry ‘ClinicalTrials.gov’, to identify other relevant
studies. The reference lists of included trials were also reviewed, for other appropriate trials.
For completeness, we searched conference abstracts from recent major cardiology meetings,
specifically the European Society of Cardiology, EuroPCR, Transcatheter Cardiovascular
Therapeutics, the American College of Cardiology and the American Heart Association.
Two investigators (C.J.M and A.M) independently screened abstracts against eligibility
criteria. In case of discrepancies among the two independent investigators, a third inde-
pendent investigator (H.B) was available to review the data, to resolve discrepancies by
consensus among the investigators.

2.2. Eligibility Criteria

We included all RCTs comparing an FFR-guided versus an angiography-guided man-
agement strategy in patients with obstructive CAD, and reporting outcomes on death, MI
and unplanned revascularisation. For studies with multiple publications, we used data
from the longest reported follow-up. We included RCTs in which patients presented with
either stable coronary artery disease, or acute coronary syndrome (ACS), including RCTs
assessing non-infarct related artery stenoses following revascularisation of the culprit vessel
in STEMI. RCTs of patients undergoing revascularisation with either coronary artery bypass
graft surgery or percutaneous coronary intervention were included. Non-randomised trials,
publications not in English, and those not reporting clinical outcomes of interest were
excluded. We also excluded studies that used an FFR cut-off other than ≤0.8 to define
significant ischaemia, because 0.8 is the FFR threshold accepted by international clinical
guidelines for defining haemodynamically significant lesions [1].
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2.3. Data Extraction

Baseline demographic and clinical outcome data were extracted from the main study
reports. Supplementary material was also reviewed. Clinical outcome data were extracted
on an intension-to-treat basis. For RCTs including an all-comer population undergoing
angiography, we only included outcomes on the subsets with obstructive CAD.

2.4. Quality Assessment

We assessed the risk of bias and the quality of included studies, according to the
Cochrane risk of bias assessment tool [10] (Figure 1).

Figure 1. Risk of bias summary for the individual studies, by Cochrane risk assessment tool. + = low
risk of bias, − = risk of bias, ? = unclear.

2.5. Outcomes

The main endpoints of interest were all-cause mortality, MI and unplanned revascu-
larisation. We also investigated the number of stents implanted and number of patients
proceeding to revascularisation in each group. We originally planned to stratify the results
according to patients presenting with stable CAD or ACS, but outcome data for these
individual endpoints were not available from the trial-level data. However, we were able
to provide the pooled, trial-defined major composite endpoint analysis, stratified by stable
CAD or ACS if available, from the selected RCTs.
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2.6. Statistical Analysis

Weighted mean follow-up duration was calculated according to study size. We sum-
marised the estimate of effect incorporating the clinical outcome as the risk ratio (RR) with
95% confidence intervals (CI). The pooled RR was calculated with a random-effects model,
due to anticipated heterogeneity between included RCTs, using the Mantel-Haenszel
method. We performed heterogeneity testing with Higgins I2, with a threshold of >50% sug-
gestive of significant heterogeneity [11]. The statistical analyses were performed using Review
Manager (RevMan) [Computer program]. Version 5.4, The Cochrane Collaboration, 2020.

3. Results

Figure 2 shows the process of trial selection. Eight RCTs met the eligibility criteria
[2−8,12], including a total of 5077 patients, with 1 of those [3] only recently presented in
detail at the recent ESC 2022 conference and not yet published in full text. Among these,
2544 patients were in the FFR-guided group and 2533 were in angiography-guided group.
Out of the included RCTs, five had follow-up of 1 year [4,6−8,12], one had follow up of
6 months [5], and two RCTs had longer follow-up of 3.5 [3] and 5 years [2]. The weighted
mean follow-up was 22 months. Overall, the loss to follow-up of patients in this study
was <1%.

Figure 2. PRISMA diagram of the trial selection process.

3.1. Characteristics of Included RCTs

There was heterogeneity of clinical presentations included in the trials, endpoint def-
initions and treatment with CABG or PCI (Tables 1 and 2). The trial-defined composite
endpoint was not uniform in the RCTs, as highlighted in bold in Table 1. Revascularisation
was exclusively with CABG in two RCTs (FARGO [Fractional Flow Reserve Versus Angiog-
raphy Randomization for Graft Optimization] and GRAFFITI [Graft Patency After FFR-
Guided Versus Angio-Guided CABG]) [5,6]. By contrast, revascularisation was exclusively
with PCI in three RCTs (FRAME-AMI, FAME, FLOWER-MI [Flow Evaluation to Guide
Revascularisation in Multivessel ST-elevation Myocardial Infarction]) [2,3,7]. Revasculari-
sation was predominantly with PCI in the remaining three included trials (RIPCORD-2,
FAMOUS-NSTEMI [Fractional Flow Reserve Versus Angiographically Guided Manage-
ment to Optimise Outcomes in Unstable Coronary Syndromes], FUTURE [Functional
Testing Underlying Coronary Revascularisation]) [4,8,12]. In general, there was low risk of
bias across the included RCTs (Figure 1).
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3.2. Baseline Characteristics of the Population

Trial characteristics are displayed in Table 1. Population and procedural characteristics
are displayed in Table 2. The mean age of the entire population was 64 years and 81% were
men. Overall, 39% of patients presented with stable CAD, whereas 61% presented with
ACS. Twenty five percent of the population had diabetes mellitus.

3.3. Clinical Endpoints

There was no difference in the trial-defined composite endpoint, when stratified
according to either stable CAD [32% vs. 35%, RR: 0.95 (95%CI 0.83 to 1.09), p = 0.47, I2, 0%
or ACS 15% vs. 16%, RR: 0.89 (95%CI 0.67 to 1.19), p = 0.44, I2 61%, between an FFR-guided
group and the angiography-guided group (Figure 3).

Figure 3. Forest plot of the trial-defined composite endpoint stratified by stable CAD and ACS.

There was no difference in all-cause mortality between the FFR-guided group and the
angiography-guided group [3.5% vs. 3.7%, RR: 0.99 (95% confidence interval (CI) 0.62 to
1.60), p = 0.98, I2 43%, Figure 4a.

There was also no difference in non-fatal MI [5.3% vs. 5.9%, RR: 0.93 (95%CI 0.66
to 1.32), p = 0.69, I2 42%, Figure 4b] or unplanned revascularisation [7.4% vs. 7.9%, RR:
0.92 (95%CI 0.76 to 1.11), p = 0.37, I2 0%, Figure 4c] between the FFR- versus angiography-
guided groups.

Sensitivity analyses conducted via a leave-one-out meta-analysis did not change the
statistical significance of the results.

3.4. Revascularisation and Stent Implanted per Allocated Strategy

The number patients undergoing planned revascularisation by either stent or surgery was
significantly lower in the FFR-guided group [weighted mean difference: 14 (95% CI: 3 to 25)%,
p ≤ 0.001], Figure 5a, when compared to the angiography-guided revascularisation strategy.

The pooled average number of stents was significantly lower in the FFR-guided group
compared to the angiography-guided group [mean difference −0.45 (95%CI −0.70 to
−0.20), p = 0.004], Figure 5b.
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Figure 4. Forest plots of (a) all-cause mortality; (b) non-fatal myocardial infarction; and (c) unplanned
revascularisation.

Figure 5. Forest plots of (a) average number of stented implanted; and (b) percentage of patients
undergoing planned revascularisation as per their randomisation group.
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4. Discussion

In this contemporary meta-analysis of RCTs comparing FFR-guided (using a cut-off
of ≤0.80) to angiography-guided management strategy for obstructive CAD, we found
no difference in mortality, MI, or unplanned revascularisation, between the 2 strategies.
However, an FFR-guided approach was associated with a lower number of patients who
underwent revascularisation by up to a quarter (upper limit of the 95% CI). The latter
finding is of considerable importance, highlighting the benefit to patients and the local
health resource of such an approach. In fact, our findings could be summarised as follows:
despite reducing the number of patients requiring revascularisation by up to 25%, an FFR-
guided management strategy has no penalty in terms of the rate of adverse clinical events.

Two previous meta-analyses included 5094 patients from 7 RCTs [13], and an anal-
ysis from 5 RCTs totalling 2288 patients [14]. Both of these meta-analyses [13,14] found
no difference in mortality when FFR-guidance was compared to angiography-guidance
for complete revascularisation. However, our study also includes FRAME-AMI [3], only
recently reported. We also excluded the RCT by Quintella et al. [15] (n = 69), which was
included in the previous meta-analysis [14], and the DEFER-DES trial [16] (Fractional
Flow Reserve to Determine the Appropriateness of Angioplasty in Moderate Coronary
Stenosis), which was included in the larger prior meta-analysis [13], as they used an FFR
threshold of <0.75. Furthermore, we excluded the DK-CRUSH VI trial (Double Kissing
Crush Versus Provisional Stenting Technique for Treatment of Coronary Bifurcation Le-
sions) [17], which was included in the larger prior meta-analysis [13], as only the side
branch involved in a provisional bifurcation stenting strategy was randomised to either
FFR-guided or angiography-guided revascularisation, rather than the lesion in the main
vessel. Furthermore, we took care to only include patients with obstructive CAD from
the RIPCORD-2 trial [4], to better reflect current clinical practice of when FFR use would
be considered, which was not the case in the previous meta-analysis [13]. Lastly, we also
included trials with CABG as the revascularisation strategy, which makes our findings
more relevant to everyday clinical practice, and our meta-analysis builds on the previous
work by Matthews et al. [18], which only included 3 trials [7,8,19] of patients undergoing
PCI only and clinical outcomes were limited to 1 year.

The role of FFR in acute MI setting has been a subject of debate. FFR is usually
performed in the non-infarct related artery in the setting of STEMI rather that the infarct
related artery. Therefore, the impact of acute infarct and edema is minimal. However,
STEMI patients may have caffeine or caffeine-containing product on board, and therefore
FFR done during the index procedure would have a high false-negative rate. In NSTEMI,
FFR can be done both in the infarct-related artery and the non-infarct related artery as
shown in FAMOUS-NSTEMI but was not powered for clinical outcomes. One would
expect that if a NSTEMI patient with a large infarct size or area of edema, FFR could be
falsely negative in view of the inability of that infarct related territory to reach maximum
hyperemia. We did attempt to stratify the trial-defined MACE by clinical presentation and
in view of the inherent limitation of doing FFR in acute MI setting, although there was no
difference in MACE between the 2 groups, the heterogeneity was high at 61%. Further
studies are required to confirm the role of FFR in acute MI setting.

It is well known that discrepancy exists between angiographic visual estimates of
stenosis severity, and physiologically significant flow limitation that causes downstream
myocardial ischaemia [20]. The prevalence of a discordance between the visual estimate
of stenosis significance and FFR measurement is between 20–30% of all lesions, and this
mismatch involves lesions as little as 30% stenosis by eye and above 90% [4,21]. The ab-
sence of myocardial ischaemia is associated with excellent outcomes using optimal medical
therapy [22] and FFR is regarded as the reference standard invasive method to define
lesion-specific ischaemia [23]. It has been logically been suggested that judgements based
on angiographic visual estimates of lesion severity are subjective, potentially leading to
misdiagnosis and unnecessary stent implantation or even CABG, with the possibility of
procedure-related complications, leading to worse outcomes [20]. In contrast, our findings
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demonstrate that guiding revascularisation in a range of clinical scenarios encountered in
our daily practice based on angiography alone, without FFR, does not adversely impact
on major adverse ischaemic events. One potential explanation for our findings might be
the impact of vulnerable plaque characteristics, which have been shown to be associated
with adverse outcomes [24] and could potentially exist in lesions without significant is-
chaemia. Most recently, this was demonstrated in the COMBINE OCT-FFR trial (Combined
Optical Coherence Tomography Morphologic and Fractional Flow reserve Haemodynamic
Assessment of Non-Culprit Lesions to Better Predict Adverse Event outcomes in Diabetes
Mellitus patients) [25]. COMBINE OCT-FFR found that, among diabetic patients with ≥1
FFR-negative lesions, thin-cap fibroatheroma detected on optical coherence tomography
was associated with a five-fold higher rate of MACE, despite the absence of ischaemia [25].
Therefore, there has recently been a paradigm shift in our understanding that plaque
burden (the higher the plaque burden, the more likely for vulnerable plaques to develop),
may impact on hard clinical outcomes irrespective of the physiological significance of
lesions. Further studies are warranted to improve understanding of whether revascular-
ization decisions could be improved by assessment using the combination of both plaque
vulnerability with OCT and physiological lesion significant with FFR The INTERCLIMA
trial (Interventional Strategy for Non-culprit Lesions with Major Vulnerability Criteria
at OCT in Patients with ACS) (NCT05027984), PREVENT trial (The Preventive Coronary
Intervention on Stenosis With Functionally Insignificant Vulnerable Plaque) (NCT02316886)
and COMPARE STEMI ONE trial (Comparison Of Reduced DAPT Followed by P2Y12 In-
hibitor Monotherapy With Prasugrel vs. standard Regimen in STEMI Patients Treated With
OCT-guided vs. aNgio-guided complete Revascularisation) (NCT05491200), are currently
ongoing, to assess whether an imaging-guided approach to identify vulnerable plaques,
would improve clinical outcomes.

There are a number of limitations to our study. Firstly, it is an aggregate of trial-
level data, rather than individual patient-level data. Therefore, we could not perform in-
depth sub-group analyses, stratified by diabetes status, clinical presentation, or treatment
with CABG. We cannot exclude the possibility that heterogeneity of the populations, for
example the prevalence of diabetes, may have influenced the conclusions. Nonetheless,
evidence suggests that robustly performed trial-level meta-analyses often produce similar
conclusions to patient-level meta-analyses [26]. We did provide subgroup analysis for the
trial-defined composite endpoint for patients presenting with stable CAD or ACS and our
findings were similar to those observed for all the RCTs were pooled together. Secondly,
there was heterogeneity across the included RCTs, with respect to inclusion criteria, primary
endpoints, and follow up duration. Of note, RIPCORD-2 [4], GRAFFITI [6] and FAMOUS-
NSTEMI [12] included lesions with 30% angiographic stenosis assessed visually, compared
to 50% in the other studies included in our meta-analysis [2,3,5,7,8]. The percentage of
patients with ACS was lowest in the GRAFFITI trial [6]. In contrast, FLOWER-MI [7]
exclusively included STEMI patients with bystander disease, and FRAME-AMI [3] only
included patients with STEMI or NSTEMI. FAMOUS-NSTEMI [12] exclusively included
patients with NSTEMI. Approximately half of the patients included in RIPCORD-2 [4] and
FUTURE [8] presented with ACS. However, these studies reflect the patient population
we would encounter in our clinical practice for pressure wire use to guide treatment. It
should also be noted that the indication for FFR use to guide PCI is more widely clinically
applicable whereas the aim of FFR use in the 2 RCTs to guide CABG (FARGO and GRAFFITI
trials) was to assess graft patency post-surgery. Therefore, FFR use in those already planned
for CABG is less clinically applicable at present, pending further adequately powered RCTs
for hard clinical outcomes in CABG patients and is a limitation of our study.

In conclusion, this contemporary meta-analysis shows that an FFR-guided manage-
ment strategy did not impact on all-cause mortality, MI and unplanned revascularisation,
when compared to an angiography-guided management strategy, after a weighted mean
follow-up of 22 months. However, an FFR-guided approach led to up to 1 in 4 less patients
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needing revascularisation, which has important benefits to patients and the local provision
of health resources.
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