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Preface

Cardiovascular disease is currently the most prominent menace to human health. As it continues

to be the leading cause of death, research in the field of cardiovascular diseases is critical. Although

recent decades have seen tremendous progress regarding the identification of cardiovascular disease

risk factors, the molecular basis of atherosclerosis, coronary revascularization and treatment of heart

failure (among many other research areas), much remains to be done and the prospects are promising.

In order to improve the quality and length of life for those at risk of cardiovascular disease, research

for better predictors of cardiovascular disease and better means for prevention and treatment must

be the target.

The purpose of this Special Issue was to identify several important advances in clinical and basic

research relating to cardiovascular disease, providing tools for further progress in disease prevention

and treatment. We hope that you will enjoy reading the included articles which cover only a fraction

of the vast field of cardiovascular disease.

Finally, we would like to express our gratitude to MDPI and Ms. Nancy Ni for granting us the

opportunity to produce this Special Issue and their support throughout the entire process.

Cristiana Bustea and Delia Mirela Tit

Editors
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Abstract: (1) Background: Despite advancements in medical research and discoveries, heart failure
(HF) still represents a significant and prevalent public health challenge. It is characterized by persis-
tently high mortality and morbidity rates, along with increased rates of readmissions, particularly
among the elderly population. (2) Methods: This study was conducted retrospectively on 260 patients
with stable or decompensated chronic HF. The parameter of interest in the study population was
the mean platelet volume (MPV), and the main objective of the research was to identify a possi-
ble relationship between MPV and several variables—biological (NT-proBNP, presepsin, red cell
distribution width (RDW)), electrocardiographic (atrial fibrillation (AFib) rhythm, sinus rhythm
(SR)), and echocardiographic (left ventricle ejection fraction (LVEF), left atrial (LA) diameter, left
ventricle (LV) diameter, pulmonary hypertension (PH)). (3) Results: By applying logistic and linear
regression models, we assessed whether there is a correlation between MPV and biological, elec-
trocardiographic, and echocardiographic variables in patients with HF. The results revealed linear
relationships between MPV and NT pro-BNP values and between MPV and RDW values, and an
increased probability for the patients to have an AFib rhythm, reduced LVEF, dilated LA, dilated
LV, and PH as their MPV value increases. The results were deemed statistically relevant based on
a p-value below 0.05. (4) Conclusions: Through regression model analyses, our research revealed
that certain negative variables in HF patients such as increased levels of NT-proBNP, increased levels
of RDW, AFib rhythm, reduced LVEF, dilated LA, dilated LV, and PH, could be predicted based on
MPV values.

Keywords: mean platelet volume; heart failure; NT-proBNP; atrial fibrillation; left ventricular
ejection fraction

1. Introduction

Cardiovascular diseases still represent a leading cause of mortality globally. The
incidence of diagnosed cases is on the rise across all countries, irrespective of their socioe-
conomic status. Furthermore, the global prevalence of cardiovascular diseases doubled in
2019 in comparison with 1990 [1,2].

Despite the increasingly efficient methods of investigations and the most complex
treatment schemes worldwide through treatment guidelines, the number of deaths from
cardiovascular causes has increased by approximately 66% [3].

The increase in life expectancy worldwide is one of the causes of the situations pre-
sented above. This has caused the burden of cardiovascular disease for each individual to
increase [3].

Life 2024, 14, 260. https://doi.org/10.3390/life14020260 https://www.mdpi.com/journal/life
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Within the large spectrum of cardiovascular diseases, heart failure (HF) stands out as
a significant and prevalent public health concern, with high rates of mortality, morbidity,
and hospitalization. It maintains a leading position among cardiovascular conditions
with a substantial negative impact on quality of life. This is evident through diminished
exercise capacity and constraints on individual physical exertion, marking it as one of the
cardiovascular diseases associated with the greatest degree of disability [4].

The role of platelets in hemostasis is very well known, but they also have an important
role in the pathogenesis of atheroma plaque and atherothrombosis, and among platelet
indices, mean platelet volume (MPV) is a biomarker through which platelet reactivity can
be quantified [5–7].

The size of a platelet is directly correlated with its level of activity, hence larger platelets
are inherently more metabolically active and contain a greater quantity of prothrombotic
material [5–7]. Research studies have demonstrated a noteworthy relationship between
MPV and cardiovascular risk factors, as well as an association with the risk of cardiovascular
disease and cardiovascular-related mortality [5–7].

Platelet irregularities and dysfunction observed in individuals with heart failure are
a consequence of elevated P-selectin expression, platelet aggregation, the presence of
platelet-derived adhesion molecules, and increased mean platelet volume [8,9].

An elevated mean platelet volume in individuals with heart failure could be explained
by an increase in platelet activity because of the activation of compensatory mechanisms
launched in heart failure, which are represented by increased catecholaminergic secretion,
increased activity of the renin–angiotensin system, and increased activity of the inflamma-
tory system [10,11]. The link between MPV elevation and the activation of compensatory
mechanisms in heart failure is outlined in a study conducted by Karabacak et al., who
investigated the effects of beta-blockers on MPV and on the prognosis of heart failure. The
results of the aforementioned study revealed that patients with heart failure who received
beta-blockers experienced a decrease in their MPV levels and a better outcome, the possible
explanation for this phenomenon being that beta-blockers decrease catecholaminergic
activity and thus decrease the levels of MPV [12].

And since these compensatory mechanisms are launched in heart failure patients
at risk of decompensation, this explains why the mean platelet volume (MPV) appears
increased in those individuals. This hypothesis was tested in a study conducted by Hakki
Kaya on patients with heart failure, which revealed that MPV was increased in the group
of patients who were rehospitalized for decompensation [3].

Another possible hypothesis for why mean platelet volume increases in heart failure
could be explained by the fact that heart failure patients are frequently predisposed to
paroxysmal episodes of atrial fibrillation, an arrhythmia that is correlated with increased
levels of MPV according to the study conducted by Turgut O et al. [13].

Studies on the relationship between the MPV value and certain biological (presepsin,
NT-proBNP, red cell distribution width (RDW)), echocardiographic (left ventricle ejection
fraction (LVEF), left atrium (LA) dimensions, left ventricle (LV) dimensions, presence
of pulmonary hypertension (PH)), and electrocardiographic (sinus rhythm (SR), atrial
fibrillation (AFib) rhythm) parameters in groups of subjects with HF are limited.

Using the MPV value as a predictor for certain negative variables in patients with HF
such as reduced LVEF, increased NT-proBNP value, dilated LA, dilated LV, the presence of
PH, and the presence of AFib rhythms is an element of novelty that could assist practitioners
in identifying HF patients predisposed to a negative prognosis. Consequently, it may enable
the implementation of more effective and potentially aggressive therapeutical plans for
these individuals.

Based on the limited available medical literature concerning this issue, through our
research, we aim to identify possible correlations between MPV and certain biological,
electrocardiographic, and echocardiographic variables in patients with HF. Based on the
above correlations that we aim to find, MPV could be used as a prognostic parameter in
populations of patients with HF, and through this, we could gain the possibility to identify
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patients with HF at risk of having a negative prognosis. This finding could represent a new
element of interest brought to the medical literature regarding new prognostic parameters
that could be used in HF patients.

2. Methods

2.1. Design of the Study and Patient Selection

Our study was conducted retrospectively on patients with stable or decompen-
sated chronic heart failure (HF) who were admitted to the Cardiology Department of
the “Bagdasar-Arseni” Emergency Clinical Hospital. The main variable of interest in this
study population was the mean platelet volume (MPV), and the main objective of our
research was to identify a possible relationship between MPV and certain variables of
interest that will be described in the paragraphs below.

According to the 2021 ESC Guidelines for HF [14], decompensated chronic HF is
defined as the worsening of patients’ clinical status, being included in NYHA functional
classes III/IV, which are defined by a sum of symptoms and signs represented by symptoms
at rest and signs of congestion, whereas patients with stable chronic HF are defined as
individuals with a personal history of heart failure, who are asymptomatic or who have
slight limitations of physical activity (NYHA functional classes I/II).

Regarding the sample size estimation, we included in our database all patients with
heart failure admitted to the Cardiology Department of the Emergency Clinical Hospital
Bagdasar-Arseni between January 2017 and January 2019, of which we selected 260 patients
who met the inclusion criteria, which were as follows: patients with chronic HF (stable
or decompensated), patients whose MPV value was available, and patients for which
data on biological (RDW, NT-proBNP, presepsin), electrocardiographic (AFib, SR), and
echocardiographic parameters (LA diameter, LV diameter, LVEF, PH) were available.

The patients with heart failure admitted in that period who were not included in the
study met the exclusion criteria, which were as follows: patients without heart failure,
subjects on which biological, electrocardiographic, and echocardiographic data for the
variables of interest were not available, and patients who had diseases with a low survival
time, active cancer, acute or chronic kidney disease, acute coronary syndrome, stroke, acute
pulmonary embolism, or abnormal platelets levels/hematological diseases.

2.2. Data Collection

Our prime objective was to explore whether MPV could serve as a potential predictor
factor in a study population consisting of patients with HF. Using logistic and linear regres-
sion models, our statistical analyses aimed to determine if there is a relevant relationship
between the MPV value and specific categories of variables including biological factors
(NT-proBNP, presepsin, RDW), electrocardiographic measures (AFib rhythm, SR), and
echocardiographic measures (LVEF, LA diameter, LV diameter, PH).

Clinical and paraclinical data of patients with HF were obtained through medical
records and by using the System Database of the “Bagdasar-Arseni” Emergency Clinical
Hospital when the needed data were not available in the medical records.

Data regarding biological (NT-proBNP, presepsin, RDW), electrocardiographic (heart
rhythm), and echocardiographic markers (left and right cavities’ dimensions, left ventricular
ejection fraction (LVEF), presence or absence of pulmonary hypertension) were obtained
from the hospital’s medical records.

The values of NT-proBNP considered significant for cardiac decompensation according
to the ESC 2021 Guideline of HF [14] are as follows: over 450 pg/mL in patients under
the age of 55, over 900 pg/mL in patients over the age of 55 but under 75 years, and over
1800 pg/mL in patients over 75 years old. A presepsin value that is considered significant
for a possible infection is any value above 300 mg/dl. The RDW value is considered high
over a value of 14%.

Regarding the cavity dimensions, according to the EACVI (European Association of
Cardiovascular Imaging) guidelines [15], a left ventricle (LV) in men is considered dilated
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at an LV end-diastolic diameter (LVTDD) of more than 50 mm, and in women, at an LVTDD
of more than 40 mm; the left atrium (LA) is considered dilated if the indexed LA volume
is over 34 mL/sc, regardless of the patient’s sex. According to EACVI guidelines [16], the
LVEF is considered preserved at over 51%, slightly reduced at 41–50%, moderately reduced
at 30–40%, and severely reduced when below 30%. Regarding pulmonary hypertension
(PH), according to the ESC 2022 Guidelines on PH [17], a patient is considered to have
an intermediate probability of PH in the presence of a peak tricuspid velocity (PTV) of
2.9–3.4 m/s or a PTV under 2.9 m/s plus other echo PH signs, and a patient is considered
to have a high probability of PH in the presence of a PTV of 2.9–3.4 m/s plus other PH echo
signs, or in the presence of a PTV over 3.4 m/s.

The basal values of some of these variables are presented in Table 1.

Table 1. Normal values of biological and echocardiographic variables.

Variable Normal Value

NT-proBNP <125 pg/mL

Presepsin <300 mg/dL

RDW <14%

MPV 7–8 fl

Reduced LVEF <50%

Preserved LVEF >50%

LA diameter 22–41 mm

LV diameter 37–50 mm

2.3. Statistical Analyses

The database was conceived using the Excel program, and the statistical analyses
were performed based on logistic and linear regression models, which were processed in
Python 3.10.

We used linear regression for cases where the dependent variable was continuous:
NT-proBNP, presepsin, RDW, LVEF, LA diameter, LV diameter; and logistic regression
where it was a classification problem (binary outcome): AFib, SR, reduced LVEF, LVEF
preserved, dilated LA, dilated LV, PH.

In the case of the linear regression, we estimate a model in the form of y = β0 + β1 ∗
x1 + ε, where y is the dependent continuous variable and x1 is the MPV (independent
variable). β0 and β1 are the parameters that are going to be estimated on the sample data.
By fitting a model like this, we can come up with interpretations about the relationship
between x and y: for example, by testing the significance of β1, which tells us whether we
have reason to believe that there is a true relationship in the population level between x
and y.

For the logistic regression, the obtained model is similar, and is defined as score = β0 +
β1 ∗ x1 + ε, where score is the probability that the event will happen (y = dependent binary
variable), x1 is the MPV value (independent variable), and β0 and β1 are the parameters
that are going to be estimated on the sample data (β0 = the coefficient for the dependent
variable, β1= the coefficient for the MPV).

The logistic interpretations are very similar to those for the linear regression, except for
the fact that, since we are predicting the outcome of an event, it is very useful to compute
the estimated probability of that event to happen. Therefore, the probability of an event
happening y is estimated based on the following equation: probability = 1

1+e−score .
The model was deemed statistically relevant at a p-value less than 0.05.
We have attached an Appendix A below that reveals all of the variables used in our

research.
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3. Results

Among the patients with heart failure admitted between 2017 and 2019, we included
260 patients who met the inclusion criteria mentioned above.

Regarding the patients’ characteristics, of the 260 patients with heart failure, 71% had
NYHA class IV heart failure, 15% had NYHA class III, and 14% had NYHA class I/II;
58% were female patients and 42% were male patients; 3% were aged between >40 and
<50 years, 12% were aged between ≥50 and <60 years, 24% were aged between ≥60 and
<70 years, and 61% were aged ≥70 years.

Concerning the correlation between the MPV value and biological (NT-proBNP, pre-
sepsin, RDW), electrocardiographic (AFib rhythm, SR), and echocardiographic parameters
(LVEF, LA diameter, LV diameter, PH), detailed statistical data are presented in the subse-
quent paragraphs.

3.1. Biological Variables (NT-proBNP, Presepsin, RDW)
3.1.1. MPV–NT-proBNP Relationship

Concerning the relationship between MPV and the NT-proBNP value in our study
population, our findings indicated that an elevated MPV is associated with a higher NT-
proBNP value. This association was established using the linear regression model and the
data regarding the MPV coefficients are revealed in Table 2.

Table 2. The relation between the MPV value and NT-proBNP value in the studied population.

Biomarker: NT-proBNP R-Squared: 0.091

Coefficient Standard Error t p Value > |t| [0.025 0.975]

Intercept −17,610 4730.928 −3.721 0 [−26,900 −8288.88]
MPV 2677.3154 527.613 5.074 0 [1638.339 3716.291]

The data presented in Table 2 reveal the following key insights:

(1) The value of 0.091 associated with the R-square signifies that the changes in the value
of NT-proBNP by 9.1% are explained by the changes in the value of MPV.

(2) The value of 2677.3154 associated with the MPV coefficient indicates that when the
MPV increases by one unit, the NT-proBNP value increases by 2677 pg/mL.

(3) The p-value = 0.000, thus the model is statistically relevant, signifying that a higher
MPV value is indeed linked to a higher NT-proBNP value.

This hypothesis, according to which there is a linear relationship between MPV and
NT-proBNP, is depicted in Figure 1. The graph shows a tendency for the NT-proBNP value
to rise as the MPV value increases. As an example, in a patient with an MPV value of 10.5 fl,
an associated NT-proBNP value over 10.000 pg/mL can be anticipated.

3.1.2. MPV–Presepsin Relationship

Concerning the relationship between MPV and the presepsin value in patients with HF,
by using the linear regression model, whose estimated coefficients are revealed in Table 3,
our results show that there was not a relevant correlation between MPV and presepsin
values. In this case, the p-value is at the limit of the threshold value of a statistically
significant p-value (0.05), therefore we cannot assert with sufficient certainty that a higher
MPV value is associated with an elevated presepsin value. These results can also be
explained by the fact that the presepsin blood sample was not available for all of our
patients, with the number of patients for whom presepsin data were available being 39.

Due to the fact that in our sample of patients with HF there was not a very large number
of patients with available presepsin data, it was not possible to identify the existence of
a relevant linear relationship between the MPV value and presepsin value. The depicted
figure (Figure 2) illustrates somewhat contradictory findings. Contrary to our expectations,
patients with higher MPV values exhibited a tendency towards lower presepsin values,
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rather than the anticipated trend of higher presepsin values. This observation contradicts
the statistical results commonly reported in the medical literature regarding the correlation
between MPV and sepsis.

Figure 1. Linear relationship between MPV and NT-proBNP value in HF patients.

Table 3. The relation between MPV and presepsin values in the studied population.

Biomarker: Presepsin
No. of Observations: 39

Coefficient Standard Error t p-Value > |t| [0.025 0.975]

Intercept 2272.6483 835.742 2.719 0.01 [579.275 3966.022]
MPV −182.7411 90.047 −2.029 0.05 [−365.195 −0.288]

Figure 2. Linear relationship between MPV and presepsin value in HF patients.

6
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3.1.3. RDW–MPV Relationship

Concerning the relationship between the MPV and red cell distribution width (RDW)
values in our study, our findings indicate that an elevated MPV is associated with a
higher RDW value. This association was established through the application of the linear
regression method, and the data regarding the MPV coefficients are revealed in Table 4.

Table 4. MPV–RDW value relationship, determined with the linear regression model, in HF patients.

Biomarker: RDW R-Squared: 0.037

Coefficient Standard Error t p-Value > |t| [0.025 0.975]

Intercept 9.5573 1.244 7.685 0 [7.108 12.006]
MPV 0.4377 0.139 3.156 0.002 [0.165 0.711]

The data presented in Table 4 reveal the following key insights:

(1) The value of 0.037 associated with the R-square signifies that the change in the value
of RDW by 3.7% are explained by the change in the value of MPV.

(2) The value of 0.43 associated with the MPV coefficient indicates the following: an
increase of one unit in the MPV value is associated with an average increase of
0.4377% in the RDW value.

(3) The p-value associated with the MPV coefficient (0.43) is 0.002, which equals a high
level of confidence in stating that patients with a higher MPV value upon admission
had a higher RDW value.

The linear relationship between the MPV value and the RDW value is visually depicted
in Figure 3. The graph illustrates a slight tendency for the RDW to increase as the MPV
value rises. For instance, in a patient with an MPV value of 10 fl, an associated RDW value
of 14% can be expected.

Figure 3. Linear relationship between MPV and RDW value in HF patients.

3.2. Electrocardiographic Parameters—Atrial Fibrillation and Sinus Rhythm
3.2.1. MPV–Atrial Fibrillation Relationship

Concerning the relationship between MPV and atrial fibrillation (AFib), statistical
results showed that patients discovered at admission to have an AFib rhythm had a higher
MPV value compared to those without AFib. These data are graphically represented in
Figure 4. In the first graph of Figure 4, it can be seen that patients with an AFib rhythm
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(AFib 1) had a higher MVP value (9 fl) compared to those without AFib (AFib 0), who had
MPV values below 9 fl. Similar results are represented in the following two graphs, where
it is observed that there is a tendency for patients with AFib (AFib 1) to be distributed more
to the right, thus more towards higher values of MPV.

Figure 4. Differences in MPV values between subjects with AFib (1) and without AFib (0).

The findings from the above results are effectively explained through the application
of the logistic regression model. The estimated coefficients of this model are presented in
Table 5. This model allowed us to estimate the probability of a patient with HF having an
AFib rhythm based on their MPV value.

Table 5. The relation between MPV value and the probability of AFib, determined with the logistic
regression model, in HF patients.

Variable: AFib No. of Observations: 260

Coefficient Standard Error Z p-Value > |z| [0.025 0.975]

Intercept −4.8282 1.573 −3.069 0.002 [−7.912 −1.745]
MPV 0.5261 0.175 3.002 0.003 [0.183 0.87]

The applied model, in this case, is represented as follows: score (event occurrence =
AFib) = −4.8282 + 0.5261*MPV. Using this formula, if we consider having a patient with an
MPV of 7 fl, we obtain a score of –1.14, and if we consider having a patient with an MPV of
10 fl, we obtain a score of 0.43. By applying the following equation: probability = 1

1+e−score ,
we can convert these results into probabilities. Therefore, in a patient with an MPV of 7 fl,
the chances of having AFib are low (0.24 or 24%), and in a patient with an MPV of 10 fl, the
chances of having AFib are high (0.60 or 60%). The p-value associated with this model is
0.003; thus, the mathematical model described above is considered relevant.

Therefore, based on the arguments presented, we may assert that the MPV value
allows us to estimate the likelihood of a patient with HF having an AFib rhythm and that
the higher their MPV value, the higher the likelihood of patients with HF having AFib
rhythms. While the pseudo-R-squared is 2.6%, indicating that a relatively small proportion
of AFib events can be explained by the MPV value, there is still a statistically significant
correlation between MPV values and AFib rhythms.

The conclusions derived from the results above are also depicted in Figure 5, illustrat-
ing an increasing probability trend of AFib presence as the MPV value rises.
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Figure 5. Estimated probability of having AFib depending on MPV value in the studied population.

3.2.2. MPV–Sinus Rhythm Relationship

In our investigation of the relationship between MPV and sinus rhythm (SR) in the
studied population, our study results exhibited an opposite trend in comparison to pa-
tients with AFib rhythms. The data from our research revealed that patients with SR on
admission exhibited lower MPV values in comparison to those without SR: these results
are practically “mirror-like” compared to the patients with AFib on admission. The data
obtained regarding this phenomenon are represented graphically in Figure 6. From the first
graph of Figure 6, it is observed that patients with SR (SR 1) have a lower value of MPV
compared to those without SR (SR 0)—8.8 versus 9 fl—and in the following two graphs,
patients with SR (SR 1) are distributed more to the left, i.e., towards lower values of MPV
(below 9 fl).

Figure 6. Differences in MPV values between subjects with SR (1) and without SR (0).

The above results are outlined through the application of the logistic regression model,
and Table 6 shows the data regarding the model coefficients. This model allowed us to
determine the likelihood of a patient in the studied population having SR depending on
their value of MPV.
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Table 6. The relation between MPV value and the likelihood of SR, determined with the logistic
regression model, in HF patients.

Variable: SR No. of Observations: 260

Coefficient Standard Error Z p-Value > |z| [0.025 0.975]

Intercept 4.9591 1.578 3.143 0.002 [1.866 8.052]
MPV −0.5372 0.176 −3.057 0.002 [−0.882 −0.193]

The model in this case is represented as follows: (event occurrence = SR) = 4.9591 −
0.5372*MPV. Using this formula, if we consider having an MPV of 7 fl, we obtain a score of
−0.40. By applying the following equation: probability = 1

1+e−score , we can convert these
results into probabilities. Therefore, for a patient with an MPV of 7 fl, the chances of them
having SR are high (0.78 or 78%). The p-value associated with this model is 0.002; therefore,
the mathematical model described above is considered relevant. The data derived from
this model are also illustrated in Figure 7, which reveals that a decreased MPV in the study
population is associated with a high chance of having SR. In summary, based on the results
above, we deduced that MPV allows us to estimate the likelihood of having SR in our
studied population and that the lower the MPV value, the greater the likelihood of HF
patients having SR.

Figure 7. Estimated probability of having SR depending on MPV value in the studied population.

3.3. Echocardiographic Parameters (Left Ventricular Ejection Fraction, Left Atrium, Left Ventricle,
Pulmonary Hypertension)
3.3.1. MPV–Left Ventricular Ejection Fraction Relationship

Regarding the relationship between the MPV value and the left ventricular ejection
fraction (LVEF), the statistical data revealed promising results. The linear relationship
between MPV and the LVEF value in patients with HF in our study was identified by
applying the linear regression model (Table 7), through which we found that as the MPV
value increases, the LVEF value decreases. This finding was derived from an analysis of the
data presented in the table below (Table 7), revealing the following:

(1) The value of 0.053 associated with the R-square signifies that the changes in the value
of LVEF by 5.3% are explained by the changes in the value of MPV.

(2) The value of −3.9016 associated with the MPV coefficient indicates that when the
MPV increases by one unit, the LVEF value decreases by 3.9016%.

(3) The p-value = 0.000, thus the model is statistically relevant.
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Table 7. The relation between MPV and LVEF, determined with the linear regression model, in HF
patients.

Variable: LVEF R-Squared: 0.053

Coefficient Standard Error T p-Value > |t| [0.025 0.975]

Intercept 80.9093 9.228 8.768 0 [62.738 99.08]
MPV −3.9016 1.029 −3.791 0 [−5.928 −1.875]

Therefore, based on the linear regression model, it can be concluded that there is a
relevant relationship between the MPV value and LVEF value in patients with HF.

The conclusion obtained from the analysis of the above data is depicted in Figure 8,
which is a graphical representation of the linear relationship between the MPV and LVEF
values, and from which we can observe the tendency of the LVEF value to decrease as the
MPV value increases (for example, an MPV value of 11 fl corresponds to an LVEF value, on
average, below 40%).

Figure 8. Linear relationship between MPV and LVEF in patients with HF.

MPV–Reduced LVEF Relationship

According to the ESC 2021 HF Guidelines [14], HF cases are classified according to the
LVEF value as HF with a preserved LVEF (LVEF > 50%), HF with a medium-reduced LVEF
(LVEF > 40–<50%), or HF with a severely reduced LVEF (LVEF < 40%).

In addition to the statistically significant relationship between the MPV and LVEF
values, the statistical data of our study revealed varied and significant results regarding the
type of LVEF (reduced versus preserved) and MPV value, the results being presented in
the paragraphs below.

Regarding the relationship between MPV and the presence of a reduced LVEF (r LVEF)
in patients with HF, it was found that patients with r LVEF had a higher value of MPV
compared to those without r LVEF; these data are represented graphically in Figure 9.

In the first graph of Figure 9, it can be seen that patients with r LVEF (1) had a higher
MPV value (approximately 9.2 fl) in comparison to those without r LVEF (0), who had
MPV values below 9 fl. From the following two graphs, a tendency can be observed for
the patients with r LVEF (1) to be distributed more to the right, thus towards higher values
of MPV.
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Figure 9. Reported MPV values in HF patients with a reduced LVEF (LVEF reduced = 1) versus HF
patients without a reduced LVEF (LVEF reduced = 0).

The above results are outlined through the application of the logistic regression model,
and Table 8 shows the data regarding the model coefficients. This model allowed us to
determine the possibility of a patient having a reduced LVEF in our studied population
depending on their value of MPV.

Table 8. The relation between MPV value and reduced LVEF, determined with the logistic regression
model, in HF patients.

Variable: Reduced LVEF No. of Observations: 260

Coefficient Standard Error Z p-Value > |z| [0.025 0.975]

Intercept −5.1414 1.587 −3.24 0.001 [−8.251 −2.032]
MPV 0.5485 0.176 3.109 0.002 [0.203 0.894]

The model, in this case, is represented as follows: (event occurrence = reduced LVEF)
= −5.1414 + 0.5485*MPV. Using this formula, if we consider having an MPV of 10 fl, we
obtain a score of 0.34. By applying the following equation: probability = 1

1+e−score , we can
convert these results into probabilities. Hence, for a patient with an MPV of 10 fl, the
chances of them having a reduced LVEF are high (0.59 or 59%).

The above mathematical model is statistically relevant (p-value = 0.002). The data
derived from this model are also illustrated in Figure 10, where it is observed that an
increased MPV in this study population is associated with a high chance of having a
reduced LVEF. In summary, based on the results above, we deduced that the MPV allows us
to estimate the probability of having a reduced LVEF in our studied population and that the
higher the MPV value, the greater the likelihood of an HF patient having a reduced LVEF.

MPV–Preserved LVEF Relationship

Regarding the statistical data related to the relationship between MPV and preserved
LVEF (p LVEF), the results are opposite to those obtained in the case of patients with a
reduced LVEF. The results of our study showed that patients with p LVEF had a lower
value of MPV compared to those without p LVEF, as can be seen in the graphs represented
in Figure 11. From the first graph of Figure 11, it can be seen that patients with p LVEF
(1) had a lower MPV value (8.8 fl) compared to those without p LVEF (0), who had MPV
values above 9 fl, and on the following two graphs, the distribution tendency of the patients
with p LVEF (1) can be observed as veering towards the left, so towards lower MPV values.
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Figure 10. Estimated probability of having reduced LVEF depending on MPV value in the studied
population.

Figure 11. Reported MPV values in patients with HF with a preserved LVEF (LVEF preserved = 1)
versus patients with HF without a preserved LVEF (LVEF preserved = 0).

The graphical representation of the above findings was delineated through the ap-
plication of the logistic regression model. The estimated coefficients for this model are
presented in Table 9. This model allows us to assess the chance of an HF patient having a
preserved LVEF, depending on their MPV.

Table 9. The relation between MPV value and preserved LVEF, determined with the logistic regression
model, in HF patients.

Variable: Preserved LVEF No. of Observations: 260

Coefficient Standard Error Z p-Value > |z| [0.025 0.975]

Intercept 5.4001 1.595 3.386 0.001 [2.275 8.526]
MPV −0.581 0.177 −3.275 0.001 [−0.929 −0.233]

The applied model in this instance is expressed as follows: score (event occurrence
= preserved LVEF) = 5.4001 − 0.581*MPV. Given this model, we can consider that, for
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example, a patient with an MPV of 8 fl has a score of 0.7521. In order to convert these scores
into probabilities, we use the following equation: probability = 1

1+e−score . Consequently, the
probability of a patient with an MPV of 8 fl having p LVEF is calculated to be 0.69, or 69%.
The mathematical model applied to HF patients is relevant in this case (p-value = 0.001).

Figure 12 illustrates the previously derived results, indicating a trend wherein HF
patients exhibit an increased probability of having a preserved LVEF as their MPV value
decreases.

Figure 12. Estimated probability of having a preserved LVEF depending on MPV value in the studied
population.

Corroborating the previously mentioned statistical data, we may assert that based on
the value of a patient’s MPV, we can predict the possibility of them having a preserved
LVEF: the lower the value of MPV, the higher the probability of a patient with HF having a
preserved LVEF.

3.3.2. MPV–Left Atrium Size Relationship

The linear relationship between the MPV value and the dimensions of the left atrium
(LA), expressed in mm, in patients with HF in our study was identified by applying the
linear regression method (Table 10), which showed that as the MPV value increases, the
dimensions of the LA also increase. This finding was obtained from our analysis of the
data presented in Table 10, which shows the following:

(1) The coefficient for MPV is 2.3035, indicating that, on average, when the MPV increases
by one unit, the LA diameter increases, on average, by 2.3 mm.

(2) The associated p-value for the MPV coefficient is 0.000, signifying a statistically relevant
result. Therefore, it can be affirmed that there exists a noteworthy relationship between
the MPV value and the LA diameter in HF patients.

Table 10. The relation between MPV value and LA diameter, determined with the linear regression
model, in HF patients.

Variable: LA Diameter (mm) R-Squared: 0.069
No. of Observations: 260 AIC: 1700

Coefficient Standard Error T p-Value > |t| [0.025 0.975]

Intercept 27.5822 4.727 5.835 0 [18.273 36.891]
MPV 2.3035 0.527 4.369 0 [1.265 3.342]
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The conclusion obtained from the analysis of the above data is outlined in Figure 13,
which depicts a graphical representation of the linear relationship between the MPV value
and the LA diameter, and which shows that there is a tendency of the LA diameter to
increase as the MPV value increases.

Figure 13. Linear relationship between MPV and LA diameter in patients with HF.

At the same time, the relationship between a higher MPV value and a dilated LA is
exemplified clearly in the figures below (Figures 14 and 15).

 

Figure 14. MPV values reported in HF patients with a dilated LA (dilated LA = 1) versus HF patients
without a dilated LA (dilated LA = 0).

In the first graph of Figure 14, it can be seen that patients with a dilated LA (1) had a
higher MPV value (about 9.1 fl) in comparison to those with a non-dilated LA (0), who had
MPV values below 9 fl (8.4 fl), and in the following two graphs, a tendency was observed
for patients with a dilated LA (1) to be distributed more to the right, thus towards higher
values of MPV.
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Figure 15. Estimated probability of HF patients having a dilated LA based on their MPV value, using
the logistic regression method.

The aforementioned results are more effectively illustrated through the application
of the logistic regression model. The graphical representation of this model is depicted in
Figure 15, which reveals that for HF patients with an increased MPV, there is a tendency of
an increased probability of them having a dilated LA (for example, there is an over 80%
chance for a patient with an MPV of 10 fl to have a dilated LA, versus a patient with an
MPV of 8 fl, for whom this chance is under 60%).

In summary, considering the arguments presented, it can be affirmed that the MPV
value serves as a predictor for the probability of an HF patient to have a dilated LA. More-
over, our results reveal that the higher the value of their MPV, the greater the probability
that a patient with HF will have a dilated LA.

3.3.3. MPV–LV Dimension Relationship

The linear relationship between the MPV and the dimensions of the left ventricle
(LV), expressed in mm, in patients with HF in our study was identified by applying the
linear regression method (Table 11), which showed that as the MPV value increases, the
LV dimensions also increase. This finding was obtained from an analysis of the data in the
table below (Table 11), which shows the following:

(1) The coefficient for the MPV is 1.6395, meaning that when the MPV increases by one
unit, the LV diameter increases, on average, by 1.63 mm.

(2) The associated p-value for the MPV coefficient is 0.000, signifying a statistically relevant
result. Thus, it can be affirmed that there exists a significant relationship between the
MPV value and the LV diameter in HF patients from our study.

Table 11. The relation between MPV value and LV diameter, determined with the linear regression
model, in HF patients.

Variable: LV Diameter (mm) R-Squared: 0.048
No. of Observations: 260 AIC: 1622

Coefficient Standard Error T p-Value > |t| [0.025 0.975]

Intercept 36.1691 4.067 8.893 0 [28.16 44.178]
MPV 1.6395 0.454 3.614 0 [0.746 2.533]

The conclusions obtained from the analysis of the data above are depicted in Figure 16,
which is a graphical representation of the linear relationship between the MPV value and
the LV diameter, and from which we can observe a tendency of the LV diameter to increase
as the MPV value increases.
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Figure 16. Linear relationship between MPV and LV diameter in patients with HF.

At the same time, the identification of a relationship between a higher MPV value
and a dilated LV is exemplified clearly in the figures below (Figures 17 and 18). From the
graphic representations in Figure 17, we can observe that patients with a dilated LV had
higher MPV values (over 9 fl) in comparison to those without a dilated LV.

Figure 17. MPV values reported in patients with a dilated LV (dilated LV = 1) versus HF patients
with a non-dilated LV (dilated LV = 0).

These results are better delineated through the application of the logistic regression
model, whose data are graphically represented in Figure 18. Through this model, we can
estimate the possibility of an HF patient having a dilated LV based on their MPV value.
So, the figure below (Figure 18) reveals that there is an increased tendency for a patient
with HF to have a dilated LV as their MPV value increases (for example, in patients with an
MPV of 10 fl, there is a 35% chance of them having a dilated LV, in comparison to patients
with an MPV value of 7 fl, for whom this chance is below 10%).
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Figure 18. Estimated probability of HF patients having a dilated LV based on their MPV value, using
the logistic regression method.

In summary, considering the arguments presented above, it can be affirmed that the
MPV value serves as a predictor for the probability of an HF patient having a dilated LV.
Furthermore, our study reveals that the higher the MPV value, the greater the probability
of a patient with HF having a dilated LV.

3.3.4. Relationship between MPV and PH

Our study revealed that patients with pulmonary hypertension (PH) had a higher
value of MPV compared to those without PH. This phenomenon is exemplified in the
figures below (Figures 19 and 20).

Figure 19. MPV values in HF patients with PH (PH = 1) versus HF patients without PH (PH = 0).

In the first graph of Figure 19, it can be observed that the presence of PH (PH = 1) is
associated with an increased MPV value in comparison to the absence of PH (PH = 0) in
our studied population, and from the following two graphs, it can be seen that patients
with PH are distributed more towards the right, so towards higher MPV values, hence
there is a slight tendency for MPV values to be higher for patients with PH.
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Figure 20. Estimated probability of having PH depending on MPV value in the studied population.

The insights derived from the above results are better described through the logistic
regression model, whose data are represented in Figure 20. This model provides an
estimation of the probability of an HF patient having PH based on their MPV value.
Figure 20 highlights an increased tendency for PH to be present in HF patients with high
MPV values. For instance, there is an over 60% chance that PH will be present in patients
with an MPV of 10 fl in comparison to patients with an MPV of 8 fl (where there is a 31%
chance of PH presence). In conclusion, based on the results presented above, it can be
asserted that the MPV value can be used to predict the probability of an HF patient having
PH. Moreover, in Figure 20, it can be observed that the higher the MVP value, the greater
the probability of an HF patient having PH.

4. Discussion

Through our research, we aimed to add novelty to the current medical research re-
garding MPV as a prognostic parameter in HF patients by identifying correlations between
MPV values and certain parameters, such as increased NT-proBNP, increased RDW, and
the presence of an AFib rhythm, reduced LVEF, dilated LA and LV, and PH, which are
considered negative prognostic variables in HF patients.

Based on the above correlations, MPV could be used as a prognostic parameter in
populations of patients with HF, and through it, we could gain the ability to identify
patients with HF at risk of having a negative prognosis.

Regarding the identification of a statistical link between the value of NT-proBNP and
the value of MPV, our study confirms the results of the research conducted by Budak and
his collaborators [17], which focused on patients with HF, and which revealed that BNP
values were positively correlated with MPV values. The results of our research showed that
HF patients with higher NT-proBNP values had higher MPV values, with the differences
between our research and the study conducted by Budak being as follows: (1) our study
focused on the relationship between NT-proBNP and MPV values; (2) the relationship
between MPV and NT-proBNP values was demonstrated by applying the linear regression
model, which revealed that by increasing the MPV value by one unit, NT-proBNP is
increased by 2677 pg/mL.

A possible explanation for the correlation between increased levels of MPV and
increased levels of NT-proBNP is that since NT-proBNP is a biomarker released as a conse-
quence of the activation of compensatory neurohormonal mechanisms in decompensated
heart failure, and thus is a biomarker linked to the aggravation of the clinical status in HF
patients, this is the reason why HF patients with increased levels of NT-proBNP may also
have increased levels of MPV.

Regarding the MPV–presepsin relationship in patients with HF, the studies are lacking,
and the only ones available in the current medical literature are those that refer to the
correlation between patients with sepsis and increased values of MPV, as shown by the
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study conducted by J. Van Der Lelie [18], who, however, did not target a population of
patients with HF and did not follow the interrelation between presepsin and MPV. The
explanation according to which patients with sepsis would have an increased MPV value
is that the infection is predisposed to induce the appearance of immune complexes and the
release of cytokines, which determines, through a compensatory mechanism, the occurrence
of thrombocytopenia, expressed biologically by increased levels of MPV [9]. However,
regarding our statistical results regarding the relationship between presepsin and MPV
values, our study did not find a statistically significant relationship between these variables,
the most plausible cause of this phenomenon being the reduced number of patients for
which presepsin data were available.

Regarding the relationship between MPV and LVEF, two studies are cited in the litera-
ture: the one conducted by Nassiba M. et al. [19] and the one conducted by Schu-ichi Fujita
et al. [20]. The study conducted by Nassiba M. [19] revealed that patients with a preserved
LVEF had a higher MPV and that a larger MPV is considered a negative prognostic marker
in HF patients with a preserved LVEF. The novelties brought by our research in contrast
to the study conducted by Nassiba M. are as follows: (1) our research was focused on a
population of HF patients regardless of their LVEF value; (2) our statistical results outlined
that HF patients with a reduced LVEF had increased MPV values in comparison to those
with a preserved LVEF, who had low values of MPV. The study conducted by Schu-ichi
Fujita et al. [20] concentrated on a population of patients with both systolic and diastolic
LV dysfunction, revealing that MPV is an independent factor associated with both systolic
and diastolic LV dysfunction. The differences brought by our study are that patients with
LV diastolic dysfunction (preserved LVEF) had a lower MPV value compared to patients
with LV systolic dysfunction (reduced LVEF), who had higher MPV values, and that our
results were obtained based on the application of logistic regression models, through which
it was demonstrated that as their MPV value increases, an HF patient will be more likely to
have a reduced LVEF. The possible reason for which MPV levels may be higher in patients
with a reduced LVEF is that a lower LVEF is correlated to increased filling pressures in the
left ventricle; this activates the neurohormonal compensatory mechanism, which is linked
to a greater status of decompensation in heart failure, and as a consequence, the levels of
MPV increase.

Regarding the relationship between MPV and AFib rhythms, the results of our research
confirm other data from the medical literature according to the studies conducted by Yucel
Colkesen [21] and by Okan Turgut et al. [13], according to which patients with a higher
MPV value are at higher risk of paroxysmal AFib, and patients with an AFib rhythm had
a higher MPV compared to patients with SR, respectively. The novelty of our study is
the study population (patients with HF), as well as the statistical methodology applied
(logistic regression models), through which we demonstrated that the higher the MPV
value, the higher the probability of a patient with HF having AFib. The possible mechanism
behind this link between the presence of AFib and increased levels of MPV in heart
failure patients is because the AFib rhythm is one of the atrial arrhythmias associated with
increased filling pressures in the left atrium and left ventricle, which in turn increase the
pressure in pulmonary veins and capillaries, which consequently will be responsible for
pulmonary congestions. The above chain of reactions will be responsible for a greater
risk of decompensation in heart failure and for the activation of the neurohormonal and
inflammatory compensatory systems, which in turn will produce platelet dysfunction,
expressed by increased levels of MPV.

Extrapolating our statistical results according to which patients with a dilated LA had
a higher value of MPV compared to patients with a non-dilated LA, we can link them to
the statistical results obtained in the case of the relationship between the presence of an
AFib rhythm and the value of MPV, taking into account that it is well known in the medical
literature that patients with an AFib rhythm have a dilated LA due to the remodeling
process through which their LA undergoes.
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At the same time, by extrapolating the statistical results according to which patients
with a dilated LV had a higher value of MPV compared to patients with a non-dilated
LV, these interesting data can be linked to the statistical results obtained in the case of the
relationship between LVEF and the value of MPV, taking into account that it is known in
the medical literature that the majority of patients with a dilated LV have a reduced LVEF.

Regarding the results from our study according to which patients with HF with in-
creased MPV values had a higher probability of having higher RDW values, this represents
a novelty in the medical literature since the available studies related to this aspect are lim-
ited, and the existing studies on HF and MPV or HF and RDW did not study the possible
statistical correlation between MPV and RDW values in patients with HF.

The current available medical research regarding the impact of RDW on HF patients is
cited in two studies: one of them is a review-type study conducted by Andrew Xanthopou-
los et al. [22], who revealed that patients with a higher RDW were more likely to have
decompensated HF, and the second one is a type of a meta-analysis study conducted by
Yuan-Lan Huang et al. [23], which revealed that HF patients with high RDW values had a
more reserved prognosis, represented by frequent hospitalizations or increased mortality.
The novelty that our study adds to the medical field in this context is that our research
focused on MPV value–RDW value correlation in the HF population, revealing that patients
with increased MPV values had increased RDW values. Therefore, the results from our
study regarding the identification of a linear relationship between MPV and RDW values
are promising. The reason why our findings revealed a link between elevated RDW values
and elevated MPV values is probably because, like MPV, RDW also increases as a result of
activation of the neurohormonal and inflammatory compensatory systems in heart failure
patients, which in turn is responsible for anisocytosis, the latter one being responsible for
increased levels of RDW [22,23].

The main strengths of our research are provided by the statistical analysis used, which
was represented by regression model analyses. Through the above statistical analyses, we
could determine significant correlations between MPV values and certain biological, elec-
trocardiographic, and echocardiographic variables that are considered negative prognostic
parameters in HF patients. Based on these promising results, we could consider that the
MPV value may be a negative prognostic parameter in HF patients, and based on its value,
we could target HF patients at risk of a poor outcome.

Since increased NT-proBNP, reduced LVEF, increased RDW, AFib, PH, and dilated LV
and LA are variables associated with a worse clinical status and outcome in heart failure
patients according to the available medical literature, and since our results revealed correla-
tions between increased MPV values and these variables, we could expect that an increased
MPV may predict negative changes in these biological, electrocardiographic, and echocar-
diographic parameters, and thus predict a negative prognosis in heart failure patients.

MPV is a parameter that is easy to obtain and because it is incorporated in any
hemogram, it is available for any practitioner. The fact that a single parameter such as MPV
could predict changes in the variables mentioned above and hence enable estimations of
the probability of poor prognoses in heart failure patients represents an element of novelty
for clinical practices, because through it we can label a patient at risk of a poor outcome
and start a premature aggressive treatment to prevent future decompensations.

There are several limitations associated with our study:

(1) Retrospective design: this study was conducted retrospectively, involving data collec-
tion from the system database of the hospital; this approach introduces the potential
of biased patient selection, as retrospective studies rely on pre-existing data, and the
selection of patients may not be randomized.

(2) Influence of blood sample collection: NT-proBNP, RDW, and mean platelet volume
values may be impacted by the retrospective method of blood sample collection;
human error during these procedures may introduce variations in the recorded values,
potentially affecting the accuracy and reliability of the results.
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5. Conclusions

Based on the results from our study, we can conclude that there is a statistically signif-
icant relationship between increased values of MPV (over 9 fl) and biological (increased
NT-proBNP, increased RDW), electrocardiographic (presence of AFib rhythm), and echocar-
diographic variables (reduced LVEF, dilated LV, dilated LA, presence of PH) in the studied
population of patients with HF. Therefore, we could consider that MPV may be used as a
negative prognostic parameter in HF patients, and based on its value, we may be able to
identify heart failure patients susceptible to a negative prognosis.
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Appendix A. Types of Variables Used

Independent Variable Dependent Variable Type of Variable Regression Type

MPV NT-proBNP Continuous Linear

MPV Presepsin Continuous Linear

MPV RDW Continuous Linear

MPV AFib Binary Logistic

MPV SR Binary Logistic

MPV LVEF Continuous Linear

MPV Reduced LVEF Binary Logistic

MPV Preserved LVEF Binary Logistic

MPV LA diameter_(mm) Continuous Linear

MPV LV diameter (mm) Continuous Linear

MPV Dilated LV Binary Logistic

MPV Dilated LA Binary Logistic

MPV PH Binary Logistic
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Abstract: The difference between subcutaneous implantable cardioverter defibrillators (S-ICDs) and
transvenous ICDs (TV-ICDs) concerns a whole extra thoracic implantation, including a defibrillator
coil and pulse generator, without endovascular components. The improved safety profile has allowed
the S-ICD to be rapidly taken up, especially among younger patients. Reports of its role in different
cardiac diseases at high risk of SCD such as hypertrophic and arrhythmic cardiomyopathies, as well
as channelopathies, is increasing. S-ICDs show comparable efficacy, reliability, and safety outcomes
compared to TV-ICD. However, some technical issues (i.e., the inability to perform anti-bradycardia
pacing) strongly limit the employment of S-ICDs. Therefore, it still remains only an alternative to the
traditional ICD thus far. This review aims to provide a contemporary overview of the role of S-ICDs
compared to TV-ICDs in clinical practice, including technical aspects regarding device manufacture
and implantation techniques. Newer outlooks and future perspectives of S-ICDs are also brought up
to date.

Keywords: subcutaneous implantable cardioverter defibrillator; ventricular tachycardia; sudden
death; cardiomyopathy

1. Introduction

The development of S-ICDs from concept to their initial commercialization was a
journey lasting 19 years. Only in 2009 and 2012 did the first generation of S-ICDs receive
the CE mark and US FDA approval, respectively. The S-ICD was developed as a possible
alternative to transvenous ICDs (TV-ICDs), trying to achieve the same effectiveness as
TV-ICDs in terms of detecting and treating both ventricular fibrillation (VF) and ventricular
tachycardia (VT) [1,2]. Several studies were performed in order to evaluate the efficacy and
safety of these devices and rapid advances were made in the following years, leading to
the development of a second generation of S-ICDs in 2015 and a third generation in 2016.

S-ICDs are structurally similar to TV-ICDs, being made of a pulse generator and a
defibrillator coil. The advantage of S-ICDs concerns the components, which are completely
outside of the chest. This substantial difference minimizes the risk of lead fractures or
systemic infections, some of the most feared complications of TV-ICDs [3], as well as
making any extraction procedure much simpler and less dangerous [4]. Consequently, the

Life 2023, 13, 1652. https://doi.org/10.3390/life13081652 https://www.mdpi.com/journal/life
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outlook for S-ICDs is stronger in two scenarios: when used in younger patients, who are
usually affected by genetic heart diseases and are at high risk of sudden cardiac death (SCD)
such as hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and genetic
arrhythmia syndromes [5–7]; and in instances in which the transvenous route is inaccessible.
Nevertheless, S-ICDs present several limitations compared to TV-ICDs: due to the lack of
an endocardial electrode, S-ICDs are only able to deliver post-shock ventricular pacing for
30 s. For this reason, for patients who need anti-bradycardia pacing or resynchronization
therapy, S-ICD implants are contraindicated [8]. Another issue concerns the alloy of which
the coil is composed, which contains a small amount of nickel (around 16%). However, the
device is registered as nickel free and no cases of allergic reactions have been reported in
allergic patients so far.

In recent years, larger studies confirmed the role of S-ICDs as a valuable alternative to
TV-ICDs (Table 1). In both prospective trials [9–12] and registries [13,14], S-ICDs showed
remarkable safety in the short and medium term, which was associated with a relatively
low inappropriate shock rate in populations with different clinical characteristics and
cardiovascular diseases, as well as indications of primary or secondary prevention of SCD.
In this review, we provide an overview of the current role of S-ICDs in clinical practice
compared to TV-ICDs, as well as updates to surgical techniques, medical management, and
future perspectives of this increasingly used technology.
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2. Subcutaneous ICD: What We Know So Far

2.1. Pre-Implant Screening

S-ICDs consists of a completely extra-thoracic device without the registration of
intracardiac electrograms. For this reason, when a S-ICD implant is planned, it is necessary
to ensure optimal sensing through a pre-implant screening [16]. The pre-implant screening
aims to evaluate the amplitude of the sensed R wave and if the available three sensing
vectors (primary from the proximal electrode ring to can, secondary from the distal electrode
ring to can, and the third from the distal to the proximal electrode) are able to differentiate
the R wave from the T wave in order to ensure appropriate sensing of VT and avoid
inappropriate ICD shocks (IAS) [17]. The electrogram analyzed by the S-ICD is more
similar to a standard 12-lead electrocardiogram (ECG) than to an intracavitary electrogram,
with a distinct P-wave, T-wave and QRS-complex. A dedicated tool is used to measure the
amplitude of the three sensing vectors from the standard 12-lead ECG in both a supine
and a sitting/standing position. The screening is passed if at least one of the vectors works
in both positions. Different studies demonstrated that 8% to 15% of the individuals are
excluded from the implant of S-ICD after the screening [18–20]. Because many IAS are
observed during exercise, some studies have suggested the possibility of conducting the
screening during exercise to evaluate the three vectors in a dynamic way [21,22]. The
most frequent cause of IAS in implanted S-ICD is T waves oversensing; therefore, in such
cases, prolonged screening periods and a more detailed study of the T variation in different
contexts are needed to improve the screening phase [23,24]. Exercise screening should
be recommended in specific diseases with higher incidence of screening failure, such as
HCM [25].

2.2. Implant Technique

The implant of S-ICD differs from a TV-ICD. S-ICD is made of a case pulse generator
that is placed in a subcutaneous pocket between the anterior and the mid-axillary lines
at the level of the V-VI intercostal space. Currently, a third-generation S-ICD device
provided by Boston Scientific (EMBLEM; Boston Scientific, Marlborough, MA, USA) is
used. It weighs 130 g and it measures 83.1 × 69.1 × 12.7 mm. It is magnetic resonance
(MRI) compatible.

There is a single 45 cm lead with sensing ring electrodes at its extremities. One
extremity is tunneled in the subcutaneous plane from the case to the sternum, where it is
fixed 1 cm cranial to the xiphoid process while the other extremity is rounded and tunneled
vertically parallel to the left side of the sternum.

To optimize the implant, different techniques have been tested. The first cases used
a three-incision technique with two incisions at the extremities, one for the lead and one
for the case. After that, a two-incision technique was developed using just the inferior
incision for the placement of the lead and eliminating the superior one. Several studies
demonstrated that the two-incision technique is as safe and efficacious as the three-incision
one, providing a faster and less complicated procedure [26,27]. A high probability of
effective defibrillation with a two-incision procedure was also reported [28].

Regarding the placement of the pulse generator, different sites of implant were eval-
uated. An intermuscular implant in the virtual space between the anterior surface of
the serratus anterior muscle and the posterior surface of the latissimus dorsi muscle was
demonstrated to reduce the risk of infections [29]. This technique could be also useful when
insufficient subcutaneous tissue is available, such as in thin patients with a low body mass
index or for cosmetic reasons [30]. In one study, the intermuscular implant reduced the
shock impedance in obese patients [31]. Finally, a sub-serratus implant, by reducing the
distance between the generator and the heart, may improve device efficacy and provide a
better cosmetic effect, but only a few studies of this nature have been conducted [32].

Fluoroscopy is not necessary during an S-ICD implant, except in the pre-procedural
step when finding the landmarks used for implantation. The procedure is mainly performed
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under deep sedation or general anesthesia [13] and the total duration of the procedure is
demonstrated to be just a little longer than that of the transvenous one [27].

The S-ICD implant has a lower rate of severe complications compared to TV-ICD.
Despite a slightly higher frequency of pocket hematoma, it strongly reduces the risk of
pneumothorax, traumatic pericardial effusion, and lead dislodgment, with lower rates
of re-intervention [27]. In the IDE study, no cases of cardiac perforation, tamponade,
pneumothorax, or subclavian vein stenosis were registered [9].

The implant technique has been improved over the last 10 years of experience. In
particular, it has been demonstrated that there is a steep learning curve for physicians who
perform S-ICD implants, with only around 13 implants needed to acquire good autonomy.
Increased experience with implantation techniques also led to a significant reduction in
complication rates [33].

2.3. Inappropriate Shocks

ICD shocks are potentially associated with myocardial injury, altered hemodynamic,
apoptosis, and inflammatory signaling [34]. Several studies demonstrated a positive
relation between the burden of ICD shocks and development or worsening of heart failure,
as well as increased risk of heart failure hospitalizations and mortality [35–37]. Moreover,
shocks have non-negligible psychological and physical impact on patients, with the risk
of seriously affecting their quality of life for decades [38]. Older studies reported that up
to 17% of people with TV-ICD could receive an IAS, usually due to misinterpretation of
supraventricular tachycardias (SVT), including sinus tachycardia, atrial fibrillation (AF),
and atrial flutter or device malfunction [39,40]. This issue has been appreciated a lot
in recent years and led to the development of newer optimized and focused diagnostic
strategies, which progressively lessened the rate of IAS over time up to 1.9%, according to
recent studies [41]. Regarding S-ICD, inappropriate T oversensing and myopotentials are
the main cause of IAS [42,43]. On the contrary, S-ICD’s performance in discriminating AF
seems higher than TV-ICD, according to a recent metanalysis [44]. In the IDE study, IAS
was performed in 13.1% [15], while in the EFFORTLESS registry it was performed in 11.7%
of cases, in addition to 2.3% of cases involving non-recognized SVT [13]. A more recent
post approval study stated that 6.5% of cases involved IAS [14].

In the START study, the S-ICD algorithm was found to be effective for SVT discrimi-
nation, even better than TV-ICD [16]. Initial devices used single zone programming that
was only capable of monitoring the cardiac rate. Improvements were made with the
development of a second zone capable of conditional discrimination for rates between
170–240 beats/min. This zone is programmed to recognize rate and differentiate between
SVT and VT with the possibility of achieving early diagnosis of AF. Dual zone program-
ming strongly demonstrated a reduction in IAS incidence (11.7% vs. 20.5%) compared to
single-zone programming [13,14].

The UNTOUCHED study reported the lowest rate of IAS for SVT among S-ICD
controlled trials, with an IAS-free rate of 95.9% (p < 0.001) at 18 months (against a standard
performance goal of 91.6% of TV-ICDs) [10]. Data from the UNTOUCHED study greatly
differed from the data of the PRAETORIAN TRIAL [11], which reported higher rate of
IAS in the S-ICD group, despite the absence of statistical significance. The reason for
this discrepancy may be due to the higher prevalence of the third-generation S-ICD in
the UNTOUCHED group compared to the PRAETORIAN one. Indeed, among the most
important innovations of third-generation S-ICDs was the introduction of the SMART
PASS filter (since 2018), which was designed to reduce the amplitude of lower-frequency
signals (such as T-waves), maintaining unchanged signals from R-waves, VT or VF [45].
The introduction of SMART PASS effectively reduced the rate of IAS in another study [46].
This highlights the importance of morphology discrimination algorithms applied in the
conditional shock zone in reducing IAS in S-ICDs as opposed to the initial use of interval
criteria before applying morphology criteria in TV-ICDs [47].
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2.4. Infections

The S-ICD Post Approval Study examined by Gold and colleagues [48] in order to
evaluate the incidence and predictors of infections in a 3-year follow-up period observed
an infection prevalence of 3.3% (69% within 90 days, 92.7% within 1 year, and none after
2 years). No lead extraction was needed. The mortality rate was 0.6%/year with no
systemic infections. The results were similar to those of other previous studies.

Several meta-analyses reported no significant differences in the occurrence of device-
related infections (OR = 1.57; 95% CI: 0.67–3.68) compared to TV-ICDs [49,50]. According
to these data, the rates of all types of infection are the same between S-ICDs and TV-
ICDs. However, a more accurate analysis identified a greater rate of high-risk infections
(i.e., systemic infections) in the TV-ICD group. On the contrary, the S-ICD group was more
prone to pocket infections, which are associated with a significantly lower risk of death [51].

In both cases, device removal is needed, although extractions of TV-ICD are signifi-
cantly harder and have a higher risk of severe complications compared to S-ICDs extrac-
tions [52,53]. Patients at high risk of infection, such as dialyzed or immunocompromised
patients, could benefit from S-ICD.

2.5. Lead Complications

Transvenous leads are the weakest elements of the TV-ICD system, causing dislocation,
fracture, or infections. Lead fracture accounted for the first case of abandoned lead in the
population with cardiac implantable electronic devices (CIEDs) [54]. The term “lead
fracture” refers to a fracture in the lead’s conductor coil and typically accounts for less
than 2% of IAS per year [55]. The risk increases in younger people and in females and
becomes greater over time [56]. Lead fractures often occur in correspondence with stress
points, such as near the pulse generator, at the venous access site, or at the lead tip, where
repetitive motion places stress on the conductor coil. Lead fracture or displacement are
often investigated when loss of sensing or pacing are detected during routine checks of
the device. In ICDs, lead fractures are among the most frequent causes of IAS due to
artifacts oversensing [57]. Moreover, a fracture of the high-voltage conductor coil may
compromise the ability to deliver therapy when needed. In most cases of lead fracture,
lead interrogation will show an increase in lead impedance, which may arise slowly
or abruptly. Transvenous leads complications also include new or worsened tricuspid
regurgitation, pericardial effusion or pericarditis, cardiac perforation with or without
tamponade, hemothorax/pneumothorax, and upper-extremity vein thrombosis [58].

These conditions must be taken into account when a new device is implanted, es-
pecially in young individuals. New prospects have been offered by the S-ICD for this
population, mainly due to the significant reduction in lead-related complications. In the
PRAETORIAN trial, the primary endpoint consisted of a composite endpoint of device-
related complications or inappropriate shocks at 4 years. The occurrence of lead-related
complications was significantly higher in TV-ICD patients (6.6% in the TV-ICD arm versus
1.4% in the S-ICD arm; p = 0.001) [11]. The ATLAS trial reported 4.8% lead complications in
the TV-ICD group compared to 0.6% in the S-ICD group at six months [12].

A recent meta-analysis conducted by Fong et al. substantially confirmed these data [44].
In particular, despite a similar rate of whole complications between the two groups (RR,
0.59 [95% CI, 0.33–1.04]; p = 0.070), a significant drop in the lead-related complications was
found in the S-ICD group (RR, 0.14 [95% CI, 0.07–0.29]; p < 0.0001).

It is worth noticing that S-ICD lead-related complications are different from the ones
of the TV-ICD groups because of the different conformation and position (Table 2). Indeed,
the most frequent S-ICD lead-related complications happened in the early post-implant
phase, consisting of lead movement and suboptimal lead position that usually only needed
to be repositioned [49].
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Table 2. Transvenous ICD vs. subcutaneous ICD.

TV-ICD S-ICD

Pre-implant Screening Not needed Needed
Implant Technique Transvenous Subcutaneous
Sedation Local Deep/general anesthesia
Fluoroscopy Needed Not needed
Electrocardiogram Intracavitary ECG 12-lead ECG

Inappropriate shocks SVT T oversensing, myopotential,
discrimination error

Anti-tachycardia pacing Possible Not possible
SHOCK threshold 5–30 J 80 J
Infections Systemic infections Pocket infections

Lead complications
Dislocations/fractures; tricuspid
regurgitation, pericardial effusion or
pericarditis, cardiac perforation

Lead movement/suboptimal
lead position

Data on long-term complications are still needed to perform a comprehensive compar-
ison between the two devices.

2.6. Appropriate Therapies

The S-ICD has a reproducible good capacity for detection of VAs. In the IDE study, all
VAs were successfully converted, with the exception of a self-interrupted monomorphic
VT [15]. Similar data have been registered in the post-approval study, where only 5.3% of
patients showed a VA with a conversion rate of 100% [9].

The START trial systematically compared the discrimination capacities between S-ICD
and TV-ICD. In particular, at the end of S-ICD or TV-ICD implant, a VT was simulated and
an appropriate detection rate (>99%) was registered in both groups [16]. On the contrary,
in the PRAETORIAN trial, Knops et al. reported a higher rate of appropriate shocks in
the S-ICD group. This result can be easily explained by the lack of S-ICDs to provide an
anti-tachycardia pacing (ATP) therapy [59]. It must be considered that in the 4-year follow
up of the PRAETORIAN trial, a switch from S-ICD to a TV-ICD was reported in 0.9% of
cases. The reason was the need for anti-bradycardia pacing (0.7%) and the need for ATP
therapy (0.2%) [11].

In conclusion, the efficacy of shock therapy was evaluated, with similar results between
the two groups. The first shock efficacy was 93.8% in the S-ICD group and 91.6% in the
TV-ICD group (p = 0.40) while efficacy of the last shock was 97.9% and 98.4%, respectively
(p = 0.70) [59]. Accordingly, a 98% successful conversion rate was registered by Bardy and
colleagues in one of the first observational studies [2].

S-ICD can deliver up to five consecutive biphasic shocks. The recharge lasts 14 s. The
shock polarity can vary from coil to generator (standard) or generator to coil (reverse).
The system is able to keep the last effective one in its memory. In cases of failure, the
system automatically switches to an alternative mode. S-ICDs have a higher defibrillation
threshold compared to TV-ICDs and deliver a biphasic shock of 80 J (versus 40 J of TV-ICDs).
A study showed a lower increase in myocardial injury biomarkers in patients with S-ICD
compared to TV-ICD after shock delivery [60].

3. Indications for S-ICD Implant

The current AHA/ACC/HRS guidelines (2017) indicate, in class I, the implant of S-
ICD in patients who meet the criteria for an ICD when a high risk of infection or inadequate
vascular access is present, but only if there is no expected need for anti-bradycardia
pacing, cardiac resynchronization therapy, or VAs termination [61]. Instead, the latest ESC
guidelines (2022) give the same indication with a IIa level of evidence.

According to current guidelines, the major reason to withhold an S-ICD implantation
is the need for pacing. The need for anti-bradycardia pacing and cardiac resynchronization
therapy (CRT) is the most frequent reason for excluding S-ICD. However, the inability of
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S-ICD to deliver ATP therapy is another non-negligible concern. Indeed, the history of
monomorphic VT or non-sustained ventricular tachycardia (NSVT) increases the chance of
appropriate ATP therapy in 1 out of 10 patients and 1 out of 3 patients, respectively [62].
This condition may be considered among all discriminant factors in the choice between S-
ICD and TV-ICD. Alternatively, in cases of monomorphic VT or NSVT and contraindications
for TV-ICD, the coupling of the S-ICD implant and VT ablation was shown to reduce the
need of ATP [63].

Along with anti-bradycardia pacing, the battery longevity is another matter of concern
when a S-ICD is considered. The first generation of S-ICD had a median battery longevity
of 5 years [64] and, despite recent advances, the longevity of the third-generation S-ICD
remains shorter than TV-ICD, with a median of 6 years.

In addition, S-ICD is incapable of direct sensing of atrial arrythmia and, although it
features the possibility of remote monitoring, the data broadcast is not automated, but
patient induced. Another limitation of S-ICD regards the cost, which is significantly higher
than TV-ICD.

Despite the above-mentioned limitations, the implant of S-ICD should be considered
as the first choice for a specific group of patients. In children and young people, S-ICD is
safe and effective [65] and could be useful due to these patients’ long life expectancy and
more active lifestyle. Indeed, transvenous lead-related complications are reported to be
very high in this population and have been linked to a relevant risk of IASs [66]. In the
ATLAS trial, which enrolled younger patients compared to other studies, a lower rate of
major lead-related complication in S-ICD patients was noted [12]. Although there might be
a mismatch between the size of the generator case compared to the available anatomical
location in the lateral axilla in infants and small children, subcutaneous leads are better
suited to body growth changes and therefore more adaptable for young people who are
still growing.

Patients on dialysis may be also good candidates for S-ICD due to limited vascular
access or partial obstruction of central veins, as well as the higher risk of systemic infections
and complications related to the extraction [67,68]. Koman et al. reported similar procedural
outcomes and inappropriate and appropriate shocks in hemodialysis patients with S-ICD
compared to a control TV-ICD group [69].

In conclusion, patients at high risk of infections may benefit from a subcutaneous
device: this group include patients with a previous device infection, patients with renal
disease, and patients who are chronically immunosuppressed [63,68]. Figure 1 summarizes
the advantages of S-ICD over TV-ICD.

 

Figure 1. Advantages of S-ICD over TV-ICD.
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4. Particular Set of Patients according to the Underlying Cardiomyopathy

4.1. Hypertrophic Cardiomyopathy

Patients with hypertrophic cardiomyopathy (HCM) may need ICD therapy from
adolescence. As previously explained, since the risk of lead-related complications increases
with age, S-ICD could be a good option in these patients [70]. The majority of HCM patients
were found to be eligible for S-ICD implant after the screening step [71] and the safety
and efficacy of S-ICD in HCM patients was similar to that of TV-ICD with a similar rate of
post operative complications (92.7% vs. 89.5%), final shock conversion efficacy (100% vs.
98%), and IAS (12.5% vs. 10.3%, mainly due to T wave oversensing) [72]. Anti-bradycardia
pacing is rarely needed in individuals affected by HCM. In cases of advanced disease or
severe left ventricle outflow tract obstruction without other therapeutic opportunities, an
intravenous device could be useful for resynchronization therapy or to reduce the outflow
tract obstruction [7]. Notably, according to one study, patients with HCM and S-ICD had
significantly fewer ICD interventions (due to an inability to deliver ATP) than patients with
TV-ICD but without differences in shock delivery rate and mortality at follow-up [72,73].
These data suggest that among all ATP therapies delivered from the TV-ICD, a consistent
number may be potentially unnecessary.

4.2. Brugada Syndrome, Long QT Syndrome and Arrhythmogenic Right
Ventricular Cardiomyopathy

Young people with channelopathies such as Brugada syndrome (BrS) and long QT
syndrome (LQTS) or those affected by genetic cardiomyopathies such as arrhythmogenic
right ventricular cardiomyopathy (ARVC) may be good candidates for S-ICD due to its high
safety profile [74,75]. However, while BrS and LQTS patients are not strictly dependent on
ATP therapy due to more frequent incidence of polymorphic VTs [76,77], in arrhythmogenic
cardiomyopathies the choice between a TV-ICD or S-ICD should be evaluated case by case
through integration of clinical and genetic data [78]. Indeed, several arrhythmogenic
cardiomyopathies including ARVC may have significantly higher incidence of sustained
monomorphic TVs [79]. Consequently, this category of patients could have greater benefit
from a device capable of delivering ATP therapies. Another non-negligible concern of
ARVC is related to its evolutionary nature, leading to reduction in myocardial voltages over
time and subsequent risk of IAS due to non-cardiac oversensing [80]. Therefore, a careful
assessment of the risk–benefit ratio in this category of young individuals with higher risk
of SCD should be performed, considering the higher risk of lead-related complications as
well as the risk of an increase in the sensing and pacing threshold [81]. In BrS, the typical
morphology of the ST tract could lead to oversensing on the T wave, interfering with the
functioning of the device [82]. In these cases, careful screening is needed.

4.3. Congenital Heart Disease

Several studies have documented the safety and feasibility of S-ICD implantation
in patients with congenital heart disease (CHD) or with vascular abnormalities [83,84].
An analysis of IDE study and EFFORTLESS registry showed similar rates of complica-
tions in the CHD versus the non-CHD group (10.5% vs. 9.6% [p = 0.89]) as well as IAS
(10.5% vs. 10.9% [p = 0.96]) [83]. However, in this category of patients with higher rates of
both SVT and VT, as well as macroscopic anatomical alterations, more studies are needed.

5. Future Perspectives

The use of S-ICD is rapidly spreading, particularly due to the absence of transvenous
leads in this procedure and its significantly lower risk of long-term complications such
as lead fracture and infections. However, several pitfalls must be considered and are
summarized in Table 3. Of these, the most important limitation of the device is its inability
to provide anti-bradycardia pacing or ATP. To overcome these limitations, the association
of S-ICD with leadless pacemakers (with or without ATP capabilities) was proposed
as an alternative to TV-ICDs. Only one case report of a combined implantation of S-
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ICD and a leadless pacemaker (without ATP capabilities) has been reported in human
models [85]. According to the study, the two implants were safe even if not used at the
same time. The authors declared no risk of oversensing detected by the S-ICD even with the
maximum pacing output. Moreover, no concern about the potential for leadless pacemaker
dysfunction after delivery of an S-ICD shock was reported and no device interactions
were noted.

Table 3. Indications and pitfalls of S-ICD.

Indications Pitfalls

Indication for ICD when pacing for bradycardia, cardiac
resynchronization or ATP is not needed

Disease progression with need for anti-bradycardia pacing,
cardiac resynchronization or enhancement of antiarrhythmic
medical therapy

Congenital heart disease Frequent development of conduction system
disfunction overtime

Anatomical barriers to IV-ICD implantation
(i.e., venous occlusion) Aesthetic defect in thin women

History of IV lead infection Only defibrillation therapy provided

Immunocompromised individuals Large surgical wound, need for large disinfection area

Hemodialysis \\
Young patients Aesthetic defect, contact sports forbidden

Ion channelopathies Polymorphic or monomorphic VTs not treatable

Hypertrophic cardiomyopathy Increased risk of T oversensing

Dilated cardiomyopathy Usually manifested with VTs of variable cardiac frequency
(slower VTs not treated by the device)

A second generation of leadless pacemakers capable of delivering ATP has been
designed to work in combination with S-ICD. This association between two devices (EM-
POWER™ Modular Pacing System and EMBLEM™ S-ICD [Boston Scientific, St. Paul, MN,
USA]), known as the Modular CRM (mCRM) therapy system, avoids transvenous leads
while providing the option to pace or deliver ATP. Some preclinical studies have been
already conducted to test the correct device–device communication, as well as the ability
to perform correct sensing, right ventricular stimulation, and ATP, reporting encouraging
results even in the long term [86–88]. To further explore the safety, performance, and effec-
tiveness of mCRM, the MODULAR ATP study was designed and started (ClinicalTrials.gov
Identifier: NCT04798768).

Another strategy designed to integrate ATP therapy in non-TV-ICDs consists of placing
a substernal lead in contact with the pericardium on top of the right ventricle, allowing
for registration of direct cardiac signal [89]. So far, the only device with this characteristic
available in commerce is the Extravascular-ICD Aurora (Medtronic). After Tung et al.
successfully implanted a substernal lead in three patients for the first time [89], additional
cases were published [90]. In the ASD2 study, the pacing, sensing, and defibrillating
capability of a substernal lead was studied in 79 patients; ventricular pacing was effective
in 97.4% patients, with a defibrillation threshold of 30 J needed to terminate 104 out of
128 episodes (81.3%) of VF [91]. Although only a few complications have been reported,
tunneling the lead under the sternum requires extensive practice. More studies are needed
to evaluate the long-term implications.

Unlike that of TV-ICD, the test of the defibrillation threshold (DFT) is still indicated
after every S-ICD implant [92]. However, DFT testing is not without risks, as DFT testing-
related death, stroke and prolonged resuscitation have been reported in small series [93].
For this reason, the possibility of a DFT-free implant is being considered. In a study
involving 1290 patients, DFT performance was not associated with significant differences
in cardiovascular mortality and ineffective shocks, suggesting that its omission may be
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safe [94]. The PRAETORIAN score is an algorithm developed to identify patients with
high defibrillation thresholds using a routine chest radiograph and provides feedback
to implanters on S-ICD positioning. The score is calculated by integrating the distance
between the device and the thoracic wall and the distance between the device and the
midline [95]. A low PRAETORIAN score means a low risk of conversion failure. The
ongoing randomized PRAETORIAN DFT trial (ClinicalTrials.gov Identifier: NCT03495297)
will evaluate avoidance of the DFT testing in well-positioned S-ICD [96].

The automatization of the remote monitoring transmission of CIEDs is of paramount
importance and must be considered in future perspectives due to its crucial role in early
interventions [97]. At present, remote transmission happens only by pressing a button on
the receiver and not when an alert is registered. A reduction in patients’ compliance during
follow up is reported [98].

Finally, results are expected from the 8-year follow up of the PRAETORIAN trial
(PRATERORIAN XL). The primary objective is to establish the superiority of S-ICDs to
TV-ICDs regarding acute and chronic complications.

6. Conclusions

S-ICD has proven to be safe and effective compared to TV-ICD. Innovations in pre-
implant screening, implant technique, programming algorithm, and monitoring have
already been developed, but further improvements are needed. New alternatives to
overcome the limitations of S-ICD are in development. So far, S-ICD seems to be a valuable
alternative to TV-ICD in some specific cases, such as those of young people or those with
difficult vascular access, a high risk of infection, and no need for anti-bradycardia pacing
or ATP.
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Abstract: Background: Coagulation decompensation is one of the complications most frequently
encountered in COVID-19 patients with a poor prognosis or long-COVID syndrome, possibly due
to the persistence of SARS-CoV-2 infection in the cardiovascular system. To date, the mechanism
underlying the alteration of the coagulation cascade in COVID-19 patients remains misunderstood
and the anticoagulant protein S (PROS1) has been described as a potential risk factor for compli-
cations related to COVID-19, due to PLpro SARS-CoV-2 enzyme proteolysis. Methods: Biopsies
and blood samples were collected from SARS-CoV-2 positive and negative swab test subjects with
coagulopathies (peripheral arterial thrombosis), and SARS-CoV-2 presence, ACE2 and CD147 ex-
pression, and plasmatic levels of PROS1 were evaluated. Results: We reported a significant decrease
of plasmatic PROS1 in the coagulopathic SARS-CoV-2 swab positive cohort, in association with
SARS-CoV-2 in situ infection and CD147 peculiar expression. These data suggested that SARS-CoV-2
associated thrombotic/ischemic events might involve PROS1 cleavage by viral PLpro directly in the
site of infection, leading to the loss of its anticoagulant function. Conclusions: Based on this evidence,
the identification of predisposing factors, such as CD147 increased expression, and the use of PLpro
inhibitors to preserve PROS1 function, might be useful for COVID-19 coagulopathies management.

Keywords: coagulopathy; PROS1; PLpro; SARS-CoV-2; COVID-19

1. Introduction

The broad tropism of Severe Acute Respiratory Syndrome virus 2 (SARS-CoV-2) con-
tributes to the manifestation of various diseases associated with this infection. This is
attributed to the widespread presence of specific receptors for SARS-CoV-2 on human
cells [1,2]. SARS-CoV-2 enters host cells by utilizing the angiotensin-converting enzyme
2 (ACE2), which is primarily expressed in lung cells, cardiac myocytes, vascular endothe-
lium, kidney, heart, gastrointestinal tract, pancreas, and testicles [3]. Apart from ACE2, the
CD147 receptor has also been identified as a potential receptor for the virus [4]. CD147,
also known as extracellular matrix metalloproteinase inducer (EMMPRIN), is a member of
the immunoglobulin superfamily and is expressed at varying levels in diverse cell types,
including hematopoietic, epithelial, endothelial cells (ECs), and leukocytes [4].

Despite the widespread presence of SARS-CoV-2 receptors throughout the body, the
virus primarily targets the upper and/or lower respiratory tract, resulting in fever, dry
cough, fatigue, dyspnea, diarrhea, headache, and myalgia [5]. Some individuals recover-
ing from COVID-19 may develop Long COVID-19 syndrome (LCS), leading to long-term
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complications [6,7] in various body systems beyond the respiratory tract [8,9]. LCS can
impact respiratory, cardiovascular, renal, neurological, hematological, and digestive sites,
but it remains poorly understood. Recent findings indicate the presence of SARS-CoV-2
in the gastrointestinal tract of individuals previously positive for the virus, particularly
those hospitalized for abdominal thrombosis. This long-term manifestation of COVID-19 is
associated with unique CD147 and VEGF expression, potentially contributing to hemostatic
and vascular alterations [10,11]. Complications such as coagulopathies (thrombosis, dissem-
inated intravascular coagulation), immune and inflammatory activation play a crucial role
in the rapid deterioration of the patient’s clinical condition [12], representing the second
leading cause of death during SARS-CoV-2 infection [13,14].

At the basis of the manifestation of thrombotic events associated with COVID-19
disease there is an important imbalance of the hemostatic system, also due to the ability of
SARS-CoV-2 to infect both vascular endothelial cells and platelets [15]. Although SARS-
CoV-2 infection in endothelial cells is non-productive [16], it may induce cell modifications
contributing to adverse cardiovascular events typical of COVID-19. In response to direct or
indirect viral exposure, endothelial cells produce a pro-inflammatory response [17,18], that
provokes an increased production of thrombin, blocking fibrinolysis thereby determining
a hypercoagulability condition [18]. For this reason, COVID-19 hospitalized patients
often showed alterations of several coagulation parameters, such as activated partial
thromboplastin time (aPTT), prothrombin time (PT), fibrinogen, platelet count, fibrin
degradation products (FDP), D-dimer, von Willebrand factor, factor VIII, factor V, factor
II, tissue factor, antithrombin, thrombomodulin and protein S [19]. Moreover, COVID-19
patients present hyperactivated ACE2-positive [20] and CD147-positive [21] platelets,
which supports the notion of SARS-CoV-2 directly participating in the observed thrombus
formation and inflammation in COVID-19 subjects.

Recently, protein S1 (PROS1) has been described to be involved in the occurrence of
coagulopathies associated with COVID-19 [22]. PROS1 is a vitamin K-dependent plasma
glycoprotein that is primarily synthetized by the endothelium [23] and megakaryocytes [24]
which plays a key role in natural anticoagulant processes. It functions as a cofactor for
activated protein C (APC), enhancing APC’s ability to inhibit blood clot formation by
inactivating coagulation factors Va and VIIIa. PROS1 acts as a key regulator in maintaining
a delicate balance between procoagulant and anticoagulant forces, preventing excessive
blood clotting and thrombosis. Alterations in PROS1, whether due to genetic mutations or
acquired deficiencies, can lead to an increased risk of venous thrombosis. When PROS1
is compromised, the anticoagulant activity of APC is impaired, allowing unchecked coag-
ulation processes that may result in abnormal blood clot formation and a higher risk of
thromboembolism development [25].

While the specific role of PROS1 in SARS-CoV-2 coagulopathies is an area of ongoing
research, its potential involvement in the context of COVID-19-associated clotting disorders is
noteworthy. SARS-CoV-2 infection has been linked to a heightened risk of coagulopathies, in-
cluding thrombosis and disseminated intravascular coagulation (DIC). PROS1, as a key regulator
of anticoagulant processes, may play a role in mitigating these coagulation abnormalities.

The impact of SARS-CoV-2 on PROS1 activity has been substantiated through the
observation of reduced activity in 65% of COVID-19 patients [26]. This phenomenon
is attributed to the papain-like protease (PLpro) of SARS-CoV-2, which has been iden-
tified as a potential contributor to thrombotic hypercoagulation and deregulation. PL-
pro modifies PROS1 antithrombotic and immunomodulatory properties by proteolytical
cleavage [24,27]. The validity of this hypothesis was further confirmed through in vitro
experiments, which demonstrated the cleavage of PROS1 occurring in proximity to viral
replication complexes [26,28]. Therefore, the modification of PROS1 expression by PLpro
within platelets could disturb thrombin formation and activate platelets, potentially con-
tributing to the disruption of various platelet functions observed in COVID-19 patients,
playing a role in the formation of thrombi [29].
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As of now, there is no available information on the potential direct link between in
situ vascular infection by SARS-CoV-2 and the impairment of PROS1 in COVID-19 pa-
tients with coagulopathies. Given the increasing focus on cardiovascular long-term effects
of COVID-19, this study seeks to elucidate the potential connection between alterations
in PROS1 plasma levels and the concomitant presence of the virus within cardiovas-
cular tissues, following past or ongoing SARS-CoV-2 infection. The goal is to identify
novel clinical biomarkers that can aid in the management of coagulopathies associated
with COVID-19.

2. Materials and Methods

2.1. Patients and Samples Collection

The study was conducted on 18 patients affected by coagulopathies (peripheral arterial
thrombosis) enrolled from May to December 2020 at the Internal Medicine Unit of the
Sant’Anna University Hospital in Ferrara. All the patients showed arterial coagulation,
56% were subjected to thromboendarterectomy and 17% were subjected to amputation.
All the subjects were free from any medication before the sample collection and patients
with concomitant comorbidities, such as BCPO, diabetes or autoimmune diseases, were
excluded. In particular, two cohorts were identified: 7 patients had at least one SARS-CoV-2
positive oropharyngeal swab within 6 months of the coagulopathy event, experiencing
mild symptoms, and 11 patients had never reported a SARS-CoV-2 positive oropharyngeal
swab. No subjects were vaccinated for SARS-CoV-2, or present previous comorbidities
or treatments (e.g., anticoagulants, antiplatelet agents). The study was approved by our
hospital’s ethics committee (Number: 540/2020/Oss/AOUFe—20 May 2020). All the data
were anonymized and no connection with the patient’s identity was possible. For each
patient we collected arterial (endothelial tissue) and thrombotic (endovascular thrombotic
material) material. Tissue samples were used for total RNA extraction with TRIZOL or
fixed in formalin and embedded in paraffin and processed to obtain 4 μm thick sections for
histological evaluation and immunohistochemistry. Plasma samples were collected from
all the patients and used for ELISA assay.

2.2. Histology and Immunohistochemistry

Immunohistochemical (IHC) analysis was performed on the collected samples for
detection of SARS-CoV-2 NP (NB100-56576, Novus Biologicals, Centennial, CO, USA,
Centennial, 1:250 dilution), CD147 (clone MEM-M6/1, dilution 1:100, Novus Biologicals)
and ACE2 (clone EPR4435-2, 1:250 dilution, Abcam, Cambridge, UK), using the Ultratek kit
(Histoline, Milan, Italy), as previously described [11]. After immunohistochemical staining,
tissue images were analyzed by QuPath software v2.3 and scored based on the intensity
and number of positively stained cells/mm2 (H-score).

2.3. Real-Time PCR

The presence of SARS-CoV-2 genome, targeting the viral spike RBD (Receptor Binding
Domain), ACE2 and CD147 in the histological tissues of thrombi and venous/arterial
samples was detected by RT-qPCR. cDNA has been synthesized via reverse transcrip-
tion using the High Capacity kit (ThermoFisher, Scientific, Waltham, MA, USA), from
the extracted RNA and gene expression detected by amplification with QuantStudio3
(Thermo Fisher Scientific, Waltham, MA, USA), using PowerUp SYBR Green Master Mix.
SARS-CoV-2 RBD domain were amplified using primer forward (5′-CAA TGG TTT AAC
AGT CAC AGG-3′) and reverse (5′-CTC AAG TGT CTG TGG ATC ACG-3′); ACE2, CD147
and GAPDH, as housekeeping gene, were detected using PrimeTime primer sets (ACE2:
Hs.PT.58.27645939; CD147: Hs.PT.56a.39293590.g; GAPDH: Hs.PT.39.22214836), as previ-
ously described [11,30].
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2.4. PROS1 ELISA Assay

Polyclonal sheep anti-human protein S (PS) antibody (4 mg/L, H.T.I., Huntington, VT,
USA) was coated overnight at 4 ◦C to microtiter plate (Nunc, MaxiSorp®, ThermoFisher,
Scientific, Waltham, MA, USA) in a 50 mM Na2CO3/NaHCO3, 5 mM CaCl2, pH 9.0 buffer,
and incubated for 75′ at room temperature (r.t.) with increasing concentrations of PS
(0–400 μg/L), from human pooled normal plasma. Bound PS, from 1/2000 diluted plasma
samples, was detected with 60′ of incubation at r.t. with polyclonal rabbit anti-PS antibody
(4 mg/L, Dako, Glostrup, Denmark) and with a polyclonal goat peroxidase-conjugated
antibody (0.6 mg/L, Dako), both incubated at r.t for 60′. A 5 mg tablet OPD (Sigma-Merck,
Darmstadt, Germany), dissolved in 12 mL of 50 mM citrate–phosphate buffer pH 5.0
and 7 μL of 30% H2O2, was added as substrate for peroxidase. After 5′, the reaction
was quenched with the addition of 2.5 M H2SO4 and the color produced was quantified
using a SpectraFluor Plus microplate reader (Tecan, Salzburg, Austria), measuring the
absorbance at 492 nm. A mix of 50 mM Tris, 150 mM NaCl, 5 mM CaCl2, pH 7.4 was used
to prepare the blocking, or the sample diluent, or the washer buffers by the addition of
5% albumin from bovine serum (BSA, Sigma-Merck, St. Louis, MO, USA), or 0.2% BSA,
or 0.1% Tween 20 (Sigma-Merck), respectively. All buffers were 0.2 μm filtered. The assay
showed very high sensitivity, it allows the recognition of PROS1 in plasma diluted up
to 16,000 times (Supplementary Figure S1a) and the specificity is given to the assay by
the double recognition based on two polyclonal antibodies (ELISA sandwich) [31]. No
cross-reactivity was evident in thousands of samples (media and plasma) evaluated and no
differences in PROS1 or PROS1-C4BP complex recognition (Supplementary Figure S1b).
The inter-assay coefficient of variability (1.69%) was calculated by 3 independent assays
performed with 3 samples, quantified in triplicate.

2.5. Statistical Analysis

Biological variables reported as frequency were analyzed by Fisher exact test or Chi
square test. Biological variables reported as mean ± SD were compared between study
groups by Student’s t-test. The statistical analysis was performed by GraphPad Prism
v.9 Software.

3. Results

3.1. Characterization of the Study Population

The patients were subdivided based on reported SARS-CoV-2 positive swabs (Table 1).
The SARS-CoV-2 Alpha VOC (variant of concern) was detected in all the samples. As
reported in Table 1, the patients with SARS-CoV-2 positive swab showed a higher mean
age compared to patients with no SARS-CoV-2 positive swab (p < 0.0001; Student’s t-test),
while no significant differences in gender ratio was observed. Both cohorts underwent
thromboendoarterectomy, with only two patients with previous SARS-CoV-2 positive
swabs characterized by the need of amputation (Table 1, p < 0.0001; Fisher exact test).

Table 1. Demographical and clinical characterization of subjects enrolled in the study.

SARS-CoV-2
Positive Swab (N =

7)

SARS-CoV-2
Negative Swab

(N = 11)
p Values

Gender; N; % M (5; 71%)
F (2; 29%)

M (9; 82%)
F (2; 18%) 0.51

Age; mean ± SD 85.0 ± 3.3 70.8 ± 6.7 <0.0001

Thromboendarterectomy 57% (4) 55% (6) 0.65

Amputation 29% (2) 0% (0) <0.0001
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3.2. SARS-CoV-2 In Situ Presence Correlates with Previous Infection in Coagulopathic
COVID-19 Subjects

RNA samples were obtained from arterial biopsies, which were composed of the
endothelial tissues and the thrombotic clots. The samples from subjects with previous
SARS-CoV-2 positive swab tests were evaluated for the expression of viral RNA encoding
spike protein RBD by RT-qPCR. We found the presence of SARS-CoV-2 RNA encoding
spike protein RBD in the 50% of the endothelial tissue and in the totality of the thrombotic
clots. (Figure 1a, p < 0.0001; Chi square test).

 

Figure 1. SARS-CoV-2 in situ infection evaluation: (a) percentage of positivity for SARS-CoV-2 RBD
spike protein in tissues analyzed by Real-Time PCR; (b) percentage of positivity for SARS-CoV-2
NP in tissues analyzed by IHC staining and (c) corresponding H-Score; and (d) representative IHC
images for SARS-CoV-2 NP (NP) and isotype control (ISO) in endothelial tissue and thrombotic clot.
**** p < 0.0001, Chi square test.

We observed the expression of SARS-CoV-2 NP in the 15% of the endothelial tissues
and in the 50% of the thrombotic clots (Figure 1b, 50%; p < 0.0001; Chi square test). The
H score, accounting for the intensity and the proportion of NP expression, was higher in
thrombotic clots than in endothelial tissues (Figure 1c; H-score 6.98 ± 0.34 vs. 0.88 ± 0.21,
respectively; p < 0.0001 Student’s t-test). The biopsies were analyzed for the expression of
SARS-CoV-2 NP by IHC (Figure 1d).

The higher positivity rate found by RT-PCR analysis in all the specimens in comparison
with IHC staining might be associated with both a higher sensibility of RT-PCR analysis, or
with a lower SARS-CoV-2 protein translation.

3.3. CD147 Expression Correlates with SARS-CoV-2 In Situ Infection in Coagulopathic
COVID-19 Subjects

The presence of both SARS-CoV-2 RNA and protein expression suggests the ability of
the virus to infect the analyzed tissues. Since the viral infection of a host cell depends on
the presence of specific receptors, we analyzed the expression of two of the main viral entry
receptors, ACE2 and CD147 [4,32], at both the transcriptional and protein level (Figure 2).

The analysis of mRNA levels by ”real time PCR revealed an increased expression of
ACE2 mRNA in thrombotic clots of the subjects with previous SARS-CoV-2 positive swab
tests in comparison with the subjects with negative SARS-CoV-2 swab tests (Figure 2a,
p < 0.0001; Student’s t-test). Interestingly, the analysis of ACE2 and CD147 protein expres-
sion by IHC showed the highest levels in subjects with previous SARS-CoV-2 positive swab
tests, in the endothelial tissues for ACE2 and in thrombotic clots for CD147 (Figure 2c–e;
p < 0.01; Student’s t-test).

These data are in agreement with the in situ presence of SARS-CoV-2 RNA and NP
protein (Figure 1), suggesting a possible in situ infection, as already described [15].
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3.4. SARS-CoV-2 In Situ Infection Correlates with Lower Plasma Levels of PROS1

SARS-CoV-2 in situ endothelial infection is known to lead to an abortive infection [16],
even affecting the proteome expression of the infected endothelial cells. The main effect
seems to be on the inflammatory and angiogenetic processes, accounting for the presence
of a basal viral protein expression that might alter cellular functions.

Figure 2. ACE2 (a) and CD147 (b) fold expression in endothelial tissues and thrombotic clots from
SARS-CoV-2 swab positive coagulopathic subjects evaluated by Real Time PCR. The ACE2 and
CD147 expression in endothelial tissues and thrombotic clots from SARS-CoV-2 swab negative
patients (SCV2neg) were considered as reference levels; (c) ACE2 and (d) CD147 IHC staining
intensity reported as H-Score in endothelial tissues and thrombotic clots from positive (SCV2pos)
and negative (SCV2neg) SARS-CoV-2 swab coagulopathic subjects; (e) representative IHC staining
for ACE2, CD147 and isotype control (ISO) in endothelial tissues and thrombotic clots from positive
(SCV2pos) and negative (SCV2neg) SARS-CoV-2 swab coagulopathic subjects. * p < 0.05; ** p < 0.01;
**** p < 0.0001, Student’s t-test.

PROS1 has been demonstrated to affect hemostatic regulation, due to its interaction with
protein C (APC) and tissue factor pathway inhibitor (TFPI), inducing an antithrombotic/anti-
coagulative pathway [24,27]. We evaluated the levels of PROS1 by ELISA in the plasma
samples of SARS-CoV-2 positive and negative swab test patients.

PROS1 plasma levels were significantly lower in SARS-CoV-2 positive swab test
patients in comparison with SARS-CoV-2 negative swab test patients (Figure 3a p < 0.01;
Student’s t-test). When the SARS-CoV-2 positive swab test patients were subdivided
according with the in situ SARS-CoV-2 RBD spike protein RNA positivity or negativity, we
observed significantly lower PROS1 plasma levels in patients with SARS-CoV-2 positivity
(Figure 3b, p < 0.05; Student’s t-test).
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Figure 3. (a) Plasma concentration of PROS1 in SARS-CoV-2 positive (SCV2pos) and negative
(SCV2neg) swab test patients; (b) PROS1 plasma levels in SARS-CoV-2 positive (SCV2pos) swab test
patients, subdivided according to the positivity (SARS-CoV-2+) or negativity (SARS-CoV-2-) of the
bioptic tissues for SARS-CoV-2 RBD spike RNA, in comparison with PROS1 plasma levels in SARS-
CoV-2 positive (SCV2pos) swab test patients’ fold difference considering the presence of SARS-CoV-2
(SARS-CoV-2+) or absence (SARS-CoV-2-) in the genome in the biopsies analyzed by Real Time PCR
in comparison with the levels in plasma samples from SARS-CoV-2 negative (SCV2neg) swab test
patients. * p < 0.05; ** p < 0.01, Student’s t-test.

4. Discussion

Despite several evidence reporting SARS-CoV-2 tropism for the cardiovascular
system [12,13], little is known about coagulopathies development. Recent findings re-
ported that SARS-CoV-2 gastrointestinal in situ infection was related to abdominal bleeding
and ischemia [33], suggesting that previous SARS-CoV-2 infection could develop a sec-
ondary effect at the vascular level, exploiting specific tissues as a reservoir of infection.
Drawing from this understanding, it is conceivable to propose a chronological association
between SARS-CoV-2 infection and the development of coagulopathies. This connection
involves the individual susceptibility to viral infection, influenced by the expression of viral
receptors and predisposition to coagulopathies, which may include potential mutations or
functional alterations in PROS1. Additionally, the direct impact of viral infection on the
coagulation cascade, including PLpro cleavage on PROS1, could collectively contribute to
determining the risk of coagulopathies in COVID-19. These elements might underlie the
cardiovascular events observed in LCS, where individuals, despite exhibiting mild symp-
toms during the acute infection, may experience the activation of prothrombotic pathways
due to the persistent presence of the virus. In this study, we analyzed SARS-CoV-2 positive
and negative swab patients, who experienced peripheral arterial thrombosis, to evaluate
SARS-CoV-2 in situ presence and its possible role in vascular damage. Both groups of
patients underwent thromboendoarterectomy, with SARS-CoV-2-positive swab patients
characterized by a higher frequency of amputation. We enrolled patients with no previ-
ous comorbidities and treatments to avoid confounding variables. The development of
coagulopathy is observed to occur subsequent to the confirmation of a positive swab result
in individuals belonging to the group with SARS-CoV-2-positive swabs. This temporal
association suggests that the manifestation of coagulopathic events is closely linked to the
presence and detection of the SARS-CoV-2 virus. This observation highlights the dynamic
nature of the relationship between viral infection and the onset of coagulation disorders,
emphasizing the need for vigilant monitoring and timely interventions following a posi-
tive diagnosis to address and manage potential coagulopathic complications effectively.
The understanding of this temporal sequence is crucial in refining clinical strategies and
tailoring therapeutic approaches for individuals diagnosed with COVID-19, ensuring a
comprehensive and timely response to mitigate the risk of coagulopathy-related complica-
tions. Biopsies from Alpha VOC SARS-CoV-2-positive swab patients were found positive
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for SARS-CoV-2 in situ presence, reporting both viral genome and NP protein expression
mainly in thrombotic clots. The evaluation of the effect of different SARS-CoV-2 VOCs
might be of extreme interest in understanding how they impact the infection outcome and
persistence at the cardiovascular level.

The presence of SARS-CoV-2 in endothelial and thrombotic tissues is supported by
an increased expression of both ACE2 and CD147 molecules. Interestingly, we reported
a differential tissue expression of these two viral receptors in SARS-CoV-2-positive swab
subjects, with a higher amount of ACE2 in the endothelial tissues, while CD147 was more
expressed in thrombotic clots. ACE2 is known to be highly expressed on endothelial
cells [34], where it represents the main receptor for virus entry [35]. Thus, ACE2 protein
higher expression in endothelial tissues from SARS-CoV-2-positive swab patients could
support the presence of both SARS-CoV-2 RBD RNA and NP protein at a vascular level.
The increased CD147 expression at the thrombotic level might be due to the presence of
platelets, that are known to express this receptor [36]. Interestingly, it has been shown that
CD147 is able to induce ACE2 surface expression in infected cells [20,37], affecting virus
entry into host cells (Figure 4).

Figure 4. Schematic representation of blood clot formation in no COVID-19 and COVID-19 subjects.

The increased CD147 expression in SARS-CoV-2 positive thrombotic clots suggests
a critical role in increasing SARS-CoV-2 in situ susceptibility, as already reported for gut
viral tropism [11], possibly connected with a higher risk for developing thrombotic events
(Figure 4).

This hypothesis is supported also by recent evidence suggesting a role for CD147 in
both thrombosis and inflammation, establishing CD147+ platelets as a critical factor in
SARS-CoV-2-dependent thrombotic events [36]. Indeed, the thrombotic events associated
with COVID-19 are verified to exhibit an atypical state of hyperactivated platelets, linked
to the surface expression of CD147 [38]. This reaffirms the involvement of platelets in the
inflammatory and hemostatic aspects of the disease. Additionally, there is a proposed
significance of the direct interplay between SARS-CoV-2-activated platelets and leukocytes
in the formation of blood clots and the onset of a cytokine storm. This supports the
consideration of antiplatelet therapies as a potential approach to counteract both thrombotic
events and the spread of the infection [39]. These therapies emerge as a promising approach
not only to mitigate the thrombotic events associated with COVID-19 but also to impede
the spread of the infection. By targeting platelet activation, antiplatelet agents may not
only address the hemostatic complications seen in COVID-19 patients, but also disrupt a
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crucial mechanism implicated in the inflammatory response and viral propagation. The
exploration of antiplatelet therapies represents a multifaceted strategy in managing both the
vascular complications and the infectious aspects of COVID-19, offering a comprehensive
approach to enhance patient outcomes.

As a proof of concept of the possible implication of SARS-CoV-2 infection in coagu-
lopathies, we evaluated the plasmatic levels of the anticoagulant factor PROS1 in correlation
to infection status [22], showing lower levels in SARS-CoV-2 positive swab test patients in
comparison with SARS-CoV-2 negative swab test patients, in line with previous results [11].
PROS1 is primarily synthesized in the liver, serving as a key site for its production. Ad-
ditionally, its synthesis occurs locally in other crucial cellular components, such as the
endothelium and megakaryocytes, which are the precursors of platelets. This diversified
origin of PROS1 underscores its significance in various physiological processes, with con-
tributions from both hepatic and non-hepatic sources, including the endothelial lining
and megakaryocytic lineage, thereby emphasizing its multifaceted roles in hemostasis
and thrombosis regulation. Furthermore, it has been documented that PROS1 undergoes
proteolytic cleavage by the SARS-CoV-2 PLpro viral protease [40]. The observed decrease
of PROS1 anticoagulant protein in SARS-CoV-2 positive biopsies strengthens the associ-
ation between coagulopathies development and SARS-CoV-2 in situ presence, possibly
through PROS1 impairment by proteolytic activity, carried out by SARS-CoV-2 PLpro viral
protease [40] (Figure 4). The PLpro enzymatic modification of PROS1 raises significant
clinical implications. The cleavage of PROS1 by PLpro may disrupt its anticoagulant and
immunomodulatory functions, potentially contributing to the hypercoagulable state ob-
served in COVID-19 patients. This molecular interaction highlights a potential mechanism
by which SARS-CoV-2 may directly impact the intricate balance of hemostasis, providing
valuable insights for understanding the pathophysiology of COVID-19-associated coag-
ulopathies and suggesting new avenues for targeted therapeutic interventions aimed at
restoring or mitigating PROS1 functionality. These therapeutic strategies may involve
the development of specific inhibitors against the SARS-CoV-2 PLpro protease to pre-
vent its cleavage of PROS1. Additionally, approaches that enhance PROS1 production or
stability could be explored to counteract the detrimental effects of its cleavage. Investi-
gating these novel therapeutic avenues holds promise for mitigating the hypercoagulable
state associated with COVID-19, ultimately improving patient outcomes, and inform-
ing the development of tailored interventions in the evolving landscape of COVID-19
treatment strategies.

This hypothesis necessitates thorough validation through extensive investigations
into the molecular mechanisms underlying the observed effects, aiming to offer additional
insights into the intricate pathways involved. Specifically, future research endeavors should
concentrate on elucidating the impact on the plasmatic levels of PROS1 in the presence
of various SARS-CoV-2 VOCs. Focusing on these specific viral variants will allow a more
nuanced understanding of how they potentially modulate PROS1 function, shedding light
on any variant-specific effects on coagulation and hemostasis. This nuanced exploration
is crucial for advancing our comprehension of the interplay between SARS-CoV-2 and
PROS1, contributing to the refinement of targeted therapeutic strategies and informing
public health measures tailored to the evolving landscape of viral variants and associated
clinical manifestations.

Our study is constrained primarily by the limited number of participants included,
the single center enrollment and the lack of quantification for the SARS-CoV-2 PLpro viral
protease. Additionally, we did not assess inflammatory cytokine plasma levels or conduct
coagulative assays. Specifically, a notable absence is the evaluation of plasma PROS1
activity, which could significantly enhance our comprehension of PROS1’s physiological
and pathological functionality in individuals with COVID-19. A more extensive enroll-
ment of patients and the inclusion of quantitative measures for viral protease and other
relevant factors would contribute to a more robust analysis. Furthermore, incorporating
assessments of inflammatory markers and coagulation assays could provide a comprehen-
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sive understanding of the complex interplay between the virus and the host’s hemostatic
system, offering valuable insights into potential therapeutic interventions and improving
the clinical relevance of our findings. The absence of long-term follow-up data in this
study poses significant implications for understanding the persistence or resolution of
coagulopathies over an extended period in individuals with SARS-CoV-2 infection. The
dynamics of coagulation abnormalities in COVID-19 patients can vary over time, and a lack
of prolonged observation hinders our ability to comprehensively assess the trajectory and
outcomes of these complications. Long-term follow-up data and replication of this study in
diverse settings are crucial to unravel the evolving nature of coagulopathies associated with
SARS-CoV-2, shedding light on whether these abnormalities persist, resolve, or potentially
reoccur after the acute phase of infection.

Nevertheless, the findings are noteworthy as they, for the first time, suggest a di-
rect link between the in situ vascular presence of SARS-CoV-2 and the onset of coagu-
lopathies, proposing an alteration in PROS1 expression as a potential key contributor to
SARS-CoV-2-associated coagulation disorders. Identifying predisposing factors, such as
the increased expression of CD147 and the reduction in plasmatic PROS1 levels, could
be instrumental in proactively determining the risk of coagulopathies associated with
SARS-CoV-2 infection and LCS. Monitoring altered plasmatic levels of PROS1 or incorpo-
rating its assessment during therapy could aid in identifying COVID-19 subjects at higher
risk for PROS1-associated coagulopathies, which can significantly exacerbate the clinical
course in COVID-19 patients. Screening for PROS1 mutations could be considered an
additional preventive measure against coagulopathic events. Furthermore, recognizing the
distinctive heterogeneity in clinical manifestations of COVID-19 is crucial in evaluating the
onset of coagulopathic complications. Early assessment of PROS1 levels may contribute to
reducing the incidence of COVID-19-associated cardiovascular events, particularly in LCS
cases, by facilitating the early identification of the most susceptible patients.

5. Conclusions

In this study, we have unveiled, for the first time, a potential association between the
in situ presence of SARS-CoV-2 at the cardiovascular level and thrombotic events involving
PROS1. A discernible predisposing factor appears to be the distinctive expression patterns
of ACE2 and CD147 receptors, with CD147 notably prevalent in thrombotic clots. This
heightened presence potentially facilitates viral in situ replication, subsequently inten-
sifying viral PLpro cleavage on PROS1. These findings underscore the pivotal role of
SARS-CoV-2 infection in influencing PROS1 plasmatic levels, emerging as a significant risk
factor for coagulopathies. Considering this, assessing PROS1 plasmatic levels and CD147
expression emerges as a potent diagnostic and therapeutic tool for COVID-19 patients,
providing insights into the risk for SARS-CoV-2-associated coagulopathies. Furthermore,
considering these revelations, the exploration of antiplatelet therapies becomes a valu-
able avenue for countering both thrombotic events and the propagation of infection in
COVID-19 patients. To enhance the robustness of these findings, a replication of the data
on a broader population is imperative, coupled with a comprehensive long-term follow-up
investigation to elucidate the sustained impact of the PLpro viral protease on controlling
PROS1 plasmatic levels.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/life14020237/s1, Figure S1: PROS1 ELISA sensitivity and specificity profile. (a) Increasing
dilutions of pooled normal plasma (1/31.25—1/16,000, from 800 ng/mL to 1.56 ng/mL of PROS1) in
PROS1 deficient plasma, were evaluated by ELISA sandwich, based on polyclonal antibodies. The
very high reproducibility intra-assay is visible in the figure and the inter-assay variability is only
1.69%. Each point is the average of 3 measurements; (b) ELISA-PROS1 assay was conducted in pooled
normal plasma by addition of C4BP protein (400 ng/mL, gray dashed line) or sample diluent (50 mM
Tris, 150 mM NaCl, 5 mM CaCl2, pH 7.4, gray line) and no effect of this addition of this plasmatic
physiological interactor of PROS1 was evaluable. This ELISA recognizes free and C4BP-bound PROS1
with identical affinity. Each point is the average of 2 evaluations.
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Abstract: Blood clot formation in blood vessels (thrombosis) is a major cause of life-threatening
cardiovascular diseases. These clots are formed by αA-, βB-, and -peptide chains of fibrinogen
joined together by isopeptide bonds with the help of blood coagulation factor XIIIa. These clot
structures are altered by various factors such as thrombin, platelets, transglutaminase, DNA, histones,
and red blood cells. Various factors are used to dissolve the blood clot, such as anticoagulant agents,
antiplatelets drugs, fibrinolytic enzymes, and surgical operations. Fibrinolytic enzymes are produced
by microorganisms (bacteria, fungi, etc.): streptokinase of Streptococcus hemolyticus, nattokinase of
Bacillus subtilis YF 38, bafibrinase of Bacillus sp. AS-S20-I, longolytin of Arthrobotrys longa, versiase of
Aspergillus versicolor ZLH-1, etc. They act as a thrombolytic agent by either enhancing the production
of plasminogen activators (tissue or urokinase types), which convert inactive plasminogen to active
plasmin, or acting as plasmin-like proteins themselves, forming fibrin degradation products which
cause normal blood flow again in blood vessels. Fibrinolytic enzymes may be classified in two groups,
as serine proteases and metalloproteases, based on their catalytic properties, consisting of a catalytic
triad responsible for their fibrinolytic activity having different physiochemical properties (such as
molecular weight, pH, and temperature). The analysis of fibrinolysis helps to detect hyperfibrinolysis
(menorrhagia, renal failure, etc.) and hypofibrinolysis (diabetes, obesity, etc.) with the help of various
fibrinolytic assays such as a fibrin plate assay, fibrin microplate assay, the viscoelastic method, etc.
These fibrinolytic activities serve as a key aspect in the recognition of numerous cardiovascular
diseases and can be easily produced on a large scale with a short generation time by microbes and
are less expensive.

Keywords: fibrin; fibrinolysis; fibrinolytic assays; thrombosis; microbial fibrinolytic enzymes

1. Introduction

Cardiovascular diseases usually refer to conditions that involve the narrowing or
blocking blood vessels, leading to stroke, heart attack, and angina [1]. The report pro-
vided by the World Health Organisation has shown that every year 17 million people die
due to cardiovascular disorders. One of the main reasons for cardiovascular diseases is
intravascular thrombosis (formation of blood clots in blood vessels) [2], which is caused
due to the excessive activation of the blood coagulation cascade, wherein factor XII (the
serine protease used to start the coagulation cascade) plays a role in thrombosis [3]. The
high rates of mortality and morbidity are affiliated with venous and arterial thromboem-
bolism (blockage of a blood vessel by a blood clot that has been dislodged from another
site in the circulation) [4]. These blood clots are composed of fibrin fibres which provide
a three-dimensional protein network and elasticity. These clots can be dissolved by the
hydrolysis of fibrin by plasmin protein via the fibrinolysis process [2]. Fibrinolysis exhibits
two kinds of activities: increased fibrinolysis that is seen in menorrhagia, renal failure,
cirrhosis, malignancies, leukaemia, etc., and decreased fibrinolysis as seen in diabetes,
obesity, hyperlipidaemia, and atherosclerosis [5].
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Nowadays, various enzymes are used as anti-inflammatories, anticoagulants, oncolyt-
ics, thrombolytics, antimicrobials, digestive aids, and mucolytics [6]; among them, the
enzymes responsible for clot dissolution are anticoagulant agents, antiplatelet drugs, and
fibrinolytic enzymes (Figure 1) [7]). Fibrinolytic enzymes are extracted from microbes acting
as potent biochemical catalysts with various biochemical applications. These fibrinolytic
enzymes like streptokinase [8], nattokinase, longolytin, etc., show thrombolytic properties
to treat cardiovascular diseases [9].

Figure 1. Different therapies for blood clot dissolution.

The fibrinolytic activity of these enzymes is estimated using various methods such as
a fibrin plate assay, fibrin microplate assay, viscoelastic method, euglobulin clot lysis time,
global fibrinolytic capacity, and rapid fibrin plate assay.

2. Materials and Methods

We performed an extensive literature search using scientific databases and commercial
search engines like PubMed, Web of Science, ScienceDirect, ResearchGate, Google Scholar,
etc., to search research papers, articles, and books for information related to mechanisms
and applications. In total, 1896 different articles were scrutinized on the basis of availability;
53 elements of the latest data were finally selected with cross references, and information
was compiled for the present study.

3. Results and Discussion

Worldwide cardiovascular diseases (CVDs) remain the biggest cause of death, ac-
counting for about 31% of the total mortality rate (17.9 million deaths per year), which
could exceed 23.6 million by 2030. A study from the Global Burden of Disease estimated a
CVD death rate of 235 per 100,000 globally and estimated that 10.9 million people will be
hospitalized for cardiovascular diseases by 2023, with 2.1 million deaths [2,3].

3.1. Cardiovascular Diseases and Thrombosis

Blood clotting and dissolution (i.e., fibrin formation and fibrinolysis) act in equilib-
rium. An imbalance in this equilibrium results in intravascular blood clotting, limiting
the flow of blood through veins and arteries, resulting in thrombosis, leading to cardiac
ailments. The leading cause of death worldwide is cardiovascular diseases which can
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be caused due to dysfunctional endothelial cells of the blood vessels. This leads to
inflammation in the blood vessels and atherosclerotic lesions, resulting in myocardial
infarction and stroke [10]. Cardiovascular diseases influenced by fibrinolytic activity
occur in several other thrombotic disease states, such as acute myocardial infarction,
coronary artery disease, venous thromboembolism, sepsis, and insulin-resistance syn-
drome. Such severe cases are associated with abnormalities such as obesity, overweight,
diabetes mellitus, metabolic syndrome, hypertension, and lipid disorders (decreased
HDL cholesterol and elevated triglyceride levels) [11–14]. Many studies have shown a
strong relationship between plasma fibrinogen, incidence of stroke, and ischemic heart
diseases. In the onset of ischemic heart diseases, factor VII (proconvertin, which causes
blood to clot), and extrinsic pathway activity play a crucial role, whereas lipoproteins
have a major impact on coagulability and atherogenesis [15,16].

Thrombosis is the development of blood clots inside the blood vessel, blocking the
blood flow of the circulatory system. There can be two types: arterial thrombosis, which is
concerned with high shear stress forming white thrombi (platelet-rich), and antiplatelet
drugs like aspirin, triflusal, etc., are required for its treatment, and venous thrombosis,
which concerns with low shear stress and blood flow forming red thrombi (red blood
cell-rich) and anticoagulant drugs like heparin, warfarin, etc., are required for its treat-
ment [11]. Three features that contribute to venous thrombosis (the Virchow Triad) are
stasis, hypercoagulability, and endothelial injury [17]. A serious complication of thrombosis
is seen in patients affected by myeloid and lymphoid leukaemia as leukemic cells activate
procoagulants of platelets initiating thrombosis [18]. Procoagulant platelets facilitate the
assembly of prothrombinase and tenase and thus result in thrombin burst, fibrin formation,
and aggregation to create a fragile fibrin network [19] Deep venous thrombosis has a high
risk for repeated venous thromboembolism that prevail for many years [20]. Oral anticoag-
ulants are the standard treatment for deep vein thrombosis. It is also treated by drugs such
as urokinase, streptokinase, tissue plasminogen activator, etc., which are injected into the
foot/arm or directly at the site of the blood clot to dissolve the blood clot [21].

Ongoing clinical trials are determining the clinical efficiency of anti-inflammatory
therapy in reducing the thrombus and defining the role of anti-platelet and anti-thrombotic
therapy in inflammatory states [22].

3.2. Molecular Mechanism of Clot Formation

The basic unit of blood clots is fibrinogen, 340 kDa trinodular protein, present at a
high concentration (2–4 mg/mL) in plasma and secreted by hepatocytes. It is composed
of a dimer where an individual subunit consists of three polypeptide chains cross-linked
by 29 disulfide linkages (αA-, βB- and Υ-chains) bound together as thread-like struc-
tures [23,24]. It participates in many biological processes like wound healing, haemostasis,
inflammation, atherosclerosis, thrombosis, angiogenesis, etc. [25].

The six polypeptide chains form:

(1) The N terminal of the E nodule,
(2) The C terminal of the Υ- and βB-chains from the D nodule facing outwards,
(3) The C terminal of αA-chains is globular and situated near the E nodule (Figure 2a) [24,25].

Assembly of these fibrinogen to form fibrin fibres is a stepwise process in which
prothrombin is transformed to thrombin by the action of activated factor X and factor V,
with the formation of fibrin from fibrinogen ensuing [25–28]:

(1) Thrombin attaches to central E nodule cleaving N terminal peptides of Aα- and
Bβ-chains (Figure 2b).

(2) Aα-chains are firstly cleaved by thrombin at a faster rate releasing fibrinopeptide A
containing N terminal (16 residues), exposing the binding site containing Gly-Pro-Arg
in E region (A knob) (Figure 2c).

(3) A knob has a complementary binding site of Υ-chain D region (a hole) creating (A:
a) interaction mediating the formation of protofibrils, which are metastable peptide
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assemblies observed during the growth of amyloid fibrils by a number of peptides
(Figure 2d)

(4) Subsequently, removal of fibrinopeptide B containing N terminal (14 residues) causes
a release, exposing the binding site containing Gly-His-Arg in E region (B knob)
(Figure 2c).

(5) B knob also has a complementary binding site of β chain D region (b hole) creating (B:
b) interaction, thus, mediating the lateral aggregation of fibrinogen (Figure 2d).

(a)

(b)

(c)

(d)

Figure 2. Cont.
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(e)

Figure 2. Mechanism of clot formation. (a) N terminal of the E nodule, C terminal of the Υ- and
βB-chains, C terminal of αA-chains situated near the E nodule. (b) Attachment of thrombin to central
E nodule cleaving N terminal peptides of Aα- and Bβ-chains. (c) Cleavage of Aα-chains by thrombin.
(d) Complementary binding sites of Υ-chain and β-chain D region mediating protofibril formation
and lateral aggregation of fibrinogen, respectively. (e) Formation of fibrin fibres.

This process results in the production of protofibrils which are then converted to fibrin
fibres with the help of blood clotting factor XIII [29].

Factor XIII is a heterologous tetramer consisting of two catalytic A subunits (XIII A)
produced by bone marrow and two inhibitory/carrier B subunits (XIII B) produced by
hepatocytes. By the concentrated action of thrombin and calcium ions, inactive factor XIII
is transformed into active factor XIII (active transglutaminase). Thrombin first cleaves
off activation peptide XIII and in the presence of calcium ions, it dissociates XIII B. This
cleaved XIII A dimer is presumed to be an enzymatic active configuration of factor XIII
(XIIIa) [25]. XIIIa now forms an isopeptide bond between two adjacent monomers of
αα-chains and αΥ-chains forming fibrin fibres, increasing the elasticity and stabilization
of the individual protofibrils and the lateral aggregate structure (Figure 2e). Activated
factor XIII also incorporates α2-antiplasmin into α-chains of fibrin to prevent lysis of the
blood clot [30].

Elevated levels of fibrinogen increase the fibrin network concentration, blood clot
rigorousness and resistance to the fibrinolytic process increasing the risk of venous throm-
bosis or venous thromboembolism [31]. Fibrin polymerization is an active process that
is difficult to study and is monitored by available techniques like confocal microscopy,
electron microscopy, and turbidity measurements [32].
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3.3. Fibrin Architecture

Fibrin architecture is determined by fibrinogen and thrombin concentration. Within a
certain range of thrombin concentration, the porosity, fibre dimension, and gel architecture
of fibrin are formed in recalcified plasma. This concentration is determined by the initial
rate of fibrinogen activation [33]. Many studies certify that denser clots (more tightly
packed fibres, less porosity) lyse more slowly than clots with large pores (more loosely
packed fibres) [34]. The size of the fibres and the arrangement of fibrinogen have a major
impact on tissue plasminogen activator binding and rate of fibrinolysis [35].

Several factors that affect the fibrin architecture are as follows:

(1) Fibrin is formed in vivo at the site of blood vessel lesion where platelets are stimulated
and bind to fibrin forming powerful adhesive forces. These fibres under tension
regulate clot structure, constrain fibrin fibres, and increase their density in platelet-
rich areas [36].

(2) Factor XIIIa (transglutaminase) proposes Υ-glutamyllysine crosslinking between αC-
and ΥC-domains of next fibrin monomers and tightens up the lateral (flanking)
attachment of protofibrils. This covalent crosslinking results in a decrease in the
fibrin diameter without any modification in the number of protofibrils in fibres. Thus,
decreasing the vacant fluid space volume within the fibres causes a two-fold reduction
in pore size [37,38].

(3) DNA and histones that are released by activated neutrophils form neutrophil ex-
tracellular traps. These have a major effect on clot lysis as they hold lysing fibrin
(large fibrin degradative products) together resulting in a delay in the fibrinolytic
process [39].

(4) The contractile force (induced by fibrin) of neighbouring fibres activates platelets
which acts on red blood cells (RBCs) causing a change in their configuration from
biconcave to polyhedral. This change induces gap-free compression of RBCs in
unoccupied spaces between fibrin fibres forming a high lytic resistance structure and
strong diffusion barrier [40]. These activities of RBCs increase blood viscosity, and
express phosphatidylserine on their surface, which promotes fibrin deposition during
venous thrombosis and reduces clot dissolution by suppressing plasmin [31].

3.4. Fibrinolysis

Fibrinolysis is the enzymatic breakdown of blood clots. The fibrinolytic system is
composed of inactive proenzymes like plasminogen which is converted to plasmin (an
active enzyme), degrading insoluble fibrin fibres into soluble FDPs (fibrin degradation
products) [41].

Fibrinolysis activation is regulated by [42]:

(1) Tissue-type plasminogen activator (t-PA) which is enhanced in the presence of fibrin.
(2) Urokinase-type plasminogen activator (u-PA), which binds to specific u-PA receptors,

enhancing the activation of cell-bound plasminogen (Figure 3).

In fibrinolysis, fibrin plays two major roles: it enhances the production of tissue
plasminogen activator, and it also acts as a substrate for plasmin (Figure 4) [43].

Components of the Fibrinolytic System

(1) Plasminogen

Plasminogen (single polypeptide) is a glycoprotein of 92 kDa, consisting of 791 amino
acids, 24 disulfide bridges and 5 homologous kringles (a triple loop structure having lysine
binding sites for fibrin) [42].

Circulated plasminogen has amino terminal glutamic acid (glu-plasminogen), which upon
proteolysis is modified to amino terminal lysine plasminogen (lys-plasminogen)—hydrolysis
of the Lys-77—Lys-78 peptide bond forms modified zymogen that more readily binds to
fibrin. Lys-plasminogen tends to be more readily activated by tissue plasminogen activator
than Glu-plasminogen and its activation rate is increased by the addition of fibrinogen [44].
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Figure 3. Categorization of thrombolytic agents on the basis of mechanism of action.

Figure 4. Schematic representation of fibrinolysis and proposed mode of action of fibrinolytic
protease.

The peptide bond of plasminogen is cleaved by t-PA or u-PA between Arg-561 and
Val-562, forming plasmin. This plasmin contains two polypeptide chains:

• Heavy chains have an N-terminal part of plasminogen including five kringles.
• Light chains having the C-terminal part of plasminogen containing serine peptidase

(catalytic triad: His-603, Asp-646, Ser-741) [38].

(2) Tissue-type plasminogen activator (t-PA).

t-PA is a proteolytic enzyme that activates plasminogen to form plasmin and is found
in blood (thrombolytic agent) and the brain (promoting neuronal synaptic plasticity) [45]. T-
PA may be obtained as a single polypeptide chain of molecular weight of 72 kDa. Cleavage
of the t-PA peptide bond Arg-275-Ile-276 by plasmin changes t-PA to disulphide-linked,
double polypeptide chains of molecular weights of 30 to 40 kDa each [46].

Five discrete structural domains are present in t-PA, encompassing finger-growth
factor–kringle 1–kringle 2–protease (F-G-K1-K2-P). It comprises several potential bind-
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ing sites for cells and fibrin where F and K2 are the most important sites for fibrinolysis,
but mutagenic analysis specifies that K2 is less concerned with fibrin binding than antic-
ipated [47]. These domains are responsible for attachment to fibrin, cellular receptors,
and fibrin-specific plasminogen activation [42]. It also has high mannose carbohydrate
on Asn-11, an O-linked α-fucose residue on Thr-61, and complex oligosaccharide on
Asn-448 which regulates its binding to cell surface receptors [48]. The discharge of t-PA
is regulated through a diversity of interventions like bradykinin, adrenaline, thrombin,
vasopressin, histamine, gonadotropins, exercise, acetylcholine, shear stress, and venous
occlusion [49].

(3) Urokinase

Prourokinase (single chain urokinase-type plasminogen activator—pro-UK) is a pio-
neer of two active chains, urokinase plasminogen activator (u-PA). The prourokinase can
be transformed to active u-PA by the hydrolysis of the Lys-158-Ile-159 peptide bond via
plasmin, factor XII, trypsin, and plasma kallikrein [50]. u-PA consists of two chains with
molecular weights of 20 and 30 k Da held together by a disulfide bridge. It is a serine
protease that activates plasminogen to form plasmin. Less activity than u-PA and resistance
to plasmin activation is seen in the case of thromb-UK (two-chain form) which is formed
by the hydrolysis of the Arg-156-Phe-157 peptide bond of pro-UK by thrombin [51].

Urokinase plasminogen activator receptors (u-PAR) are specific membrane protein
receptors and are assigned as CD 87 antigens. They are a highly glycosylated protein
(50–65 kDa) linked to the plasma membrane by glycosylphosphatidylinositol [52]. They
are encoded by 335 amino acids of which the initial 22 amino acids comprise the signal
peptide. They contain a kringle module and a serine-binding domain. They are expressed
in neutrophils, activated T-cells, mononuclear phagocytes, several types of tumour cells,
and endothelial cells. They have a higher affinity for u-PA converting into active form on
binding, thus gaining the capability to enzymatically digest plasminogen to plasmin [53].
Pro-UK as well as u-PA can both bind to u-PAR but thrombolysis by pro-UK is more
effective and specific than u-PA. u-PA has a decreased affinity for fibrin fibres than
t-PA and is a dynamic plasminogen activator mutually in the presence and absence of
fibrin [54,55].

(4) Plasmin

The fibrinolytic enzyme plasmin is produced from plasminogen by activators such as
t-PA and u-PA. Plasmin is a serine protease that cuts fibrin chains forming solvable FDPs
exposing carboxyl-terminal lysine residues. This modification of the fibrin surface structure
has major implications for plasmin, plasminogen, and t-PA-possessing kringle domains
which mediate binding through lysine residues, affecting the regulation of fibrinolysis. The
modification on the fibrin surface increases the rate of plasmin formation by three-fold
when t-PA is a plasminogen activator [56].

Other roles of plasmin are:

• Plasmin deactivates and cleaves various clotting factors FV, FVIII, FIX, and FX in vitro
which plays a major role in clot formation [57].

• The two catalytic A-subunits of active clotting factor XIII are degraded endogenously
by plasmin during lysis of the blood clot [58].

• Plasmin is an important matrix metalloprotease activator, enhancing the lysis effect of
plasmin on surrounding tissues [59].

(5) Plasminogen activator inhibitor

Plasminogen activator inhibitor 1 (PAI-1) consists of nine α-helixes, three β-sheets, and
an exposed loop containing the active site Arg-346-Met-347. Active PAI-1’s overall structure
is like the structure of other inhibitory serpins [60]. It is an important physiological inhibitor
that inhibits the transformation of plasminogen to plasmin by t-PA and u-PA and plays
a major part in the fibrinolytic process [61]. It also inhibits the endothelial cells present
in plasma which react with single polypeptide t-PA, double polypeptide t-PA, and u-PA.
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Strangely, it behaves as a competitive inhibitor of the binding of t-PA to fibrin. Since the
inhibition constant of PAI-1 for t-PA is of the same order of magnitude as the dissociation
constant of t-PA and fibrin interaction, the formation of t-PA PAI-1 complexes resulted in
impaired fibrinolysis [62].

(6) α2-Antiplasmin

α2-antiplasmin (molecular weight 51 kDa) is a major inhibitor of plasmin and be-
longs to the Serpin family. Its synthesis takes place in the liver as an individual chain of
glycoprotein comprising 464 amino acid residues (30% of circulating antiplasmin) and
short chain polypeptide chain consisting of 452 amino acids (70% having higher proteolytic
activity) [63]. It circulates in plasma at higher concentrations (0.9 nmol/L) with a plasma
half-life of 2.4 days [49] and inhibits plasminogen activators like t-PA and u-PA [64].

α2-antiplasmin regulates fibrinolysis in three steps [60]:

• Inhibiting the adsorption of plasminogen to fibrin: the C-terminal end of α2-antiplasmin
binds with a robust affinity towards the lysine binding site, where fibrin is bound
non-covalently (competitive inhibition).

• Formation of a balanced inactive complex by plasmin: after the binding of α2-
antiplasmin with the lysine binding site, it is quickly cleaved via plasmin at the
active site releasing the peptides and forming a covalent plasmin—α2-antiplasmin
complex.

• Cross-linkage via factor XIIIa: the portion of circulating α2-antiplasmin is tightly
bound to fibrin via factor XIIIa, resulting in the amplified resistance of fibrin to
fibrinolysis.

3.5. Why Measure Fibrinolysis?

Fibrinolysis under normal circumstances is a slow and natural process. Hyperfibrinol-
ysis or enhanced fibrinolysis is life-threatening due to blood loss. Enhanced fibrinolysis
has been seen in patients suffering from liver and lung disease, prostrate surgery or major
trauma, cirrhosis, menorrhagia, renal failure, obstetric complications, and in some malig-
nancies in leukaemia patients. This bleeding process starts when there is the absence of a
fibrinolytic inhibitor. To combat this situation, anti-fibrinolytic lysine analogue, aprotinin,
epsilon aminocaproic acid, and tranexamic acid are used.

In the case of hypofibrinolysis or impaired fibrinolysis, which may be due to envi-
ronmental or heredity origin, these may be linked to thrombosis, associated with patients
suffering from hyperlipidaemia, diabetes, obesity, and atherosclerosis. Various biomark-
ers are used that indicate reduced fibrinolysis such as elevated plasminogen activator
inhibitor, α2-antiplasmin, changes in active t-PA level, and thrombin activatable fibrinol-
ysis inhibitor. To combat this situation, anti-coagulant agents, anti-platelets drugs, and
fibrinolytic enzymes are used [5].

The measurement of fibrinolytic activity is governed by various fibrinolytic assays
determining hyperfibrinolysis or hypofibrinolysis conditions.

3.6. Fibrinolytic Activity Assay

Different methods are proposed to observe fibrinolytic action in blood and its ele-
ments [65].

(1) Fibrin plate assay

Fibrin plate assay determines fibrinolytic mediators present in the samples. It consists
of two forms:

• Plasminogen-free fibrin plate (heated): This assay allows the direct activity of plasmin-
like enzymes, formed from fibrinogen solution (5 mg human fibrinogen in 7 mL of
0.1 M Barbital buffer of 7.8 pH), 10 U thrombin solution and 7 mL of 10 g agarose/Liter)
to be assessed in Petri plates. Then, for inactivating fibrinolytic enzymes, the plates
were heated at 80 ◦C for 30 min. These plates were modified by means of bovine
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fibrinogen, calcium chloride, thrombin, and sodium chloride. The enzyme (10–30 μL)
was dropped judiciously on a fibrin plate and incubated at 37 ◦C temperature for
3–18 h, and clear zones were obtained. A standard curve was plotted by using standard
fibrinolytic enzyme (urokinase) to examine the fibrinolytic activity of an enzyme.

• Plasminogen-rich fibrin plate (non-heated): This consists of 5 U plasminogen in addi-
tion to the above fibrinolytic solution and is not heated. It is suitable for plasminogen
activators [66].

The fibrin plate assay shows uncertainty in determining the accurate lysis zone and
hence another method, the microtiter plate assay, was developed to overcome this problem.

(2) Fibrin microplate assay

This is a sensitive and quantitative assay to determine the fibrinolytic activity in the
samples. In this assay, fibrin clots were adsorbed in 96-well microtiter plates with specific
dye integration using fibrinogen. A mixture of para-nitroaniline and then thrombin were
added to wells to form fibrin (overnight incubation at 37 ◦C). Inhibitors were removed
from plasma using alcohol before being applied to the wells. Then, 20μL of test mixture
was applied in triplets with 5 μL plasminogen onto the fibrin gel. For positive reference,
dilutions of urokinase (standard) were used. After 6 h incubation at 37 ◦C, the converted
substrate (lysate) was removed with rinse buffer. A total of 20 μL plasmin (1 U/mL) was
added to each of the remaining blood clots. After overnight incubation at 37 ◦C, complete
lysis was obtained and then they were rinsed with buffer and mixed well. Fibrin was
photometrically determined after dissolution by plasmin at 405 nm.

The fibrinolytic activity was observed by a difference in absorption value before and
after lysis of the fibrin clot. The activity was determined by using a urokinase dose–response
curve based on serial dilutions of standard urokinase.

This assay is highly reliable for the assessment of the degree of clot lysis by varying
concentrations of urokinase and incubation time [67].

(3) Rapid fibrin plate assay

The long incubation period (16–20 h) is the key disadvantage of fibrin plate/microplate
assay and is enhanced by plasminogen enrichment. The fibrin plates were enriched with
2 U of plasminogen to form opaque plates. The fibrin clots do not lyse spontaneously
and yield prominent parallel lines for streptokinase and urokinase after 3 h of incubation.
Urokinase assay is more precise as compared to streptokinase because of the shallow
dose–response curve [7].

(4) Euglobulin clot lysis time (ECLT)

ECLT is used to evaluate fibrinolytic activity in plasma. It implies the interaction of
the activity of t-PA with plasminogen-activating inhibitor [68]. The variation in the ab-
sorbance of recalcified euglobulin fraction at different time periods indicates the fibrinolytic
activity [69].

In quantitative ECLT, turbidity is measured every 30 min using a microtiter plate
reader where the midpoint between minimum and maximum turbidity determines the
lysis time providing reliable and reproductive data. The mathematical examination deter-
mines critical points of lysis along with the kinetics analysis of fibrinolysis. Studies project
that low ECLT values are linked with elevated plasmin–antiplasmin (PAP) complexes and
free tissue plasminogen activator (tPA) levels in plasma [69,70]. It is highly recommended
for surgeries like cardiovascular surgery, pharmacological surgery, and liver transplanta-
tion coagulation surgery to determine atherosclerosis, hyperlipidaemic conditions, and
associated diseases [68].

(5) Global fibrinolytic capacity (GFC)

Global fibrinolytic capacity (GFC) is used to evaluate the fibrinolysis in a single sample
by generating D-dimers (DD) from the fibrin clot prepared with fibrinogen and thrombin-
free plasminogen [68]. Silicated fibrin tablets (25 μg) were added to plasma and t-PA and
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incubated at 37 ◦C for one-hour. The aprotinin accumulation and D-dimer production were
assessed for the fibrinolytic process [65]. The method is quite costly due to the reagents
used and the D-dimer evaluation to estimate fibrinolysis activity. This assay is useful for
diabetes (type I and II), hypothyroidism, sepsis, chronic liver and mitral valve diseases,
respiratory distress, and polycystic ovary syndromes [65].

(6) Viscoelastic method

The viscoelastic method is used to analyse the effect of blood cells and platelets on
clotting and fibrinolytic processes in whole blood. This process is extremely fast and
plays an important role during surgical procedures allied with blood loss, traumatic
injury, liver transplant, and cardiothoracic surgery [5]. Viscoelastic changes in blood can
be monitored by:

• Rotational thromboelastometry (ROTEM) computes different viscoelastic parameters
like clotting time, clot growth kinetics, the pace of coagulation initiation, clot strength,
and dissolution [66]. The five principal assays used with the ROTEM instrument are
INTEM, HEPTEM, EXTEM, FIBTEM, and APTEM assays. The INTEM test initiates
clotting via the intrinsic pathway using ellagic acid, while the HEPTEM assay uses
heparinase in addition to ellagic acid. EXTEM uses tissue factor to initiate the extrinsic
clotting cascade whereas FIBTEM uses cytochalasin D to inhibit platelet activity and
provide clot tracing that indicates the presence of fibrinogen. This test is used exten-
sively in cardiac and liver studies to monitor fibrinogen levels. APTEM is a modified
EXTEM assay that incorporates aprotinin to stabilize the clot against hyperfibrinolysis.
An electrical signal from an automatic electrical transducer leads to a graphical display
supervised by a computer [71,72].

• Thromboelastography (TEG) is a non-invasive test that quickly determines coagulation
rate (hypo/hyper) or solidification to fibrinolysis (involving prothrombin/thrombin/
fibrin), the viscoelastic properties of blood samples during clotting under low shear
stress. It uses reagents different from ROTEM and involves five different parame-
ters: reaction time, kinetics, alpha angle, maximum amplitude, and lysis at 30 min
(A30/LY30) [5,72].

• Sonoclot: This assesses the change in resistivity via a small disposable plastic probe
spinning vertically on a coagulating blood sample in the cuvette. Fibrin components
formed on the tip/ around the probe and on the internal wall of the cuvette increase
the weight of the probe leading to an upsurge in the resistivity. This increase in
resistivity is sensed via electronic circuits and transformed into an output signal. The
output signal describes the viscoelastic properties of the blood coagulation initiated
from fibrin development, aggregation of fibrin monomers, platelet interaction, clot
retraction, and lysis [73].

Chromogenic assay. The chromogenic method is based on determining the target
proteolytic activity with specific chromogenic peptide substrates of plasmin (H-D-Val-Leu-
Lys-pNA or similar), tissue plasminogen activator (H-D-lle-Pro-Arg-pNA or similar), and
urokinase (pGlu-Gly-Arg-pNA or similar). As a rule, the sample is incubated with the
substrate for 5 min at 37 ◦C. As a result of the reaction, a chromophore (para-nitroanaline)
is split off from such substrates—para-nitroanilides—and absorption at 405 nm is measured
in the mixture. The concentration of released para-nitroanaline is directly proportional
to the activity of the proteolytic enzyme in the sample. The method is applicable to both
mini-tubes and plates.

3.7. Microorganisms: Important Source of Fibrinolytic Enzymes

Numerous sources of fibrinolytic enzymes have been discovered such as microor-
ganisms, snakes, earthworms, insects, plants, and fermented products. However, mi-
croorganisms have emerged as the most important sources, especially the genus Bacillus
from traditional fermented foods [6]. A potent fibrinolytic enzyme (nattokinase) is
used in thrombolytic therapy by cleaving the isopeptide bonds of fibrin (Figure 3) [74].
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These fibrinolytic enzymes can be procured from different microbial sources such as
bacterial species like Streptococcus hemolyticus (streptokinase) [75], Bacillus subtilis YF 38
(nattokinase) [8], Staphylococcus aureus (Staphylokinase) [76], Bacillus sp. DJ-4 (Subtilisin
DJ4) [77], fungal species like Arthrobotrys longa [78], Aspergillus oryzae [79], Aspergillus
ochraceus [80], Aspergillus versicolor [81], Fusarium sp. [82], Penicillium sp. [83], Rhizopus
chinensis [84], Sarocladium strictum [85], or mushrooms such as Cordyceps militaris [86]
and Armillaria mella [87].

Biochemical attributes of microbial fibrinolytic enzyme
The biochemical attributes of microbial fibrinolytic enzymes involve molecular weight,

temperature optimum of activity, pH optimum of activity, substrate specificity, thermo-
and pH-stability [2].

Based on catalytic properties, fibrinolytic enzymes are composed of different types
of proteases. These proteases (synonyms: proteinases, peptidases, proteolytic enzymes)
can hydrolyse peptide bonds in proteins. They can be found in less as well as in more
complex organisms. These enzymes have excessive importance due to their major role
in biochemical and cellular processes, and the life cycles of pathogens. Based on their
catalytic mechanism, they are grouped as endopeptidase (cleavage takes place within
the peptide backbone) and exopeptidase (cleavage takes place at the end of the peptide
backbone) [88,89].

• Endopeptidase: Serine protease: trypsin, thrombin, chymotrypsin, subtilisin, etc. Cys-
teine protease: rhinovirus 3C, papain, etc. Metalloprotease: collagenase, thermolysin,
etc. Aspartic protease: pepsin and cathepsin [83].

• Exopeptidase: Serine protease: carboxypeptidase Y. Cystine protease: cathepsin and
DAPase. Metalloprotease: carboxypeptidase A, carboxypeptidase B [83]. Serine and
metalloprotease have catalytic properties of fibrinolytic enzymes.

Serine protease. Most of the members are comprised of endopeptidase which varies
extensively in their specificity. The cascades of consecutive activation of serine protease
are required for the initiation of blood coagulation, complement fixation, and fibrinolysis
process [90]. Enzymatic active members of the chymotrypsin family include His, Asp,
and Ser whereas the enzymatic active members of the subtilisin family include different
orders as Asp, His, and Ser. Therefore, we can say that serine protease represents different
evolutionary lines [91]. Serine protease follows two-step reactions: acylation followed by
deacylation occurring via a nucleophilic attack on intermediate by water, ensuing in the
hydrolysis of a peptide.

These proteases are recognized by their irreversible inhibition by tosyl-L-lysine
chloromethyl ketone (TLCK), L-3-carboxytrans 2,3-epoxypropyl-leucylamido (4-guanidine)
butane, 3,4-dichloroisocoumarin (3,4-DCI), diisopropylfluorophosphate (DFP), and phenyl-
methylsulphonyl fluoride (PMSF) [92].

Fibrinolytic enzymes associated with the serine protease family belong to Bacillus sp.
(subtilisin) and are active at alkaline to neutral pH (optimum pH 8–10), isoelectric points
about 8 and molecular weights are between 27.7 and 44 KDa. The optimum temperature
has a range between 30 and 70 ◦C, mostly 50 ◦C. It contains a catalytic triad containing
Ser 221, His 64, and Asp 32 without any intramolecular disulphide linkage. Examples are
Subtilisin DJ 4, CFR 15 protease, Subtilisin DFE, BAFFI, etc. (Table 1) [65].
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Table 1. Microbial fibrinolytic enzymes and their properties.

Fibrinolytic
Enzymes

Micro-
Organisms
Associated

Sources for
Production

Physicochemical
Properties

Functional Moiety
Mechanism of

Action
References

Streptokinase Streptococcus
hemolyticus

Exudates of
infected
wounds

47 kDa
pH 7.5
37 ◦C

Single polypeptide
chain (414 amino

acids) with
multiple structural
domains (α, β, Υ)

plasminogen
activation for
the formation

of β-domain SK
plasminogen

complex

[75,93]

Staphylokinase Staphylococcus
aureus Human skin

15.5 kDa
pH 8.5
37 ◦C

Single polypeptide
chain (136 amino

acids) without
disulphide bridge

plasminogen
activation due

to higher
affinity with

plasmin

[76,94]

Serrapeptase Serratia
marcescens E 15

Intestine of
silkworm

45–60 kDa
pH 9.0
40 ◦C

Metalloprotease
with one active site
and three Zn atoms

Cleavage of
peptide bond

linkages
[95]

Nattokinase
(wild Type)

Bacillus subtilis
YF 38, natto

Fermented
soybean Natto

27.7 kDa
pH 8.6

Presence of
catalytic triad

(Asp-32, His-64 and
Ser-221) and one

oxyanion
hole (Asn-155)

Resemblance
with plasmin
and enhanced
production of
plasmin and

clot dissolving
agents

[8,96]

Nattokinase

Pseudomonas
aeruginosa

CMSS (new
strain)

Cow milk
21 kDa
pH 7.0
25 ◦C

Like wild-type
nattokinase with a
two-fold increase in
enzyme activation

Same as wild
type

nattokinase
[97]

CK fibrinolytic
enzyme Bacillus sp. CK

Chungkook-
jang

(Korea)

28.2 kDa
pH 10.5

70 ◦C

Thermolytic
alkaline serine
protease (1882

protein atoms, 2
Ca2+ ions, and 44
water molecules)

Higher tissue
plasminogen

activator
production.

[98,99]

Fibrinolytic
enzyme

Bacillus sp.
KA38

Jeot-gal
(fermented fish,

Korea)

41 kDa
pH 7.0
40 ◦C

Metalloprotease

Degrade fibrin
or form

plasmin from
plasminogen

[100]

CFR 15 protease

Bacillus amyloliq-
uefaciens

MCC2606
(strain CFR 15)

Dosa batter
32 kDa
pH 10.5

45 ◦C

Serine protease
with a catalytic

triad (His-57,
Ser-195, Asp-102)

Hydrolysis of
αα-, ββ-, -

chains of fibrin
[101]

B. amyloliquefa-
ciens An6
fibrinase
(BAF1)

Bacillus amyloliq-
uefaciens

An6

Mirabilis jalapa
tuber powder

(MJTP)

30 kDa
pH 9.0
60 ◦C

Serine protease

Degrade fibrin
or form

plasmin from
plasminogen

[102]

Subtilisin DJ-4 Bacillus sp.
DJ -4

Doen-jang,
Korea

29 kDa
pH 10.0

40 ◦C

Plasmin-like serine
protease

Rapid
hydrolysis of
αα-, ββ-, -

chains of fibrin

[77]

Subtilisin QK02 Bacillus sp.
QK02

Fermented
soybean

28 kDa
pH 8.5
55 ◦C

Serine protease
with a catalytic
triad (Asp-32,

His-64 and Ser-221)

Cleaves peptide
bond linkages [103]
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Table 1. Cont.

Fibrinolytic
Enzymes

Micro-
Organisms
Associated

Sources for
Production

Physicochemical
Properties

Functional Moiety
Mechanism of

Action
References

Subtilisin DFE
Bacillus amyloliq-

uefaciens
DC 4

Douchi (China)
28 kDa
pH 9.0
48 ◦C

Serine protease

High specificity
towards fibrin
and hydrolyses

thrombin

[104]

Fibrinolytic
enzyme

Bacillus
tequilensis
CWD-67

Dumping soil
22 kDa
pH 8.0
45 ◦C

Chymotrypsin-like
serine

metalloprotease
containing

hydrophobic S1
pocket

Hydrolysis of
αα-, ββ-, -

chains of fibrin
[105]

BacillokinaseII Bacillus subtilis
A1

Local soil
(Korea)

31.4 kDa
pH 7.0
50 ◦C

Chymotrypsin-like
serine protease

Degrade fibrin
and act as

plasminogen
activator

[106]

Fibrinolytic
enzyme

Bacillus sp.
KDO- 13

Soybean paste
(Korea)

45 kDa
pH 7
60 ◦C

Metalloprotease
with Catalytic

domain with 170
amino acids, hinge

region, and
hemopexin domain
of 200 amino acids

Degrade fibrin
or form

plasmin from
plasminogen

[107,108]

Fibrinolytic
enzyme

Bacillus
thuringiensis

IND 7
Cow dung 32 kDa

pH 9.0 Serine protease

Degrade fibrin
or form

plasmin from
plasminogen

[109]

Bafibrinase Bacillus Sp.
AS-S20-I Soil (Assam)

32.3 kDa
7.4 pH
37 ◦C

Catalytic triad
(Ser-221, His-64

and Asp-32)
without

intramolecular
sulphide bond

Cleaves chains
of fibrin (α, β)
and fibrinogen

[110]

Subtilisin BK 17 Bacillus subtilis
BK17

Decaying rice
plant (Korea) 31 kDa Serine protease

Degrade fibrin
or form

plasmin from
plasminogen

[111]

Fibrinolytic
enzyme

Bacillus subtilis
KCK-7

Chungkookjang
(fermented

food)

45 kDa
pH 7.0
60 ◦C

Serine protease
requires hydroxyl
group for activity

Degrade fibrin
or form

plasmin from
plasminogen

[112]

Douchi
fibrinolytic

enzyme

Bacillus subtilis
LD 8547

Soybean
fermented food

(China)
30 kDa Serine protease Activate t-PA [113]

Fibrinolytic
enzyme

Paenibacillus sp.
IND8

Cooked Indian
rice - -

Degrade fibrin
or form

plasmin from
plasminogen

[114]

SW 1 Streptomyces sp.
Y405 Soil isolate 30 kDa

pH 8.0
Serine protease and

metalloprotease

Degrade fibrin
or form

plasmin from
plasminogen

[115]
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Table 1. Cont.

Fibrinolytic
Enzymes

Micro-
Organisms
Associated

Sources for
Production

Physicochemical
Properties

Functional Moiety
Mechanism of

Action
References

Fibrinolytic
enzyme

Streptomyces
rubiginosus Marine soil

45 kDa
pH 7.2
32 ◦C

-

Degrade fibrin
or form

plasmin from
plasminogen

[116]

Fibrinolytic
enzyme

Streptomyces sp.
MCMB-379 Seed culture - Serine

endopeptidase type

Cleaves fibrin
fibres by

degradation of
chains

[117]

β Haemolytic
Streptokinase

Streptococcus
equinus Bovine milk - -

Degrade fibrin
or form

plasmin from
plasminogen

[118]

Fibrinolytic
enzyme

Bacillus cereus
SRM-001

Chicken dump
yard

28 kDa
pH 7.0
37 ◦C

Serine protease

Plasmin
catalysed

hydrolysis of
fibrin

[119]

Fibrinolytic
enzyme

Bacillus cereus
IND 5

Cuttle fish
waste and cow

dung

47 kDa
pH 8.0
50 ◦C

Serine protease

Degrade fibrin
or form

plasmin from
plasminogen

[120]

Fibrinolytic
enzyme Bacillus pumilus

Gembus
(Indonesia
fermented

food)

20 kDa
50 ◦C Serine protease

Degrade α- and
β-chains of

fibrinogen but
not Υ-chain

[121]

Fibrinolytic
enzyme

Serratia sp. KG
2–1

Garbage dump
yard

pH 8.0
40 ◦C Metalloprotease

Degrade fibrin
or form

plasmin from
plasminogen

[122]

Fibrinolytic
enzyme

Shewanella
sp.

IND20

Fish Sardinella
longiceps

55.5 kDa
pH 8.0
50 ◦C

Serine protease

Direct clot lysis
and

plasminogen
activation

activity

[123]

Fibrinolytic
enzyme

Cordyceps
militaris Mushroom

28 kDa
pH 7.2
37 ◦C

Serine protease
Activate

plasminogen to
plasmin

[78]

Fibrinolytic
enzyme

Lasiodiplodia
pseudotheobro-

mae

Aegle Marmelos
(Golden apple) 80 kDa -

Degrade fibrin
or form

plasmin from
plasminogen

[124]

AMMP Armillaria mella Mushroom
(Korea)

21 kDa
pH 6.0
33 ◦C

Chymotrypsin like
metalloprotease

Hydrolyse α-α
fibrinogen [79]

Fibrinolytic
enzyme

Mucor
subtilissimus

UCP 1262
Soil (Brazil)

20 kDa
pH 9.0
40 ◦C

Chymotrypsin like
serine protease

Properties
resemble to

plasmin
[125]

Fibrinolytic
enzyme

Cochliobolus
lunatus Surface culture pH 6.8

40 ◦C -

Degrade fibrin
or form

plasmin from
plasminogen

[126]
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Table 1. Cont.

Fibrinolytic
Enzymes

Micro-
Organisms
Associated

Sources for
Production

Physicochemical
Properties

Functional Moiety
Mechanism of

Action
References

Longolytin Arthrobotrys
longa

Soil, contains
nematodes

28.6 kDa
pH 6.0–9.0

Serine protease
contains thiol

groups

Hydrolyse
fibrin and
activate

plasminogen
like urokinase

[127,128]

Fibrinolytic
enzyme

Aspergillus
ochraceus L-1 Soil

36 kDa
pH 10.0–11.0

45 ◦C
Serine protease

Hydrolyse
fibrin and
fibrinogen

[79]

Fibrinolytic
enzyme

Aspergillus
oryzae KSK-3

Commercial
rice-koji for

miso brewing

30 kDa
pH 6.0
50 ◦C

Serine protease
Hydrolyse
fibrin and
fibrinogen

[80]

Versiase Aspergillus
versicolor

Marine sponge
Callyspongia sp.

37.3 kDa
pH 5.0
40 ◦C

Metalloprotease

Hydrolyse
fibrin directly
and indirectly

via the
activation of
plasminogen,

and it can
hydrolyse α-, β-
and γ-chains of

fibrinogen.

[81]

Fu-P Fusarium sp.
CPCC480097

Shanghai
Health Creation

Center of Bio-
pharmaceutical

R&D

28 kDa
pH 8.5
45 ◦C

Serine protease
Hydrolyse
fibrin and
fibrinogen

[82]

Fibrinolytic
enzyme

Paecilomyces
tenuipes

Culture
Collection of
DNA Bank of
Mushrooms,

Incheon,
Republic of

Korea.

14 kDa
pH 5.0
35 ◦C

Serine protease

Hydrolyse the
Aα chain of

human
fibrinogen, but

do not
hydrolyse the
Bβ or γ chains

[83]

Fibrinolytic
enzyme

Rhizopus
chinensis 12

Brewing rice
wine

18.0 kDa
pH 10.5

45 ◦C

Serine protease.
The first 12 amino

acids of the
N-terminal

sequence of the
enzyme were

S-V-S-E-I-Q-L-M-
H-N-L-G and had
no homology with

that of other
fibrinolytic enzyme

from other
microorganism.

Hydrolyse
fibrin and α-, β-
and γ-chains of

fibrinogen

[84]

Fibrinolytic
enzyme

Sarocladium
strictum 1

Arhtrobotrys
longa co-culture

35.0 kDa
pH 9.0
37 ◦C

Serine protease

Hydrolyse
fibrin and
activate

plasminogen
like urokinase

[85]
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Metalloprotease. Metalloproteases are synthesized as inactive zymogens by heterotrophic
bacteria [93]. All metalloproteases comprise one or two zinc ions and some enzymes con-
tain one or two manganese or cobalt ions [94]. In the metalloprotease family, 13 members
contain the HEXXH sequence providing two of three ligands for zinc atoms. This sequence
occurs as a consensus of nine residues bXHEbbHbc (b: uncharged residue, X: any amino
acid, and c: hydrophobic residue). The third ligand of the zinc atom is histidine in the case
of autolysin, astacin, interstitial collagenase, and glutamic acid in the case of thermolysin,
neprilysin, and alanyl aminopeptidase [91]. They can be deactivated by the addition of
chelating mediators or dialysis [92].

Fibrinolytic enzymes associated with the metalloprotease family require divalent ions
for their actions. They have an optimum pH between 6 and 7. Examples of metalloprotease
are Ca2+ and Mg2+ for AMMP, Zn2+ for jeot gal and Co2+ Hg2+ for Bacillus sp. KDO 13 [65],
as shown in Table 1.

From Table 1, common antithrombotic enzymes used for the treatment of various
cardiovascular diseases are nattokinase, streptokinase, staphylokinase, serrapeptase and
longolytin.

3.8. Nattokinase (NK)

A Japanese researcher, Hiroyuki Sumi (Chicago University Medical School) in 1980
invented natto which dissolves artificial fibrin. Sumi and his team members obtained an
enzyme from natto that not only degrades fibrin clots but also degrades plasmin substrate.
He termed this fibrinolytic enzyme “nattokinase”. Natto is a fermented cheese-like food
that has been used in Japan over thousands of years. It is made up of soybeans which are
cooked and fermented with the action of bacterium Bacillus subtilis [129,130]. It degenerates
fibrin directly during clot lysis with an action like plasmin and indirectly by affecting
plasminogen activator activity (Figure 5A) [130,131].

Figure 5. Three-dimensional structures of anti-thrombotics. (A) Structure of nattokinase. (B) Structure
of streptokinase. (C) Structure of staphylokinase. (D) Structure of serrapeptase.
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Nattokinase (NK) is a serine protease with 275 amino acid residues, and its molecular
weight is 27.728 Da. It has immense homology with subtilisin, and DNA sequencing
displays 99.5% homology with subtilisin E and 99.3% homology with B. amylosacchariticus.

NK’s effects are as well-known as aspirin (a well-known blood thinner) where NK
improves blood flow with no side effects as compared to aspirin which often triggers gastric
ulcers and bleeding. It is resistant to the acidic pH of the stomach (absorbed in the digestive
tract), has a high pH (10), and resists high temperatures such as 50 ◦C [130]. It has various
other applications such as a functional food additive, reduces blood viscosity and plasma II
concentration, etc. [132].

In human trials, patients undergoing dialysis, patients with cardiovascular diseases,
and healthy volunteers were administered orally with two capsules of (2000 FU/capsule)
daily. After two months, it was observed that there was a decrease in factors VII and VIII
due to which fibrinogen was observed in all three cases, causing no side effects with stable
heart rate, uric acid production, and body weight. When dogs were administered orally
with four NK capsules (2000 FU/capsule), the major leg vein containing chemically induced
blot clot (thrombi) was dissolved completely in 5 h, restoring normal blood flow. Similarly,
in the case of a rat’s thrombosis in the carotid artery, this was treated with NK, and 62%
of arterial blood flow was recovered. NK improves various diseases like atherosclerosis,
Alzheimer’s disease, hypertension, and stroke and is commercially used in the United
States, Korea, Japan, Canada, China, and European Union Countries [129].

C. Yongjun et al. performed an experiment to improve the activity of nattokinase.
Three homological genes from B. natto AS 1.107, Bacillus licheniformis CICC 10092, and
Bacillus amyloliquefaciens CICC 20164 were intermixed properly to yield a mutant library.
After the three cycles of DNA shuffling, one desired mutant of 16 amino acids was attained.
For screening, the mutant library for improved activity, the plate-based method was used.
The three-dimensional structure was obtained based on parental NK. The hydrophobic
pocket present at the active site was broadened due to amino acid substitutions and this
may lead to change in catalytic as well as enzymatic activity. The catalytic activity of mutant
NK was found to be 2.3 times higher than the wild-type nattokinase [133].

3.9. Streptokinase (SK)

Dr. William Smith Tillet with Sol Sherry (scholar), in 1933, serendipitously laid the
basis for the usage of streptokinase (SK) as a thrombolytic mediator in the treatment of
acute myocardial infarction [134].

SK is an active plasminogen activator consisting of 414 amino acid residues. It forms a
1:1 stochiometric complex with plasmin (activating plasminogen to plasmin), thus resulting
in clot lysis by the proteolytic cleavage of fibrin. It is also included in the World Health
Organization’s Model List of Essential Medicines and is clinically used an intravenous
thrombolytic agent for preventing cardiovascular diseases [118].

Streptokinase N-terminal domain has low activation ability to complement plasmino-
gen (60–414 amino acids) and C-terminal used in plasminogen substrate recognition and
stimulation. Initially, 59 amino acid residues appear to have numerous binding domains
for plasminogen. The important binding sites that are present in streptokinase are Asp41
and His48 and the coiled region of the Υ-domain plays an important role in plasminogen
activation. Its mechanism is fibrin-dependent and independent (Figure 5B) [75,135]. As
streptokinase is a non-human protein, its entry into the circulatory system may cause
different anaphylactic reactions, including death, depending upon the concentration of
anti-streptokinase antibodies existing in the blood circulation.

It is degraded by plasmin at proteolytic sites Lys59 and Lys386 due to which it has a
shorter half-life; hence, modifications are performed to enhance its half-life by recombinant
DNA technology, chemical or enzymatic alteration of indigenous streptokinase, and by
genetic mutation. Recombinant streptokinase produced by yeast Pichia pastoris is resistant
to proteolytic cleavage by plasmin [75].
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3.10. Staphylokinase (SAK)

Staphylokinase is produced by lysogenic strains of Staphylococcus aureus, a subsidiary
activator of plasminogen, and is a part of third-generation fibrinolytic enzymes [59,136]. It
forms a 1:1 stochiometric complex with human plasmin catalysing further stimulation of
plasminogen. This complex is sensitive to accelerated inhibition by α2-antiplasmin unless
it is bound to fibrin by lysine-binding sites [137].

It is a 15.5 kDa protein consisting of 136 amino acids (single chain without disulfide
linkage). Its 3D crystal structure involves five stand beta-sheets, a central alpha-helix (Lys-
57-Thr-71) connected together by loops (Figure 5C) [55,138]. The main interaction between
staphylokinase and plasminogen or staphylokinase and other staphylokinases (during the
dimerization process) occurs at the region possessing alpha helix. The mutation in the
active region (central alpha helix) results in a complete loss of activity of plasminogen. The
N-terminal part (Lys 10) is responsible for proteolytic hydrolysis and protein interaction,
whereas the C-terminal part (Lys-135-Lys-136) and its sterically positioned flexible loop
(Lys-54) is responsible for dimerization and determinant of staphylokinase–plasminogen
interaction [59].

Another role of SAK is its ability to nullify the activity of host antimicrobial peptides
constituting various peptides secreted by mammals and other organisms. Hence, it plays
its role against invading pathogens through a defence mechanism. SAK is able to bind
with α2- antiplasmin that are secreted by human neutrophil proteins (HNPs) forming the
SAK-HNP complex. This complex results in the mutual inhibition of protein bactericidal
activities and thrombolytic activities [139].

3.11. Serrapeptase (SRP)

Serrapeptase is a proteolytic enzyme (metalloprotease with three zinc atoms and one
active site) with molecular weight ranges from 45 to 60 kDa catalysing hydrolysis of peptide
bonds in peptides. It is also known as serratiopeptidase, or serratia peptidase (SRP), due
to its origin in Serratia marcescens. It has an affinity towards dead threads of proteins
present in silkworms and dissolves them to make cocoons; it also dissolves non-living
tissues present in mammals including plaques, mucous, and blood clots. It also degrades
various protease inhibitors of the immune system and is the main reason for infection in
mammalian epithelial cells [95].

It consists of 470 amino acids lacking sulphur-containing amino acids such as methio-
nine and cysteine (Figure 5D) [90,140]. The activity of the serrapeptase enzyme is enhanced
by zinc atoms [90]. It contains a zinc-binding consensus (HEXXHXXGXXH) where three
histidine residues are zinc ligands, and the catalytic base is glutamic acid [140,141]. This
enzyme belongs to the Serralysin group of enzymes which cleaves peptide bond linkage
between Asn-Gln, Tyr-Tyr, Arg-Gly, CysSO3H-Gly, Tyr-Tyr, His-Leu, Gly-Ala, Try-Thr,
Gly-Gly, Phe-Tyr Ala-Leu, and Tyr-Leu; hence, it has broad substrate specificity [142].

Expression of SRP is available in the form of enteric-coated tablets (dry-coated with
enteric polymer) as it undergoes gastric hydrolysis at a low pH decreasing the stability
in the gastrointestinal tract. Hence, to maintain the stability of SRP, the recommended
doses are 5–10 mg tablets three times a day. Orally given serratiopeptidase alters the
viscoelasticity of sputum in patients (chronic airway disease), it also has various other side
effects such as GI disturbance, nausea, and anorexia. Topical application of the SRP enzyme
in the form of ointments and gels at the site of action increases the potential activity of the
enzyme in the treatment of local inflammatory reactions. Non-steroidal anti-inflammatory
drugs (NSAIDs), such as diclofenac sodium, ketoprofen, etc., which are used to treat chronic
and acute arthritic conditions cause gastric irritation (causing ulcers) and other side effects.
Hence, anti-inflammatory properties of SRP could be used as a suitable alternative to
NSAIDs. It also enhances the efficiency of some antibiotics such as ampicillin, cefotiam,
ciclacillin, cephalexin, and minocycline. A team of Italian researchers suggested that SRP
enhances the effectiveness against microbial biofilms and inhibits its formation [143].
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3.12. Longolytin

Longolytin is the preparation of extracellular proteolytic enzymes obtained from the
culture fluid of the strain Arthrobortys longa Mecht. No. 1. The drug has fibrinolytic,
thrombolytic, esterase, small proteolytic, and plasminogen activator activities. When
separating longolitin, six protein fractions were identified, among which only one was
fibrinolytically active. The enzyme had a pI of 3.7 and a molecular weight of 28.6 kDa.
The optimal activity was at pH 6.0–9.0 and a temperature of 37 ◦C. Based on the action of
inhibitors, the enzyme was tentatively assigned to serine-type proteinases containing thiol
groups. The effectiveness of longolytin has been proven in in vitro and in vivo experiments.
A pronounced affinity of the drug for fibrin was shown, and its intravenous administration
to animals increased the fibrinolytic and activator properties of plasma and proved its local
effect on the structure of blood clots. An increase in the amount of plasmin in the blood
of animals that received high doses of the drug showed the ability of the drug to activate
plasminogen. Longolytin was first proposed as a thrombolytic drug for the treatment of
thrombophlebitis and phlebothrombosis, due to its ability to penetrate the epidermis and
underlying soft tissues into the microcirculation system and systemic circulation and cause
adequate physiological and biochemical reactions.

A model of venous thrombosis on the rabbit marginal ear vein was developed by
Podorol′skaya et al., 2007 [127]. The thrombolytic activity of longolytin applied externally
onto the thrombotic venous segment was evaluated. When applied externally, longolytin
(both individually and in combination with heparin) causes a significant acceleration of
thrombolysis, acting locally on the thrombus structure, and does not affect haemostasis.
Heparin significantly accelerated the process of dissolution of blood clots only when it
was used together with longolytin. Thus, longolytin reduced the time of thrombus dis-
solution by 2 times and increased the rate of thrombolysis by 4.5 times. The combined
use of longolytin and heparin increased jugular vein thrombolysis by 30 times compared
with the control group. Biochemical indicators of haemostasis (fibrinogen content, fibri-
nolytic activity, recalcification time) remained unchanged during thrombolysis both in the
experiment and in the control, which indicates the specificity and selectivity of longolytin.
The introduction of longolytin into the stomach cavity and into the oral cavity of rats also
demonstrated the effect of a significant increase in the fibrinolytic and anticoagulant activity
of the blood of animals. Sharkova and Podorolskaya, 2017 [128] have used longolytin by
per os administration in rats to reveal the influence on haemostasis and fibrinolysis. In
their experiments, 120 white rats were introduced to a 0.1 mL 3% solution of longolytin
in glycerol (activity 30–40 C.U.) orally every day for 7 days and observed an increase in
anticoagulant and fibrinolytic activities in experimental rats. The resulting effects turned
out to be prolonged, remaining for another week after the drug was discontinued and
creating a favourable antithrombotic background in the animal body, in contrast to the
inhibition of fibrinolysis characteristic of intravenous administration at the end of the
course of use. So, longolytin can be used orally for both therapeutic and prophylactic
purposes [144].

3.13. Clinical Significance of Fibrinolytic Enzymes

Fibrinolytic enzymes are clinically administered for the treatment of myocardial
infarctions, strokes, cardiac and respiratory failure. Therefore, in this section, we intend
to discuss some of the clinical trials of fibrinolytic enzymes stating their significance and
importance.

The efficacy of a single dose of nattokinase (2000 FU) was evaluated in a double-
blind, placebo-controlled cross-over nattokinase intervention human trial. The results
showed that after the administration of nattokinase, D-dimer concentrations at 6 and 8 h
and fibrin/fibrinogen degradation at 4 h elevated significantly with respective p-values of
< 0.05. Also, antithrombin concentration in the blood was also higher at 2 and 4 h, and thus
the outcomes suggest that fibrinolysis and anti-coagulation are enhanced using nattokinase
via numerous pathways [145]. In addition, treatment with streptokinase in a controlled
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clinical trial revealed that angiographic evidence of thrombolysis was significantly greater
(p < 0.01) in patients treated with streptokinase when compared to heparin. However, after-
effects such as bleeding were more common with streptokinase than with heparin but was
not a critical concern [146]. Another clinical trial by Gusev EI et al. performed a multicentre,
open-label, randomized, parallel-group, and non-inferiority trial and studied the effect of
non-immunogenic recombinant staphylokinase versus alteplase for patients with acute
ischaemic stroke 4–5 h after symptom onset. The difference in the rate of favourable
response at day 90 was 9.5% (95% CI −1.7 to 20.7) and the lower limit did not cross the
margin of non-inferiority (p non-inferiority <0.0001). After-effects such as symptomatic
intracranial haemorrhage affected 8% and 3% of patients (p = 0.087) in the non-immunogenic
staphylokinase group and alteplase group, respectively. Also, on the follow-up day 90,
14% and 10% of patients (p = 0.32) died in the non-immunogenic staphylokinase group
and alteplase group, respectively [147]. These brief data from clinical trials indicate that
fibrinolytic enzymes might serve as an efficient alternative to synthetic antithrombotic
agents. However, treatments with these drugs are associated with an increased risk of
complications such as haemorrhage, and therefore, the search for safer and more efficient
methods is evident.

3.14. Other Potential Applications of Fibrinolytic Enzymes

Fibrinolytic enzymes along with blood clot dissolution, exhibit numerous other poten-
tial applications in food, industrial, and clinical sectors. They have been reported as aiding
in blood pressure regulation and proteolysis in addition to fibrin. Fibrinolytic enzymes
have also found their applicability as antimicrobials, detergent additives, anti-inflammatory
agents, etc. [2]. A randomized clinical trial reported the positive effects of nattokinase
on blood pressure/hypertension and confirmed that nattokinase results in a reduction
in systolic and diastolic blood pressure [148]. Another study detailed that oral admin-
istration of nattokinase and serrapeptase is effective against Alzheimer’s disease [149].
Serrapeptase exhibits significant anti-inflammatory and other essential applications along
with anti-thrombotic activity [6,66,150,151]. In addition, serrapeptase has shown a potent
effect with respect to venous inflammatory diseases and chronic airway diseases such as
decreased neutrophil count, sputum output and viscosity, and chronic sinusitis [152–155].
Scientific studies also provide insight into the significant role of fibrinolytic enzymes in
food fortification and nutraceutical applications [156,157]. Fibrinolytic protease from Lac-
tobacillus plantarum KSK-II was found to inhibit the growth of S. aureus (29%), B. cereus
(21%), P. aeruginosa (13%), P. vulgaris (10%), and E. coli (7%) and thus exhibit anti-microbial
activity [6].

Fibrinolytic enzymes also aid in proteolysis in addition to fibrin and are considered as
an apt detergent additive. The enzyme from L. plantarum was found to hydrolyse plasma
proteins along with collagen and fibrin and was also compatible/stable with the detergent
formulations of Persil (112%), X-tra® (98%), Ariel® (92%), Tide® (86%), Lang® (81%), Dac®

(80%), Isis® (77%), Bonux® (75%), Dixan® (67%), and Oxi® (64%) [6]. A detergent-resistant
nattokinase from B. subtilis showed an increase of 141% with non-ionic detergents (Tween-
20, Tween-80, and Triton X-100) [158]. Furthermore, an enzyme from Bacillus sp. IND12
bovine serum albumin, chicken skin, hydrolysed egg white, and goat blood clots was
recommended for use in both wastewater treatment and clinical practices [159].

4. Conclusions

In the present review, we have discussed in detail the mechanism of blood clotting,
different microbial sources used as anti-thrombotic agents, and their mechanism of action.
We have summarized the mechanism of blood clot formation, and clot lysis (fibrinolysis)
with the help of plasminogen activators or plasmin-like molecules involving fibrinolytic
enzymes. Different methods are proposed to observe fibrinolytic action in blood and its
elements. Fibrinolytic activities can be linked with the patient’s cardiovascular disease
status which can be taken care of well in advance to avoid serious cardiac arrest. Fibri-
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nolytic enzymes have the capability to dissolve blood clots. These enzymes obtained from
microorganisms cleave fibrin fibres and clot peptide bonds of chains (αα-, ββ-, Υ-) forming
fibrin degradative products, dissolving the blood clots present in blood vessels for normal
blood flow. Several types of reported/ commercially available fibrinolytic enzymes have
also been described along with their clinical trials and applications. Human trials suggest
microbial fibrinolytic enzymes as efficient substitutes to other antithrombotic agents, but
after-effects such as hemorrhage leave an urgent urge to search for more safer and potent
therapies. Lastly, other potential applications of fibrinolytic enzymes such as detergent
additives, blood pressure regulators, anti-microbial/anti-inflammatory agents, etc., pave
the way for their diverse use. However, the mechanisms behind the above-mentioned uses
are uncertain so far.
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Abstract: Background: Non-obstructive coronary artery disease (CAD) is a disease commonly
diagnosed in patients undergoing coronary angiography. However, little is known regarding the
long-term clinical impact of multi-vessel non-obstructive CAD. Therefore, the object of this study
was to investigate the long-term clinical impact of multi-vessel non-obstructive CAD. Method: A
total of 2083 patients without revascularization history and obstructive CAD were enrolled between
January 2010 and December 2015. They were classified into four groups according to number of
vessels involved in non-obstructive CAD (25% ≤ luminal stenosis < 70%): zero, one, two, or three
diseased vessels (DVs). We monitored the patients for 5 years. The primary outcome was major
cardiovascular and cerebrovascular events (MACCEs), defined as a composite of cardiac death, stroke,
and myocardial infarction (MI). Result: The occurrence of MACCEs increased as the number of non-
obstructive DVs increased, and was especially high in patients with three DVs. After adjustment,
patients with three DVs still showed significantly poorer clinical outcomes of MACCEs, stroke, and
MI compared those with zero DVs. Conclusion: Multi-vessel non-obstructive CAD, especially in
patients with non-obstructive three DVs, is strongly associated with poor long-term clinical outcomes.
This finding suggests that more intensive treatment may be required in this subset of patients.

Keywords: non-obstructive coronary artery disease; multi-vessel; stroke; long-term clinical outcome;
major cardiovascular and cerebrovascular event; myocardial infarction; cardiac death

1. Introduction

In the past few decades, the prevalence of coronary artery disease (CAD) has been
increasing continuously due to population growth and aging. Therefore, CAD remains
the leading cause of morbidity and mortality worldwide, and the importance of the early
diagnosis of CAD is increasing [1,2]. Consistent with this trend, coronary angiography
(CAG) is actively used as a gold standard diagnostic tool. In addition, the use of coronary
computerized tomography angiography (CCTA), instead of the use of the electrocardiogram
test [3,4], allows the identification of many patients with mild to moderate stenosis.

Although non-obstructive CAD, including mild to moderate stenosis, is a relatively
common finding in patients undergoing CAG and CCTA [5–7], non-obstructive CAD has
been characterized as “insignificant CAD” in previous studies because of the low incidence
of adverse outcomes [7,8]. Therefore, because most previous studies on CAD focused
on patients with obstructive CAD, the risks associated with non-obstructive CAD were
underestimated [9,10]. For this reason, management is well established for patients who
have undergone percutaneous coronary intervention (PCI) or patients with obstructive
CAD [3]. In particular, for statin treatment, different obvious target values are presented
depending on the risk level, and for antiplatelet treatment, the combination, intensity, and
duration are also obviously presented [11,12]. On the other hand, management for primary
prevention in patients with non-obstructive CAD has not yet been established.
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However, a prior study suggested that myocardial infarction (MI) occurred frequently
in patients with non-obstructive lesions [13], and subsequent studies have supported an as-
sociation between non-obstructive CAD and poor clinical outcomes [14,15]. Therefore, there
is a growing awareness of the importance of non-obstructive CAD, and many studies are
being conducted. However, the long-term clinical impact of multi-vessel non-obstructive
CAD is still poorly understood. Therefore, the object of this study was to investigate the
long-term clinical effect of multi-vessel non-obstructive CAD.

2. Materials and Methods

2.1. Study Design and Population

This was a non-randomized, retrospective, single-center study. We reviewed the
medical records of 4287 patients who underwent CAG in St. Vincent Hospital, Suwon,
Republic of Korea between January 2010 and December 2015. The angiographic findings,
including degree of stenosis and extent of CAD, were evaluated visually by the attending
interventional cardiologist. Referring to the standard definition used in a previous study
and guidelines [14,16], obstructive CAD was defined as 50% or greater stenosis in the left
main (LM) coronary artery or 70% or greater in other coronary arteries. Non-obstructive
CAD was defined as CAD with mild (25–49%) to moderate (50–69%) stenosis, but LM CAD
was defined as 20% or greater but less than 50% stenosis. Of the total patients, 2204 were
excluded, including patients undergoing initial PCI, patients with previous PCI/coronary
artery bypass graft history, and those with follow-up loss or obstructive CAD (Figure 1).
The remaining 2083 patients were classified into 4 groups according to number of epicardial
coronary arteries with non-obstructive CAD at the time of initial CAG: zero diseased vessels
(DV) (0 DV), one diseased vessel (1 DV), two diseased vessels (2 DV), and three diseased
vessels (3 DV). Patients with isolated non-obstructive LM disease were classified as 2 DV.

Figure 1. Study population flow chart. DV, diseased vessel; CAG, coronary angiography; CAD, coro-
nary artery disease; PCI, percutaneous coronary intervention; CABG, coronary artery bypass grafting.

This study was approved by Institutional Review Board (IRB) of St. Vincent hospi-
tal (IRB VC20RISI0087) and complied with 1975 Declaration of Helsinki. The need for
individual patient consent was waived.
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2.2. Study Endpoint and Definition

The primary outcome of the study was major cardiovascular and cerebrovascular
events (MACCEs), defined as a composite of cardiac death, stroke, and MI. The secondary
outcomes were all-cause death, cardiac death, MI, and stroke. Because patients who initially
underwent PCI were excluded from the study, MI referred to only spontaneous MI, defined
as any troponin or creatine kinase-myocardial band increase above the upper limit of the
normal range with ischemic signs or symptoms during the follow-up period after discharge,
and periprocedural MI was excluded. Stroke was defined as neurological symptoms
associated with radiologic evidence based on magnetic resonance imaging or computed
tomography. The time-to-event duration was determined as that between study enrollment
and the first event. Smoking was defined as having smoked cigarettes within 3 months of
admission [17]. Chronic kidney disease (CKD) was defined as an estimated glomerular
filtration rate <60 mL/min/1.73 m2, as calculated using the Modification of Renal Diet
equation from baseline serum creatinine [18]. All clinical events were confirmed by source
documentation collected at each hospital and centrally adjudicated by an independent
group of clinicians unaware of the revascularization type.

2.3. Statistical Analyses

Continuous variables were presented as median and interquartile range or mean ± standard
deviation and analyzed using Student’s t-test or Mann–Whitney test. Categorical variables
were summarized as counts (percentages) and compared using the chi-square test or
Fisher’s exact test, as appropriate. Event rates were calculated based on the Kaplan–Meier
estimates in time-to-first event analysis and compared using the log-rank test. Univariable
and multivariable Cox regression analyses were performed to analyze the clinical outcomes.
The hazard ratio (HR) and 95% confidence interval (CI) were also calculated. Multivariable
Cox regression models were adjusted for age, sex, hypertension (HTN), diabetes mellitus
(DM), cerebrovascular accident (CVA), intravascular ultrasonography (IVUS), fractional
flow reserve (FFR), aspirin, P2Y12 inhibitor, cilostazol, statin, vasodilator, left ventricular
ejection fraction (LV EF), and creatinine.

All statistical analyses were conducted using Statistical Analysis Software (SAS, version
9.2, SAS Institute, Cary, NC, USA) and p-value < 0.05 was considered statistically significant.

3. Results

During the study period, 2083 patients with non-obstructive CAD or 0 DV were
analyzed. Of those, 1251 (60%) were classified as 0 DV, and the remaining patients were
divided into three groups according to number of non-obstructive DVs (1 DV: 506 [24% of
total patients], 2 DV: 250 [12%], 3 DV: 76 [4.0%]).

3.1. Baseline Characteristics

Baseline characteristics are displayed in Table 1. Compared to patients with low burden
of atherosclerotic disease (non-obstructive 0 DV and 1 DV), older age and prevalence of
HTN and DM were higher in patients with multi-vessel non-obstructive CAD (age, 0 DV:
59.2 ± 11.9, 1 DV: 64.1 ± 10.7, 2 DV: 65.8 ± 11.1, 3 DV: 65.1 ± 12.9, p < 0.001; HTN, 0 DV:
561 [44.8%], 1 DV: 274 [54.2%], 2 DV: 162 [64.8%], 3 DV: 53 [69.7%], p < 0.001; DM, 0 DV:
231 [18.5%], 1 DV: 126 [24.9%], 2 DV: 81 [32.4%], 3 DV: 23 [30.3%], p < 0.001). Moreover,
previous CVA was most frequent in patients with 3VD (Previous CVA, 0 DV: 83 [6.6%],
1 DV: 33 [6.5%], 2 DV: 26 [10.4%], 3 DV: 15 [19.7%], p < 0.001). The rates of aspirin, P2Y12
inhibitor, and statin medication use related to these underlying diseases showed the same
tendency (aspirin, 0 DV: 385 [30.8%], 1 DV: 278 [54.9%], 2 DV: 177 [70.8%], 3 DV: 51 [67.1%],
p < 0.001; P2Y12 inhibitor, 0 DV:46 [3.7%], 1 DV: 45 [8.9%], 2 DV: 29 [11.6%], 3 DV: 10
[13.2%], p < 0.001; Statin, 0 DV: 276 [22.1%], 1 DV: 184 [36.4%], 2 DV: 104 [41.6%], 3 DV:
31 [40.8%], p < 0.001). Laboratory and procedural characteristics showed no difference
in groups except creatinine and FFR usage (creatinine, 0.9 ± 0.9, 1 DV: 1.4 ± 1.7, 2 DV:
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1.0 ± 0.8, 3 DV: 1.5 ± 1.7, p = 0.046; FFR, 0 DV: 0 [0.0%], 1 DV: 7 [1.4%], 2 DV: 4 [1.6%], 3 DV:
0 [0.0%], p < 0.001).

Table 1. Baseline demographic and clinical characteristics.

0 DV
n = 1251

1 DV
n = 506

2 DV
n = 250

3 DV
n = 76

p-Value

Age (years) 59.2 ± 11.9 64.1 ± 10.7 65.8 ± 11.1 65.1 ± 12.9 <0.001
Male 629 (50.3) 241 (47.6) 101 (40.4) 32 (42.1) 0.024
BMI 24.4 ± 3.6 24.6 ± 3.4 24.2 ± 3.1 24.3 ± 4.1 0.544
Smoking 353 (28.2) 158 (31.2) 78 (31.2) 24 (31.6) 0.529
HTN 561 (44.8) 274 (54.2) 162 (64.8) 53 (69.7) <0.001
DM 231 (18.5) 126 (24.9) 81 (32.4) 23 (30.3) <0.001
Dyslipidemia 229 (18.3) 109 (21.5) 57 (22.8) 17 (22.4) 0.216
CKD 23 (1.8) 14 (2.8) 7 (2.8) 2 (2.6) 0.574
Previous CVA 83 (6.6) 33 (6.5) 26 (10.4) 15 (19.7) <0.001
LV EF (%) 59.3 ± 10.6 60.9 ± 8.9 61.6 ± 7.7 58.0 ± 11.8 0.013
Aspirin 385 (30.8) 278 (54.9) 177 (70.8) 51 (67.1) <0.001
P2Y12 inhibitor 46 (3.7) 45 (8.9) 29 (11.6) 10 (13.2) <0.001
Cilostazol 19 (1.5) 13 (2.6) 14 (5.6) 3 (4.0) 0.001
Statin 276 (22.1) 184 (36.4) 104 (41.6) 31 (40.8) <0.001
Beta blocker 185 (14.8) 87 (17.2) 42 (16.8) 17 (22.4) 0.229
ACEi/ARB 242 (19.3) 105 (20.8) 67 (26.8) 15 (19.7) 0.068
Vasodilator 333 (26.6) 201 (39.7) 111 (44.4) 38 (50.0) <0.001
IVUS 1 (0.1) 4 (0.8) 2 (0.8) 1 (1.3) 0.045
FFR 0 (0.0) 7 (1.4) 4 (1.6) 0 (0.0) <0.001
HbA1c (%) 6.4 ± 1.2 6.6 ± 1.3 7.1 ± 1.7 6.3 ± 1.0 0.058
Proximal LAD 0 (0.0) 83 (16.4) 50 (20.0) 28 (36.8) <0.001
LAD (lesion) 0 (0.0) 260 (51.4) 155 (62.0) 52 (68.4) <0.001
Mild stenosis (lesion) 0 (0.0) 164 (32.4) 86 (34.4) 27 (35.5)
Moderate stenosis (lesion) 0 (0.0) 96 (19.0) 69 (27.6) 25 (32.9)
LCx (lesion) 0 (0.0) 65 (12.9) 109 (43.6) 67 (88.2) <0.001
Mild stenosis (lesion) 0 (0.0) 42 (8.3) 56 (22.4) 30 (39.5)
Moderate stenosis (lesion) 0 (0.0) 23 (4.6) 53 (21.2) 37 (48.7)
RCA (lesion) 0 (0.0) 114 (22.5) 166 (66.4) 76 (100.0) <0.001
Mild stenosis (lesion) 0 (0.0) 75 (14.8) 116 (46.4) 39 (51.3)
Moderate stenosis (lesion) 0 (0.0) 39 (7.7) 50 (20.0) 37 (48.7)
Creatinine (mg/dL) 0.9 ± 0.9 1.4 ± 1.7 1.0 ± 0.8 1.5 ± 1.7 0.046
Hemoglobin (g/dL) 13.6 ± 1.8 13.6 ± 1.9 13.6 ± 1.8 13.1 ± 2.2 0.738
Hematocrit (%) 39.6 ± 5.0 39.7 ± 4.6 39.8 ± 5.0 37.9 ± 5.8 0.876
Platelet (×109/L) 238.9 ± 68.2 238.7 ± 63.5 236.3 ± 71.6 232.6 ± 76.5 0.853
White blood cell (×109/L) 7.9 ± 10.6 7.8 ± 6.2 8.3 ± 4.3 7.3 ± 2.6 0.939
Total cholesterol (mg/dL) 181.1 ± 43.1 183.5 ± 41.8 186.9 ± 53.3 169.4 ± 38.0 0.649
Triglyceride (mg/dL) 129.7 ± 113.4 131.0 ± 81.0 142.7 ± 105.2 105.9 ± 59.2 0.485
HDL cholesterol (mg/dL) 43.2 ± 11.6 43.0 ± 11.8 40.8 ± 11.7 43.7 ± 12.1 0.346
LDL cholesterol (mg/dL) 107.8 ± 33.5 109.5 ± 35.6 106.5 ± 41.6 102.1 ± 29.6 0.240
C-Reactive protein
(mg/dL) 1.1 ± 3.1 1.0 ± 5.1 1.8 ± 3.5 0.5 ± 0.6 0.116

Albumin 4.3 ± 1.2 4.4 ± 4.7 4.2 ± 0.6 4.2 ± 0.3 0.114

Data are expressed as mean ± standard deviation or number (%); DV, diseased vessel; BMI, body mass index;
HTN, hypertension; DM, diabetic mellitus; CKD, chronic kidney disease; CVA, cerebrovascular accident; LV EF,
left ventricular ejection fraction; ACEi, angiotensin-converting–enzyme inhibitor; ARB, angiotensin II receptor
blocker; IVUS, intravascular ultrasonography; FFR, fractional flow reserve; HbA1c, glycated hemoglobin; LAD,
left anterior descending artery; LCx, left circumflex artery; RCA, right coronary artery.

3.2. Long-Term Clinical Outcomes

All-cause death and cardiac death did not show statistically significant differences in
the groups (All-cause death, 0 DV: 118 [9.4%], 1 DV: 45 [8.9%], 2 DV: 28 [11.2%], 3 DV: 14
[18.4%], p = 0.680; Cardiac death, 0 DV: 31 [2.5%], 1 DV: 11 [2.2%], 2 DV: 3 [1.2%], 3 DV:
1 [1.3%], p = 0.597), but they were significantly different in patients with MACCEs, MI,
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or stroke (MACCEs, 0 DV: 78 [6.2%], 1 DV: 33 [6.5%], 2 DV: 17 [6.8%], 3 DV: 14 [18.4%],
p < 0.001; MI, 0 DV: 3 [0.2%], 1 DV: 5 [1.0%], 2 DV: 1 [0.4%], 3 DV: 3 [4.0%], p < 0.001; Stroke,
0 DV: 43 [3.9%], 1 DV: 18 [3.6%], 2 DV: 13 [5.2%], 3 DV: 10 [13.2%], p = 0.001). The occurrence
of MACCEs increased as the number of non-obstructive DVs increased and, in particular,
with a nearly 3 times higher occurrence rate in the 3 DVs compared to the 2 DVs group. In
addition, the occurrence of MACCEs was mainly due to stroke rather than cardiac events
(Table 2) (Figure 2).

Table 2. Five-year clinical outcomes.

0 DV
n = 1251

1 DV
n = 506

2 DV
n = 250

3 DV
n = 76

p-Value

MACCEs 78 (6.2) 33 (6.5) 17 (6.8) 14 (18.4) <0.001
All-cause death 118 (9.4) 45 (8.9) 28 (11.2) 9 (11.8) 0.680
Cardiac death 31 (2.5) 11 (2.2) 3 (1.2) 1 (1.3) 0.597

Myocardial infarction 3 (0.2) 5 (1.0) 1 (0.4) 3 (4.0) <0.001
Stroke 49 (3.9) 18 (3.6) 13 (5.2) 10 (13.2) 0.001

Data are shown as n (%); DV, diseased vessel; MACCEs, major adverse cardiovascular and cerebrovascular
events.

Figure 2. (A) Major cardiovascular and cerebrovascular events; (B) Cardiac death; (C) Myocardial
infarction; (D) Stroke.
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In multivariable analysis, patients with non-obstructive 3 DVs showed significantly
worse long-term clinical outcomes than those with 0 DVs in terms of MACCEs, stroke, and
MI (MACCEs: hazard ratio [HR] 2.09, 95% confidence interval [CI] 1.15–3.79, p = 0.016;
Stroke: HR 2.04, 95% CI 1.01–4.16, p = 0.049, MI: HR 15.17, 95% CI 2.37–97.25, p = 0.004)
(Table 3).

Table 3. Five-year hazard ratio of MACCEs, all-cause death, cardiac death, myocardial infarction,
and stroke.

Univariate HR
(95% CI)

p-Value
Multivariate HR a

(95% CI)
p-Value

MACCEs
0 DVs (reference) 1.00 - 1.00 -
1 DV 0.98 (0.65–1.48) 0.928 0.83 (0.54–1.27) 0.386
2 DVs 1.05 (0.62–1.78) 0.854 0.70 (0.40–1.23) 0.212
3 DVs 2.97 (1.68–5.24) <0.001 2.09 (1.15–3.79) 0.016

All-cause death
0 DVs (reference) 1.00 - 1.00 -
1 DV 0.87 (0.62–1.12) 0.434 0.77 (0.54–1.10) 0.148
2 DVs 1.11 (0.74–1.68) 0.612 0.85 (0.55–1.32) 0.466
3 DVs 1.13 (0.57–2.22) 0.734 0.77 (0.39–1.55) 0.469

Cardiac death
0 DVs (reference) 1.00 - 1.00 -
1 DV 0.83 (0.42–1.65) 0.595 0.80 (0.39–1.65) 0.548
2 DVs 0.46 (0.14–1.51) 0.201 0.37 (1.11–1.29) 0.118
3 DVs 0.49 (0.07–3.60) 0.485 0.45 (0.06–3.35) 0.433

Myocardial infarction
0 DVs (reference) 1.00 - 1.00 -
1 DV 3.92 (0.94–16.42) 0.061 3.31 (0.73–14.99) 0.120
2 DVs 1.60 (0.17–15.40) 0.683 1.44 (0.13–15.77) 0.765
3 DVs 15.65 (3.16–77.56) <0.001 15.17 (2.37–97.25) 0.004

Stroke
0 DVs (reference) 1.00 - 1.00 -
1 DV 0.85 (0.49–1.45) 0.540 0.67 (0.38–1.16) 0.152
2 DVs 1.27 (0.69–2.34) 0.441 0.74 (0.39–1.42) 0.362
3 DVs 3.30 (1.67–6.52) <0.001 2.04 (1.01–4.16) 0.049

a adjusted by age, sex, hypertension, diabetic mellitus, cerebrovascular accident, intravascular ultrasonography,
fractional flow reserve, aspirin, P2Y12 inhibitor, cilostazol, statin, vasodilator, left ventricular ejection fraction, and
creatinine. HR, hazard ratio; CI, confidence interval; DV, diseased vessel; MACCEs, major adverse cardiovascular
and cerebrovascular events.

4. Discussion

The main findings of the study were as follows: (1) Non-obstructive CAD was associ-
ated with adverse long-term clinical outcomes, especially in patients with non-obstructive
three DVs; as the number of non-obstructive DVs increased, the frequency of 5-year MACCE
increased; (2) Compared to patients without non-obstructive DV, patients with three DVs
showed twice the risk of MACCE and stroke and 15 times the risk of MI; (3) The occurrence
of MACCE was primarily due to stroke and not cardiac events.

The population in the present study had no previous history of revascularization and
were diagnosed with non-obstructive CAD after initial CAG and did not undergo PCI.
These patients are often encountered in clinical practice, while clinical relevance may be
underestimated as they are considered low risk for adverse events and clear guidelines
for the management of these patients have not been established. Currently, FFR is used
in addition to angiography for therapeutic decisions in these patients. However, in many
cardiac laboratories, it is still common to base a clinical decision on coronary angiography
findings alone due to equipment availability, financial considerations, and insurance issues.
In that respect, our study was similar to real-world clinical practice.
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Our results show that non-obstructive CAD is associated with poor clinical outcomes,
consistent with several previous studies showing such a negative impact [14,15,19,20] and
with prior studies indicating that a majority of plaque ruptures and MIs are related to
non-obstructive rather than obstructive lesions [9,13,21]. In addition, as the number of
obstructive vessels increases, the clinical outcomes worsen, especially in patients with
obstructive three DVs [6,9,14]. Through this study, the same trend was confirmed in non-
obstructive CAD. These results are also consistent with the results of previous studies that
evaluated CAD with CCTA [22,23]. In a previous study [22] of patients with no history of
PCI, patients with a small number of segments with disease did not differ from patients
without non-obstructive CAD when comparing survival free from cardiovascular death or
MI. However, among patients with non-obstructive CAD, those with extensive segments
with disease experienced a higher rate of cardiovascular death or myocardial infarction,
comparable with those who have a small number of segments with disease and showed
similar clinical outcomes to patients with obstructive CAD. In another study [23] of a similar
patient group, patients with non-obstructive CAD had a 6% higher risk of death for each
additional segment with non-obstructive plaque. These studies have shown the importance
of not only the presence of non-obstructive CAD but also its extent. This conclusion is
in line with our study, where the number of adverse events increased as the number of
non-obstructive DVs increased.

Patients with multi-vessel non-obstructive CAD were older, had a higher female
proportion, and had a higher co-morbid incidence including DM, HTN, and CVA. These
baseline characteristic differences were more evident between one DV and two DVs than
between two DVs and three DVs, and have shown the same trend in a previous major
study [14]. In particular, the female ratio of two DVs was similar to three DVs, but higher
than one DV. Gender may have influenced these differences because female patients show
higher HTN, DM incidence than their male counterparts [24]. Age was known to be a strong
predictor of adverse events in non-obstructive CAD patients, and so was the DM [25]. In
the presence of DM, both non-obstructive CAD and obstructive CAD patients had poorer
clinical outcomes than patients without DM, and diabetic patients with non-obstructive
CAD had the worse outcome, which was comparable to patients with obstructive CAD
alone [26]. Hypertension was well known as a cardiovascular risk factor and was associated
with the extent of non-obstructive CAD and triple vessel disease [27]. Prior CVA was also
independently associated with a higher risk of MACCEs [28]. Therefore, these factors
may have affected the present study results. However, after adjusting for these factors,
non-obstructive three DVs remained an independent predictor of MACCEs, unlike one DV
and two DVs. These results were the same as those of Maddox et al. [14], who presented
short-term (1-year) outcomes of similar patients using similar definitions of non-obstructive
CAD. Our study confirmed that this trend was maintained in the long term (5 years).

Contrary to age, gender, and co-morbidity, there were no differences between groups
in terms of laboratory characteristics. In particular, CPR, a representative inflammation
marker, was well known as a marker that can predict cardiovascular events in previous
studies [29,30], but no difference was found in this study. Previous studies targeted a
selective population such as patients with typical chest pain and evidence of ischemia [29]
or patients with a high risk of atherosclerotic disease [30]. On the other hand, this study was
a retrospective study that excluded patients with a history of previous revascularization
and consisted of a less selective population. Therefore, the study population may have
had an influence. Additionally, the association between CRP and cardiovascular events
demonstrated statistical significance, but the association with stroke did not [31]. In our
study, MACCEs occurred more frequently in stroke than in cardiac events, so this may also
have had an impact.

There was a statistically significant difference in coronary involvement in all groups. In
particular, the location of the lesion is important in patients with non-obstructive CAD, and
it is well known that proximal coronary involvement was associated with increased adverse
event risk in patients with non-obstructive CAD [32]. Our study results also showed that
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proximal left anterior descending (LAD) involvement increased as DV increased and
showed poor outcomes.

Even in non-obstructive CAD, multi-vessel non-obstructive CAD, reflecting a greater
atherosclerotic burden, affected the poor clinical impact, suggesting that not only the degree
of stenosis, but also the total atherosclerotic burden, are important factors in prognosis. Pre-
vious studies have reported that the burden of atherosclerotic disease is a strong predictor
of prognosis [33–35]. A study using CCTA, another diagnostic modality, also showed poor
clinical outcomes, as calcified plaque burden and non-calcified plaque burden increased
independently of CAD severity [36]. Maddox et al. [14], mentioned above, showed that, as
CAD extent increased, the clinical outcome, defined as a composite of MI and mortality,
worsened. In obstructive CAD, HR progressively increased as the number of involved
vessels increased. The same trend was seen in non-obstructive CAD, but it was statistically
significant only in three DVs. A similar result was also demonstrated in a study evaluating
CAD extent with CCTA [37]. Mortensen et al. [15] demonstrated that patients with compa-
rable total atherosclerotic burden had a similar risk for cardiovascular events regardless
of non-obstructive or obstructive CAD. This indicates that the main predictor of clinical
outcome is not the degree of stenosis, but the total atherosclerotic burden, which would
have had a significant impact on the derivation of our findings.

Endothelial dysfunction may also have influenced the result that patients with multi-
vessel non-obstructive CAD showed a poorer clinical outcome. The vascular endothelium
plays an important role in vascular tone and flow, as well as permeability and thrombosis
homeostasis. Therefore, endothelial dysfunction causes a decline in these functions, re-
sulting in a decrease in anti-atherosclerotic and anti-thrombotic properties [38]. In other
words, endothelial dysfunction is a marker of atherosclerosis and itself contributes to the
progression of atherosclerosis [39]. A large cohort study with 5 years of follow-up has
already shown that endothelial dysfunction was a major predictor of MACCE, defined
identically to our study [40], and, as in our study, the presence of endothelial dysfunction
increased cardiac events even in patients with non-obstructive CAD [41]. Such endothelial
dysfunction worsened as the number of DVs increased [41,42], which is consistent with the
present study, showing that patients with multi-vessel non-obstructive CAD had worse
clinical outcomes. The presence of endothelial dysfunction in patients with non-obstructive
CAD predicts adverse cardiovascular outcomes, but careful interpretation is necessary
because endothelial dysfunction is not always present in non-obstructive CAD.

Gender difference may also have contributed to poor prognosis with multi-vessel
non-obstructive CAD. Contrary to obstructive CAD, the prevalence of non-obstructive
CAD is higher in women, but, paradoxically, women show higher rates of myocardial
ischemia and mortality than men [43,44]. Our study also showed a higher female ratio,
especially in multi-vessel CAD, which is the same result as the previous study [24]. The
reason why females have a worse outcome is not yet fully explained, but it is thought
that the higher frequency of inflammatory disease and microvascular dysfunction, adverse
pregnancy outcome, and hormonal and menopause effects may have had an effect [44,45].

Many cardiologists focus only on significant CAD in patients who have undergone
CAG. However, given that atherosclerosis is a systemic process and the prevalence of poly-
vascular atherosclerosis is common [46,47], the potential risk of other atherosclerosis should
be considered. In particular, CAD often coexists with stroke because they share risk factors
and pathogenesis [48,49] and the extent of CAD is associated with an incremental risk of
stroke. In our study, the overall CVA prevalence among patients with non-obstructive
CAD including one DV, two DVs, and three DVs was 8.9% (74/832), which is much higher
than the prevalence of 3.72% for general Koreans of a similar age group [50]. This figure
is similarly confirmed in the CVA prevalence (9.8%) in another study targeting Koreans
with non-obstructive CAD [51]. In the present study, the occurrence of stroke but not a
cardiac event contributed most to the occurrence of MACCE. These results have important
implications for East Asian countries such as Korea, because stroke has a higher mortality
than CAD in East Asia, opposed to findings in Western and other Asian countries [49].
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Our results suggest that the total atherosclerotic burden is a more important factor
in long-term prognosis than the dichotomous definition of CAD as obstructive or non-
obstructive. That is, even non-obstructive CAD is associated with a worse prognosis
if it is multi-vessel, especially non-obstructive three DVs. However, there are no clear
guidelines for the management of patients with non-obstructive CAD, and there is lack
of awareness that intensive treatment should be provided. Recently, management for the
primary prevention of non-obstructive CAD patients has been studied [23,52]. In particular,
a large-scale study [23] showed that aspirin had no benefit in patients with non-obstructive
CAD, whereas statin was associated with a significant reduction in mortality for individuals
with non-obstructive CAD. However, further research is still needed on the statin intensity
or target level. In addition, non-obstructive CAD patients also have different effects across
subgroups [51], requiring research on which patient groups are effective. Considering
the results of our study, clinicians should consider intensive medical care when treating
patients with multi-vessel non-obstructive CAD.

5. Limitations

The present study had several limitations. First, as a retrospective and observational
study, selection bias could have contributed to the results. Second, since the degree of
CAD stenosis and distribution were evaluated subjectively, there was a possibility of
misclassification. However, this would have been offset by the performance in a single
center. Third, plaque location such as proximal or distal and characteristics could affect
MACCEs, but only the proximal LAD was analyzed, and the proximal left circumflex
artery and right coronary artery involvement were not analyzed. Fourth, in patients with
non-obstructive CAD, coronary artery spasm may have been one of the causes leading to
sudden cardiac death and myocardial infarction, which may have influenced the results
showing poor prognosis. However, coronary artery spasm was not investigated. Finally,
despite a follow-up of 5 years, the occurrence of cardiac events was relatively small, so
there was a limit to the interpretation. Therefore, data for a longer period are needed.

6. Conclusions

Multi-vessel non-obstructive CAD, reflecting higher atherosclerotic burden, is asso-
ciated with poor long-term (5 years) clinical outcomes, mainly stroke. These findings
suggest that more intensive treatment may be required in this subset of patients, and the
risk of stroke, as well as of cardiovascular events, should be considered. Further large-scale
prospective studies are needed to determine proper management to prevent future events
in these patients.
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Abstract: Recurrent hospitalization after acute coronary syndromes (ACS) is common. Identifying
risk factors associated with subsequent cardiovascular events and hospitalization is essential for the
management of these patients. Our research consisted in observing the outcomes of subjects after they
suffered an acute coronary event and identifying the factors that can predict rehospitalization in the
first 12 months and the recurrence of another acute coronary episode. Data from 362 patients admitted
with ACS during 2013 were studied. Recurrent hospitalizations were retrospectively reviewed from
medical charts and electronic hospital archives over a period of seven years. The mean age of the
studied population was 64.57 ± 11.79 years, 64.36% of them being males. The diagnosis of ACS
without ST elevation was registered in 53.87% of the patients at index hospitalization. More than
half had recurrent hospitalization in the first year after the first ACS episode. Patients with lower
ejection fraction (39.20 ± 6.85 vs. 42.24 ± 6.26, p < 0.001), acute pulmonary edema during the first
hospitalization (6.47% vs. 1.24%, p = 0.022), coexistent valvular heart disease (69.15% vs. 55.90%,
p = 0.017), and three-vessel disease (18.90% vs. 7.45%, p = 0.002) were more frequently readmitted
in the following twelve months after their first acute coronary event, while those with complete
revascularization were less frequently admitted (24.87% vs. 34.78%, p = 0.005). In multiple regression,
complete revascularization during the index event (HR = 0.58, 95% CI 0.35–0.95, p = 0.03) and a
higher LVEF (left ventricular ejection fraction) (HR = 0.95, 95% CI 0.92–0.988, p = 0.009) remained
independent predictors of fewer early readmissions. Complete revascularization of the coronary
lesions at the time of the first event and a preserved LVEF were found to be the predictors of reduced
hospitalizations in the first year after an acute coronary event.

Keywords: recurrent cardiovascular events; predictors; hospital readmission; first acute coronary
syndrome; complete revascularization; STEMI

1. Introduction

Cardiovascular diseases (CVD) represent the main factor in increasing incidence of
death among the population, becoming the most common cause of death worldwide [1].
Ischemic coronary artery diseases (CADs) are among the cardiovascular diseases with
increased risk of death, through the appearance of acute coronary syndromes (ACS). Acute
myocardial ischemia, which results from inadequate blood flow across the coronary tree,
determines the cluster of symptoms known as ACS [2]. Acute thoracic discomfort, which
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can be characterized as pressure, pain, burning, or tightness, is the primary sign that
starts the diagnostic and therapeutic process in patients with presumed ACS. Dyspnea,
discomfort in the epigastric area, and left arm pain are typical signs that are comparable to
pain in the chest [3].

Three distinct categories of medical symptoms are typically covered by ACS. These
are classified based on the ST-segment on the electrocardiogram (ECG) trace as non-ST-
segment elevation, such as unstable angina (UA) and non-ST-segment elevation myocardial
infarction (NSTEMI), or as ST-segment elevation, such as acute ST-segment elevation
myocardial infarction (STEMI) [4].

ACS occurs several years after the development and progression of atheromatous
plaque [5]. Atherosclerosis is inextricably linked to development/appearance of vulnerable
atherosclerotic plaques and of ACS.

After formation, the atheromatous plaques may be stable for a long time. Their
destabilization due to the appearance of a rupture of a vulnerable atheromatous plaque
leads to ACS. The rupture of the atheromatous plaque induces platelet activation that
results in the formation of the initial white thrombus, and then of the red thrombus, due to
the hematologic elements in the fibrin network, which can partially or completely block the
coronary artery lumen. Significant partial blockage of the lumen causes UA or NSTEMI,
while complete blockage causes STEMI [6].

An unhealthy lifestyle, associated with non-modifiable CVD risk factors (like gender,
age, genetic factors) or modifiable ones (like dyslipidemia, hypertension, diabetes, obesity,
chronic kidney disease (CKD), or psycho-emotional stress), facilitates and stimulates athero-
matous plaques [7]. Unhealthy diet/eating habits, a sedentary lifestyle, and/or smoking
are associated with high plasma total cholesterol levels which trigger the atherogenic cas-
cade and, in time, the development of CAD with the appearance of ACS [8]. Furthermore,
the findings of a recent investigation revealed that a body mass index (BMI) of more than
25 kg/m2 is a significant indicator for increased on-treatment platelet reactivity in patients
with STEMI receiving dual antiplatelet medication with ticagrelor or prasugrel and is
correlated with tardy pharmacodynamic response to oral third-generation P2Y12 inhibitor
loading dose [9].

Despite recent improvements in ACS treatment, CAD remains a major public health
problem. Patients having ACS can be considered as also having a much higher risk (both
short- and long-term) of recurrent CV events and hospitalizations. The possibility of such a
recurrent CV event occurrence, or even the death of the subject, is most likely immediately
after occurrence of ACS or in the next 12 months [10–12], and continues to be elevated in
the following few years [12,13]. Comparing the data of a representative US population
with an ACS event as the follow-up criterion, the event rate/5 years (representing non-fatal
stroke or MI, or cardiovascular death) was 33.4%. Immediately following the index ACS,
the risk was ≈six-fold higher compared to more than a year after leaving the hospital [14].

The overall goal of the management of patients with ACS is to re-establish and stabilize
coronary blood flow and to initiate appropriate treatment to reduce the likelihood of
recurrent CV events [15]. To prevent readmission and recurrent ACS, evidence-based post-
discharge recommendations including medication, patient education, cardiac rehabilitation,
and regular follow-up are required. Evidence from representative ACS populations from
a current clinical practice setting will help in identifying strategies for improving patient
outcomes. Considering the above-mentioned points, it is mandatory to understand in detail
not only the studied populations’ characteristics, the chances of risk with the passage of
time, the perception of the patterns, and the results of the current medical practice, but also
the method for choosing the secondary prevention strategy (which is optimal for additional
risk mitigation).

Therefore, we decided to focus on observing the short-/long-term evolution of subjects
who had suffered an acute coronary event and identifying those factors that can predict
rehospitalization in the first twelve months after ACS due to a recurrence of another acute
coronary episode. In order to give importance to this research and to provide relevant
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results, the observations took place over seven years. This topic is rarely discussed in the
literature, especially with this approach. The study design allows the identification of
factors associated with readmission as well as the determination of independent predictors
of reduced hospitalizations in the first year after an acute coronary event. The obtained
findings can assist healthcare professionals in deciding what steps to take to lessen the
possibility of readmission for patients who are affected.

2. Materials and Methods

2.1. Patient Selection

This retrospective study was carried out by following 362 patients who had been
admitted to the Oradea County Emergency Clinical Hospital, Unit for Advanced Moni-
toring and Treatment of Critical Cardiac Patients for ACS, between 1 January 2013 and
31 December 2013. The outcome and recurrent hospitalizations were reviewed from medi-
cal charts and the electronic hospital archive during a 7-year period, until 30 June 2020.

The study included patients who presented with ACS in 2013 and who were readmit-
ted at least once in the following 7 years. The exclusion criteria used for patient selection
were as follows:

• Patients who had stable angina pectoris;
• Patients with ACS at the hospital admission moment who could not be dynamically

monitored due to insufficient data;
• Patients with oncological conditions (they are at risk of cardiovascular complications

due to cancer treatment that can influence the rate of hospital readmission [16]), or
psychiatric conditions (which imply a reduced compliance with treatment that can
influence recurrent hospitalization rate [17]) at the time of hospitalization for ACS;

• Pregnant or lactating patients.

Initially, 574 patients were considered for potential inclusion in the study. However,
only 362 patients met both of the aforementioned inclusion criteria. Figure 1 contains the
flow chart describing the patient selection process. All 362 patients were readmitted at least
once during the 7 years of follow-up. They were analyzed by comparing early (1 year) vs.
late (more than 1 year) rehospitalizations.

ACS was diagnosed referencing the current European Society of Cardiology (ESC)
Clinical Practice Guidelines. Acute myocardial infarction (AMI) was diagnosed when the
following criteria were met:

• Typical angina clinical picture included suffering from myocardial ischemia accompa-
nied by a rise in biomarkers of myocardial necrosis above the 99th percentile of the
upper reference;

• Considering the level of the electrocardiographic (ECK) trace: new major left bundle
branch block, ST-segment elevation, or the presence of a new Q wave;

• Checking the ECG, the presence of parietal kinetic disorders was observed;
• Angiographically: total occlusion of the coronary artery affected in the infarction [18].

Differentiation of STEMI from NSTEMI is based on ECG trace criteria. Thus, STEMI is
considered to be present when a new ST-segment elevation or J-point elevation ≥1 mm is
observed on the ECG trace in at least two contiguous leads other than V2 and V3, with the
following particularities regarding V2–V3 leads:

� ≥2 mm (in men >40-years-old);
� ≥2.5 mm (in men <40-years-old);
� ≥1.5 mm (in women).

NSTEMI is considered to have occurred when ST-segment elevation ≥ 0.5 mm in two
contiguous leads or when negative T-wave > 1 mm in two contiguous leads is present on
the ECG trace [18]. At the same time, recurrent myocardial infarction is considered to be an
AMI that occurs more than 28 days after a first AMI [18]. Unstable angina is considered to
be part of ACS with no ST-segment elevation, along with NSTEMI; the difference between
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the two is based on the presence of myocyte necrosis revealed by the elevated levels of
myocardial necrosis enzymes in the case of NSTEMI [19].

All patients were discharged after the first hospitalization with medication recom-
mended by ESC guidelines for secondary prevention after acute coronary syndrome con-
sisting of statins, P2Y12 inhibitors, β-blockers, aspirin, and angiotensin-receptor blockers
or angiotensin-converting enzyme inhibitors.

 

Figure 1. Type CONSORT diagram.

2.2. Statistical Analysis

Excel (2019 version) tabulated data were processed using the SPSS statistical package
(version 25 statistical software) [20]. The obtained results are described as mean ± SD (for
continuous variables), and as frequencies and % (for categorical variables). Additionally, the
2 groups were compared through the independent sample t-test (in the case of continuous
variables) or the Kruskal–Wallis test (in the case of the categorical variables). The Pearson
bivariate correlation test allowed the analysis of the relationship between the continuous
variables, and the Spearman bivariate correlation test was performed for the categorical
variables.

In the case of significantly different parameters for the 2 groups with rehospitalization
in the first year and more than one year after the first event, a multiple-regression type
analysis was used in order to calculate each parameter’s value as an independent predictor
for readmission in the first 12 months (p < 0.05 being considered statistically significant).

3. Results

A total of 362 patients was enrolled in the study; 233 were males; the mean age was
64.57 ± 11.79 years at first hospitalization for ACS. Regarding the type of ACS at first
presentation, the diagnosis of ACS without ST elevation was more frequent, found in
195 patients (53.87%). For the group of patients with ACS without ST elevation, most had
unstable angina (UA).
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At the first hospitalization for ACS, patients presented with various cardiovascular
risk factors and/or history of cardiovascular diseases. Most of them had dyslipidemia and
hypertension, and many of them had diabetes and CKD (Table 1). A history of previous
(old) myocardial infarction was registered in 21.5% of patients, and a large proportion of
them had valvular heart disease and heart failure, or history of stroke (Table 1).

Coronarography was performed in 56% of patients and revealed mostly single-vessel
disease. The artery most frequently affected was the left anterior descending artery, corre-
sponding to the involvement of the anterior wall of the left ventricle and with ECG changes
in the anterior territory. Most of the patients were treated with interventional revasculariza-
tion, and only a limited number of patients with STEMI were subjected to thrombolysis.
The patients with thrombolytic reperfusion therapy refused interventional investigation
and treatment (10.5%). Five patients originating from geographic areas without hospitals
containing percutaneous intervention (PCI) facilities were initially treated with throm-
bolytic therapy and then transferred to our hospital, where interventional revascularization
was completed (they were eventually included in the PCI group).

Table 1. Baseline first-admission characteristics of patients enrolled in the study.

Demographic Baseline Characteristics No. (%)

Patients (number) 362

Age (year) 64.57 ± 11.79

Sex (Male) 233 (64.36)

Urban environment 190 (52.6)

Type of Acute Coronary Syndrome

ST-elevation myocardial infarction 167 (46.13)

Non-ST elevation myocardial infarction 64 (17.68)

Unstable angina 131 (36.2)

Cardiovascular Risk Factors and Comorbidities

Smoking 122 (33,7)

Previous MI 78 (21.55)

Hypertension 254 (70.16)
Grade I 30 (8.29)

Grade II 196 (54.14)
Grade III 28 (7.73)

Dyslipidemia 274 (75.7)

Chronic heart failure (according to New York Heart Association
functional classification of heart failure, NYHA) 184 (50.82)

I 12 (3.31)
II 118 (32.59)

III 44 (12.15)
IV 12 (3.31)

Valvular heart disease 229 (63.26)

Chronic kidney disease 103 (28.45)

Diabetes type 2 141 (38.95)
Oral therapy 69 (19.06)

Insulin 72 (19.89)

History of stroke 27 (7.45)

97



Life 2023, 13, 950

Table 1. Cont.

ECG Territory Changes

Anterior 98 (27.07)

Anterior and inferior 14 (3.87)

Anterior and lateral 10 (2.76)

Anterior septum 16 (4.41)

Inferior 64 (17.68)

Inferior and right leads 8 (2.21)

Inferior and lateral 16 (4.42)

Posterior and inferior 4 (1.10)

Echocardiography

Left ventricular ejection fraction 40.45 ± 6.73

Coronary Angiography

Not performed 159 (43.92)

Single-vessel disease 83 (22.92)

Left anterior descending artery 54 (14.9)

Circumflex artery 6 (1.6)

Right coronary artery 23 (8.8)

Two-vessel disease 70 (19.34)

Left main 6 (1.7)

Left anterior descending artery—circumflex coronary artery 30 (8.3)

Left anterior descending artery—right coronary artery 20 (5.5)

Circumflex coronary artery—right coronary artery 14 (3.9)

Three-vessel disease 50 (13.8)

Myocardial Revascularization Procedure

Thrombolysis 38 (10.5)

Interventional or surgical revascularization
Percutaneous coronary intervention 176 (48.62)

Coronary artery bypass graft 4 (1.10)
Not performed 182 (50.28)

During the first episode of hospitalization, the most frequent complications were
rhythm disturbances, followed by cardiogenic shock and acute pulmonary edema (Table 2).
A reduced number of patients presented at first admission with a hemorrhagic complication
possibly related to antiplatelet, anticoagulant thrombolytic therapy: six patients had UGB,
and 0.98% had a hemorrhagic stroke (Table 2).

During a follow-up period of seven years, all the patients were readmitted at least
once. They registered a mean number of 4.46 ± 2.37 rehospitalizations during follow-up.
More than half of the patients had recurrent hospitalization in the first year after the first
ACS episode, and 44.5% of the patients were readmitted more than 12 months after the first
acute coronary event (Figure 2).
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Table 2. In-hospital complications of patients with acute coronary syndrome, at their first admission.

In-Hospital Complications No (%)

Rhythm disturbances 95 (26.24)

Atrio-ventricular block, first degree 2 (0.55)

Atrio-ventricular block, first degree + left bundle branch block 2 (0.55)

Third-degree atrio-ventricular block 2 (0.55)

Left bundle branch block 4 (1.1)

Premature atrial beats 12 (3.31)

Premature ventricular beats 13 (3.59)

Paroxysmal atrial fibrillation 4 (1.1)

Persistent atrial fibrillation 38 (10.5)

Atrial fibrillation + third-degree atrio-ventricular block 2 (0.55)

Ventricular tachycardia non-sustained 4 (1.1)

Sustained ventricular tachycardia 6 (1.66)

Ventricular fibrillation 6 (1.7)

Acute pulmonary edema 15 (4.14)

Cardiogenic shock 20 (5.52)

Resuscitated cardiac arrest 15 (4.14)

Upper gastrointestinal bleeding 6 (1.65)

Acute stroke 6 (1.65)

Ischemic 2 (0.55)

Hemorrhagic 4 (1.1)

Figure 2. Number of recurrent hospitalizations.

No statistically significant differences existed between patients readmitted in the
first 12 months compared to those readmitted after the first year, regarding associated
cardiovascular risk factors. Patients with acute heart failure (specifically, acute pulmonary
edema) during the first hospitalization were more frequently readmitted in the following
12 months after the first acute coronary event. Moreover, those with early readmission in
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the first 12 months had lower ejection fractions and more frequently associated valvular
diseases (Table 3).

Angiographic characteristics at first admission that significantly correlated with recur-
rent hospitalization in the first 12 months were three-vessel involvement and incomplete
revascularization during the first interventional procedure.

Table 3. Comparison between patients with early readmission (in the next 12 months following the
initial event) and late readmission (>12 months after the initial event).

Demographic
Parameters

Readmission < 12 Months
—No. (%)

Readmission > 12 Months
—No. (%) p

201 (55.52) 161 (44.48)

Age (Y) 64.23 ± 10.871 64.18 ± 12.363 0.969

Sex (F) 76/201 (37.81) 53/161 (32.92) 0.432

Type of Acute Coronary Syndromes at First Admission

ST-elevation myocardial infarction 93/201 (46.28) 74/161 (45.96) 0.954

non-ST elevation myocardial infarction 39/201 (19.40) 25/161 (15.53) 0.415

Unstable angina 70/201 (34.83) 61/161 (37.89) 0.485

Risk Factors and Comorbidities

History of previous myocardial infarction 41/201 (20.39) 37/161 (22.98) 0.514

Hypertension 141/201 (70.14) 113/161 (70.19) 0.62

Dyslipidemia 154/201 (76.61) 120/161 (74.5) 0.497

Diabetes 81/201 (40.29) 60/161 (37.26) 0.682

Chronic kidney disease 65/201 (32.33) 38/161 (23.60) 0.055

Chronic heart failure 115/201 (57.21) 69/161 (42.86) 0.191

Acute pulmonary edema at first admission 13/201 (6.47) 2/161 (1.24) 0.022 *

Cardiogenic shock at first admission 15/201 (7.46) 5/161 (3.11) 0.056

Valvular heart disease 139/201 (69.15) 90/161 (55.90) 0.017 *

Left ventricular ejection fraction % 39.20 ± 6.85 42.24 ± 6.26 <0.001 *

Arrhythmias 53/201 (26.37) 42/161 (26.09) 0.889

History of stroke 15/201 (7.46) 12/161 (7.45) 0.541

Upper gastrointestinal bleeding 4/201 (1.99) 2/161 (1.24) 0.594

Resuscitated cardiac arrest 11/201 (5.47) 4/161 (2.48) 0.052

Thrombolysis at first admission 18/201 (8.96) 20/161 (12.42) 0.262

Coronarography Characteristics at First Admission

Single-vessel disease 39/201 (19.40) 44/161 (27.33) 0.065

Two-vessel disease 40/201 (19.9) 30/161 (18.63) 0.806

Three-vessel disease 38/201 (18.90) 12/161 (7.45) 0.002 *

Revascularization Type of Procedure at First Admission

Percutaneous coronary intervention 102/201 (50.74) 74/161 (45.96) 0.81

Coronary artery bypass graft - 4/161 (2.48) -

Complete revascularization at first admission 50/201 (24.87) 56/161 (34.78) 0.005 *

* p values < 0.05.

Multiple regression was used to analyze parameters significantly different between
the two groups. Independent predictors for fewer early readmissions in the first 12 months
after a first episode of ACS remained complete revascularization procedure at first hospi-
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talization (HR = 0.58, 95% CI 0.35–0.95, p = 0.03) and a higher LVEF (HR = 0.95, 95% CI
0.92–0.988, p = 0.009) (Figure 3).

 

Figure 3. Regression analysis for complete revascularization procedure.

In 151 patients (41.71%), the second hospitalization readmission was due to ACS. The
type of ACS was STEMI in 26 (17.21%) patients, NSTEMI in 22 patients (14.57%), and UA in
103 patients (68.21%). Of those patients with second admission due to STEMI, 12 patients
(46.15%) presented in the first year after the first acute coronary event. Of the patients with
NSTEMI, 12 (54.54%) were readmitted in the first year after the first acute coronary event.
For most of the patients who presented with UA at the second admission (69 (66.99%)),
symptoms occurred in the first 12 months after the first event.

Readmission for STEMI diagnosis was significantly correlated with both the existence
of three-vessel CAD and the diagnosis of UA at first admission. Moreover, patients readmit-
ted for STEMI had a lower ejection fraction at initial evaluation (Table 4). Readmission with
NSTEMI diagnosis was more common in those having a previous old MI in their medical
history, with two-vessel CAD, or with revascularization limited to the culprit lesion during
first admission to the hospital.

Readmission for UA was more common in those subjects with associated heart failure,
a lower ejection fraction, and associated CKD (Table 4). UGB at first hospitalization
was significantly associated with readmission for STEMI or NSTEMI, probably due to
inadequate dual antiplatelet therapy in the context of hemorrhagic complications during the
first hospitalization. The obtained results indicate a weak-to-average correlation between
the studied variables, which is nevertheless significant from a statistical point of view. Thus,
it can be stated that the association between the variables is found at the same intensity,
both in the sample and in the entire population.

Table 4. Significant correlations between parameters (at index hospitalization) and acute coronary
syndrome type (at the second admission).

Significant Correlations for ST-Elevation Myocardial Infarction p r

Three-vessel disease 0.034 0.364

Left ventricular ejection fraction 0.013 0.359

Upper gastrointestinal bleeding at first hospitalization 0.012 0.361

Unstable angina at first hospitalization 0.002 0.361
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Table 4. Cont.

Significant Correlation for Non-ST Elevation Myocardial Infarction

Culprit-lesion-only revascularization 0.028 0.351

Two-vessel coronary artery disease 0.018 0.361

Previous myocardial infarction 0.004 0.361

Upper gastrointestinal bleeding at first hospitalization 0.005 0.361

Significant Correlation for Unstable Angina Pectoris

Heart failure 0.005 0.361

Left ventricular ejection fraction 0.002 0.359

Chronic kidney disease 0.0018 0.361

4. Discussion

Because of its prevalence and the consequent elevated risk of repeated ischemic
cardiovascular events, ACS remains a significant difficulty for specialists. Patients still
experience a surprisingly increased risk of early repetitive ischemic episodes after ACS,
regardless of recent improvements in both medical and interventional treatments.

There were fewer women than men with ACS in the present study, but no significant
difference resulted between the two sexes with respect to recurrent hospitalization in the
first 12 months after the index event. Although CHD is traditionally considered a male
disease, clinical data (including reinfarction rates and MI mortality) reveal worse outcomes
in women [21]. Similar results were presented in another observational multicenter ret-
rospective study that included 1308 women and 2437 men. Both in the short and long
term, no significant differences were found between the sexes, neither related to mortality,
nor regarding the combined end point (reinfarction, cardiogenic shock, bleeding, stroke,
or death) [22]. Additionally, a group of subjects from Canada, hospitalized with ACS
and under follow-up for up to 2 years, highlighted the increased risk of adverse clinical
outcomes in the case of women with ACS (who benefited from an early, invasive strategy,
and from coronary revascularization) vs. men, although these differences were not seen in
those treated with medical therapy alone [23].

Almost half of the ACS patients were initially admitted with STEMI, followed by
UA, and only after that by NSTEMI. However, if ACS were categorized based only on
the presence/absence of ST-segment elevation, the ratio of patients reverses, with more
than half of them presenting with ACS without ST-segment elevation. Most studies on
ACS define ACS as with/without ST-segment elevation and thus consider the frequency of
non-ST-segment elevation ACS to be predominant, when, in fact, the differentiation of UA
from NSTEMI in the case of ACS without ST-segment elevation is mostly omitted. This
ignores the importance of the incidence of STEMI, though the presence of patients with
STEMI is much higher compared to patients who develop NSTEMI or UA [24–26].

According to McManus DD [27], the incidence rates of STEMI are continuously declin-
ing compared to the previous data, while the incidence of NSTEMI has started to increase
significantly lately. Neumann JT [28] believes that both the incidence rates of STEMI and
UAP are declining, and only the incidence rates of NSTEMI are increasing.

However, the incidence rates of STEMI continue to be high among patients with CAD,
but one should not ignore the incidence of ACS without ST-segment elevation which, as
our research also shows, presents an increased ratio in terms of the incidence of patients
with NSTEMI and UAP.

According to Wang TKM [29], NSTEMI patient mortality rates are low, despite the
increased incidence of non-ST-elevation ACS vs. STEMI or UA patient mortality rates,
which are increasing.

Percutaneous or surgical coronary intervention for myocardial revascularization was
indicated for patients with STEMI and NSTEMI, respectively, and less indicated for patients
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with UAP. Thus, most patients underwent PCI for myocardial revascularization, and only a
very few patients underwent CAGB. According to Spadaccio [30], the decision to perform
PCI vs. CAGB must be made by the heart team, which assesses the individualized risks
and benefits for the patient [31]. However, there was no significant difference in terms of
in-hospital mortality and survival among patients who underwent PCI or CAGB [32].

Thrombolysis was performed in less than a quarter of the patients, because our medical
center owns a catheterization laboratory where PCI can be carried out and, as current
guidelines [33] recommend, thrombolysis was carried out only in patients transferred from
other medical centers where coronary angiography could not be performed and in patients
who refused interventional therapy. Short- and long-term outcomes proved to be more
favorable in subjects who underwent PCI, compared to cases where thrombolytic therapy
was performed [34].

The anterior topographic territory was the preferred territory of myocardial infarctions
(regardless of ST-segment elevation), followed by the inferior territory. Having the LAD
(left anterior descending artery) as the epicardial coronary artery responsible for acute
myocardial infarction is consistent with existing data that also implicate the LAD, along
with the anterior territory, as responsible for the majority of MI [35–37].

Most patients who underwent PCI presented with single-vessel CAD, followed by
two-vessel CAD, where the left coronary artery and the LAD-circumflex artery, respectively,
were mainly involved. Less than a quarter of the patients presented with three-vessel
ischemic coronary disease. These subjects were recommended to undergo CAGB if they
presented with UAP upon hospital admission and revascularization of the culprit lesion in
case they presented with MI. They were recommended to undergo subsequent complete
myocardial revascularization by surgical revascularization of the remaining lesions.

All patients included in the study presented with classic cardiovascular risk factors or
were known to have a personal history of cardiovascular pathology.

Dyslipidemia was the most frequent cardiovascular risk factor involved in the inci-
dence of ACS and, at the same time, in the development of atheromatous plaques, being
present in three quarters of the patients. Arterial hypertension is another important car-
diovascular risk factor involved in atherogenesis, being present in more than half of the
patients. Published data [38] are even more emphatic than that, stating that dyslipidemia
and arterial hypertension are predictors of ACS, especially of the occurrence of UAP,
followed by ACS + ST-segment elevation (specifically of STEMI rather than of NSTEMI).

Both diabetes mellitus and CKD are not at all negligible in the development of is-
chemic coronary diseases, as their involvement in the steps leading to the onset of ACS is
known [39,40]. Existence of CAD in subjects who continued to present with ACS is another
predictor of the development of this pathology [41]. Thus, the study also included patients
with previous MI and previous stroke. Ischemic cardiovascular disease occurred quite
frequently among patients who subsequently suffered a case of ACS, and mortality among
these patients remained high [5,41,42].

Most patients admitted for ACS presented with congestive heart failure and significant
valve regurgitations. Heart failure is considered to be frequently encountered together with
ischemic coronary disease; gradually, through the presence of advanced atherosclerosis, the
endothelial dysfunction present in patients with an increased risk of ACS will aggravate
the already existing myocyte injury [43]. ACS is a precipitant of acute heart failure. These
patients require special care, because, in the absence of prompt treatment, the mortality
rate in this category of patients is high [44].

In ACS patients, the accurate determination of LVEF is extremely important, as im-
paired LVEF represents a predictor of an unfavorable short-term outcome, showing in-
creased mortality 1 year after the first ACS event [45].

Arrhythmias occur frequently in patients with ACS, especially in those who develop
an MI. The emergency requires prompt treatment, as it is known that these patients are
more prone to malignant arrhythmias which, in the absence of adequate treatment, can
lead to death [46,47].
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The rate of readmission within a year was higher compared to readmission after more
than one year after an acute coronary event. An increased risk of a recurrent cardiovascular
event was also observed in numerous other published studies, especially in the first year
after a case of ACS [10–12]. The risk of a nonfatal MI, nonfatal ischemic stroke, or cardio-
vascular death at 5 years after a first ACS was 33.4%, being six-fold higher in the first year
after ACS compared with more than 1 year after the index ACS event in a very large US
study [14]. Published research [10] shares the findings with our research, stating that the
risk of ACS recurrence after a first acute episode is high.

ACS recurrence is also common within a year after onset in the OACIS (Osaka Acute
Coronary Insufficiency Study) registry. The results of the study emphasized that the
incidence of recurrent MI/year decreased from the first year (2.65%) in all subsequent
years, up to 5 years (0.91–1.42%) [48]. Namiuchi et al. revealed in their research that the
recurrence rate of ACS in the second year after a first MI (2.1%) was lower than in the year
immediately following the MI (4.2%), concluding that the high recurrence rate can persist
in cases having multiple MIs [49].

The Optum database (recording 239,234 patients with evidence of an ACS hospitaliza-
tion over 14 years, beginning in 2005) revealed these patients as having a hugely increased
risk (6.4% after the first year), in the short-term, after ACS hospitalization. This observation
provides an additional argument for the utility of the guideline-based treatments strategies
to be initiated during hospitalization for ACS [14].

The results of a study conducted in 2016 concluded that approximately 25% of patients
who survive a case of ACS will suffer a stroke, AMI, or cardiovascular death in the next
5 years, particularly in the first year (34.8% risk) [10].

In the first year following discharge, 18.3% of the patients experienced an AMI, stroke,
or cardiovascular death, according to a Swedish study (>90,000 patients with AMI), of
whom around 50% had undergone revascularization. Of patients who had no occurrences
during the first year of follow-up, 20% experienced an event after three years [50]. In
the same direction, 21,890 individuals with a background of ACS were included in the
REACH registry between 2003 and 2004, being monitored over the next five years (until
2009). Outcomes at one and four years showed that the overall incidence of stroke, AMI,
or cardiovascular mortality was roughly 6% and 16%, respectively [51]. Between 2005
and 2010, another study on >15,000 United Kingdom patients resulted in a cumulative
incidence of stroke, AMI, and cardiovascular death of 7.3% (at one year), 12.3% (after the
second year) and 17.7% at three years [52]. All the studies above imply that there is a high
probability of serious cardiovascular problems recurring following a case of ACS.

There were significantly more patients who experienced a rehospitalization in less
than 12 months after the first one if they experienced three-vessel disease and incomplete
revascularization during the index event, compared to patients who developed the event
after 1 year from the first event. This may have happened because the culprit lesion was
treated in the first ACS event, and the remaining lesions were to be revascularized later.
However, due to other events, the remaining lesions were deferred, and, subsequently,
patients developed a second ACS event within a year after the first ACS event. Rathod
KS [53] claims that performing complete coronary revascularization at a safe stage is far
superior to revascularizing only the culprit lesion, as patients who undergo complete
revascularization have a better long-term prognosis compared to patients in whom the
other stenotic lesions were deferred or revascularized later.

Another extensive analysis that should be mentioned, carried out between 2004 and
2005, refers to the so-called Melbourne Interventional Group registry. There are 9615 patients
who received PCI for the index MI. In the next year after their index PCI, 12.2% of the patient
surviving to discharge had a history of ACS or unplanned revascularization requiring
hospitalization. Following them for 10 years, it was found that the number of unplanned
hospitalizations decreased significantly, the rate of hospitalization/12 months falling from
15.3 to 7.6% (p < 0.001). Additionally, for hospitalization, the authors detailed in the
study several independent predictors both in cases with recurrent ACS and in cases with
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unplanned revascularization, as follows: female sex, multivessel CAD, LV dysfunction,
heart failure, diabetes, sleep apnea, etc. Finally, the paper concluded that, in the case
of multi-vessel CAD subjects, optimizing therapeutic management of LV dysfunction,
non-culprit vessel PCI, or diabetes can prevent hospitalization [54], these disorders being
identified as predictors for recurrent admission within 12 months in our study as well.

Patients with severe heart failure (acute pulmonary edema during first hospitalization),
associated valvular diseases, and lower ejection fraction were more frequently hospitalized
during the first month after ACS.

Thus, the short-term prognosis for patients with ACS is unfavorable, especially in the
first 12 months after the ACS event. According to the specialized literature, more than half
of the patients with a first ACS event require hospitalization within the first year, and most
of them require lifetime readmission due to an acute cardiovascular event [55–58].

Two-vessel or three-vessel disease, reduced LVEF after myocardial revascularization,
acute or chronic heart failure, or upper gastrointestinal bleeding present in patients hospital-
ized with ACS are predictors of hospital readmission due to a new acute cardiovascular event.

Figure 4 suggests a strategy for the management of the main predictors associated with
second readmission in patients with ACS, according to the recommendations developed by
the most current guidelines. The objective of these strategies is to optimize the evolution
of the subjects, and the interventions are intended to influence the main predictors or
complications that are associated with a negative prognosis.

 

Figure 4. Main parameters and predictors of readmission in acute coronary syndrome subjects and a
proposed algorithm for improving the outcome.

By highlighting factors associated with readmission, as well as independent predictors
of reduced hospitalizations in the first year after an acute coronary event, the results
obtained in this study provide relevant information for clinicians. These data also allow
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the optimization of both the clinical management of patients with ACS and their evolution,
through interventions that can influence the main predictors or complications that are
associated with negative prognosis.

Limitations and Strengths

Our study has some limitations that require consideration. The limited number of
patients from a single center and the retrospective design together represent a significant
shortcoming. The absence of specific data regarding the patients’ adherence to their
medication regimens as well as potential follow-up failure are additional drawbacks. Only
the city’s emergency public hospital underwent the readmission evaluation; neither other
hospitals in the city nor hospitals in other regions were considered. These variables might
have caused the number of readmissions to be underestimated. The benefit of this solely
hospital-based strategy, on the other hand, is that it favored prospective enrollment of all
eligible patients who had their first hospitalization for ACS and their close monitorization
for a such a long period of seven years.

5. Conclusions

ACS represents the main cause of mortality and morbidity among patients with
cardiovascular diseases. The incidence of STEMI increases in patients with ACS, but the
incidence of non-ST-segment elevation acute coronary syndrome predominates both in
patients developing ACS for the first time and in patients experiencing a second acute
coronary event. Short- and long-term results in ACS patients remain unfavorable, most
patients requiring rehospitalization within less than 12 months. Complete revascularization
of the coronary lesions from the first event and a preserved LVEF were found to be the
independent predictors of reduced hospitalizations in the following year after an acute
coronary event.
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Abstract: Due to technological advancements during the past 20 years, transcatheter aortic valve
replacements (TAVRs) have significantly improved the treatment of symptomatic and severe aortic
stenosis, significantly improving patient outcomes. The continuous evolution of transcatheter valve
models, refined imaging planning for enhanced accuracy, and the growing expertise of technicians
have collectively contributed to increased safety and procedural success over time. These notable
advancements have expanded the scope of TAVR to include patients with lower risk profiles as it has
consistently demonstrated more favorable outcomes than surgical aortic valve replacement (SAVR).
As the field progresses, coronary angiography is anticipated to become increasingly prevalent among
patients who have previously undergone TAVR, particularly in younger cohorts. It is worth noting
that aortic stenosis is often associated with coronary artery disease. While the task of re-accessing
coronary artery access following TAVR is challenging, it is generally feasible. In the context of
valve-in-valve procedures, several crucial factors must be carefully considered to optimize coronary
re-access. To obtain successful coronary re-access, it is essential to align the prosthesis with the native
coronary ostia. As part of preventive measures, strategies have been developed to safeguard against
coronary obstruction during TAVR. One such approach involves placing wires and non-deployed
coronary balloons or scaffolds inside an at-risk coronary artery, a procedure known as chimney
stenting. Additionally, the bioprosthetic or native aortic scallops intentional laceration to prevent
iatrogenic coronary artery obstruction (BASILICA) procedure offers an effective and safer alternative
to prevent coronary artery obstructions. The key objective of our study was to evaluate the techniques
and procedures employed to achieve commissural alignment in TAVR, as well as to assess the efficacy
and measure the impact on coronary re-access in valve-in-valve procedures.

Keywords: coronary artery obstruction; transcatheter aortic valve replacement; valve-in-valve interventions

1. Introduction

Since 2002, transcatheter aortic valve replacement (TAVR) has become an increasingly
popular and less invasive option for treating symptomatic severe aortic stenosis (AS)
compared with conventional surgical aortic valve replacement (SAVR) [1]. Compared with
SAVR, TAVR offers equal or superior patient outcomes regardless of risk. Moreover, it has
been demonstrated to be cost-effective, providing excellent clinical outcomes and improved
quality of life in patients with severe AS. As a result, TAVR has become the preferred
intervention method for patients with symptomatic severe AS who are not suitable for
standard SAVR [2–6]. It is essential to note that while surgical aortic valve replacement has
been the cornerstone of care for severe symptomatic aortic stenosis for a long time, TAVR
has now become the predominant treatment in the United States and Europe [7–9].

There is a high probability of simultaneously occurring coronary artery disease (CAD)
in severe AS, accounting for approximately half of all patients undergoing TAVR. However,
the rate has decreased as TAVR is increasingly performed on healthier patients [10,11].
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When deciding whether to perform a percutaneous coronary intervention (PCI) before
TAVR, it is important to consider integrated management of the case. This includes reducing
the risk of ischemic events associated with valve replacement, especially when rapid pacing
is needed, and ensuring that the coronary intervention can be easily performed without
interference from the valve prosthesis.

Lateef et al. concluded that PCI for severe CAD before TAVR is not clinically advan-
tageous [12,13]. Rather, it seems that patients with severe coronary artery disease who
undergo TAVR may experience better outcomes if they undergo complete revascularization,
which is determined by recalculating the SYNTAX scores after the procedure [14]. A recent
European clinical consensus statement recommends that when considering the possibility
of performing PCI after TAVR, it is crucial to select the appropriate transcatheter heart valve,
self-expanding valve, or balloon-expandable valve and employ an implantation technique
that prioritizes the preservation of unhindered coronary access. The same consensus states
that although the available evidence is limited, it generally does not endorse the routine
use of PCI before TAVR in asymptomatic lesions. Instead, the evidence indicates that a
specific stepwise procedure performed prior to TAVR is a more promising approach when a
percutaneous coronary procedure is deemed necessary. Presently, the ongoing COMPLETE
TAVR trial (ClinicalTrials.gov: NCT04634240) is in the process of randomizing 4000 patients
undergoing TAVR and presenting severe CAD. This encompasses individuals with more
than one lesion in a coronary artery, exhibiting more than 70% angiographical diameter
stenosis, with a diameter greater than 2.5 mm, while not including chronic total occlusions.
The trial aims to compare the outcomes of staged complete revascularization following
TAVR with a balloon-expandable valve with the outcomes of solely medical management.
The ESC/European Association for Cardio-Thoracic Surgery (EACTS) Clinical Practice
Guidelines on Myocardial Revascularization state that patients who have stenosis of over
70% in the proximal segments of their vessels and are scheduled for TAVR should consider
coronary angioplasty. This guideline is in effect immediately and provides patients with a
clear course of action for optimal treatment [15].

As the age and intensity of complications among TAVR patients decrease, they can
enjoy longer and more active lives after undergoing valve intervention. As a consequence,
patients may require supplementary diagnostic angiographies and angioplasties. In the
meantime, patients could evolve newly developed or advanced coronary artery disease.
Those who have undergone PCIs in the past may need to undergo inspection and new
procedures due to stent restenosis.

Vilalta et al. reported from a study conducted over two years that acute coronary
syndrome following TAVR occurs as frequently as in 10% of cases [16]. Coronary artery
re-access may be compromised due to the anatomical alignment between the coronary ostia
and prosthetic aortic valve. When planning a strategy for engaging the coronary arteries,
it is important to consider the various design characteristics of the type of transcatheter
aortic valves. Several studies have demonstrated the feasibility of coronary angiography
and intervention following TAVR [17–20]. Even so, consistent reports of low success rates
have been reported following the insertion of the Medtronic CoreValve (Medtronic Inc.,
Minneapolis, MN, USA), particularly in the right coronary artery [20–22]. An overview of
valve deployment strategies is presented in this paper with particular emphasis on valve-
in-valve procedures and catheter options to facilitate effective post-TAVR assessments and
coronary angioplasties.

2. Overview of Strategies to Prevent Coronary Obstruction

Transcatheter aortic valve replacement is a way to replace a damaged aortic valve
without undergoing surgery. It can be used to replace either native leaflets or bioprosthetic
leaflets. During heart valve implantation, aortic leaflets can be displaced and impede coro-
nary arteries in 0.7% of all cases, necessitating urgent percutaneous coronary interventions
or coronary artery bypass grafts [23]. As such, it is important to avoid displacement of the
aortic leaflets during implantation. Various techniques and tools can be used to ensure
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that the aortic valve is correctly placed and that the leaflets are not displaced. Additionally,
TAVR valve designs that allow aortic leaflets to be positioned away from the coronary ostia,
as well as those that allow the recapture of the leaflets, are being developed to reduce the
risk of coronary artery obstruction. In summary, the careful planning and implementation
of the TAVR procedure are essential to reduce the risk of aortic valve displacement into the
coronary arteries. According to recently published studies, the valve-in-valve TAVR risk is
higher (2.3%) [24].

The potential for obstruction of one or both of the major coronary arteries due to
the coverage of the ostia due to very large native leaflets having been displaced from
their positions by the body of the expandable heart valve is a very concerning issue. The
leaflets’ displacement results from the frame of the valve covering the ostia, blocking the
native flaps from occupying their regular positions. This can result in the narrowing of the
coronary artery, which can reduce and even completely obstruct blood flow to the heart. An
obstruction of this nature has the potential to give rise to a variety of serious and potentially
fatal cardiovascular complications, emphasizing the importance of recognizing the risks
connected with this matter. It is important to be aware of the potential for the displacement
of native leaflets due to the frame of the THV (transcatheter heart valve), particularly in
bicuspid aortic valve interventions, and take the necessary steps to minimize this risk [25].

Valve-in-valve (VIV) procedures have become increasingly popular for treating pa-
tients with failing bioprosthetic valves. However, these procedures must be performed
with caution, as the displacement of the bioprosthetic leaflets that cover the coronary
ostia can lead to reduced coronary blood flow toward the sinus of Valsalva (SOV). This
occurs if the displaced leaflets, both native and prosthetic, are pushed into contact with the
sinotubular junction. Therefore, it is important to pay attention to the displacement of the
leaflets and ensure that there is no contact between the leaflets and the sinotubular junction
during VIV procedures. The skirt or commissural posts of transcatheter heart valves can
obstruct coronary ostia. Less common causes include coronary dissection, hematomas, or
embolizations caused by thrombotic or degenerative conditions. It has been reported that
the 30-day mortality rate for acute CAO (coronary artery occlusion) during TAVR is high.
During TAVR procedures for native aortic stenosis, the complication rate can vary from 8%
to 41%. For valve-in-valve procedures, the complication rate can reach up to 53% [24,26].

Some factors can predict coronary occlusion during TAVR procedures, such as being
female, having a short sinus of Valsalva, and having a distance from the valve to the
coronary ostia that is less than 10 mm (Table 1) [27].

Table 1. Risk factors for coronary occlusion.

VIV TAVR

Stentless valve design Female gender
Stented prosthesis with leaflets outside Coronary height of <10 mm

Distance of the bioprosthetic valve from the
coronary artery of <4 mm Sinus of Valsalva of <28 mm

Leaflet elongation according to coronary height
Masses of calcium

Leaflet dimensions and placement

For the accurate measurement of aortic root dimensions, including the distance of the
bioprosthetic valve from the coronary artery (VTC), CT angiography is essential. Dvir et al.
suggested that having a final VTC size of 3 mm or less carries an increased risk of ostial
occlusion [28]. The primary underlying factor in aortic valve-in-valve procedures is the
coronary ostia’s proximity to the expected placement of the shifted bioprosthetic leaflets
following valve deployment. As a result, conditions that increase the likelihood of CAO
may encompass a bioprosthetic valve positioned above the annulus, a sinotubular junction
that is both narrow and positioned low, leaflets that are bulky in nature, and coronaries
located in a narrow aortic root or those that have been re-implanted.
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3. Commissural Alignment

Optimal transcatheter aortic valve function and coronary access are associated with
commissural alignment. To achieve this, certain factors must be considered. Firstly, the
orientation of the valve must be taken into account, as it directly affects the degree of
commissural alignment. Secondly, the size and shape of the valve must be taken into
consideration, as these can affect the alignment of the commissure. Thirdly, the depth at
which the valve is to be inserted must be measured accurately, as too deep an insertion can
cause an improper commissural alignment. Finally, the amount of force applied during
the insertion must be monitored, as too much force can lead to improper commissural
alignment. All these factors must be taken into account to ensure optimal coronary access
through a proper commissural alignment [29].

To achieve optimal fluoroscopic angulation, pre-procedural MDCT (multidetector com-
puted tomography) calculates the annular plane of the aortic valve based on the cusp hinge
points. Multiple angulations are visualized across the S-curve of the valve until the desig-
nated hinge points for the LCC and RCC overlap, thus isolating the NCC on the opposite
side. The cusp-overlap angulation is defined using the fluoroscopic angulation [30].

The right–left cusp overlap view is the preferred method for the commissural align-
ment of a transcatheter aortic valve. This view isolates the commissure, which is the
120-degree separation along the right and left cusps on the right of the fluoroscopic view.
This view is important as it allows for a more accurate alignment of the THV, ensuring that
it is properly secured in the aortic annulus. It is also ideal for the accurate sizing of the
THV, as the commissural alignment can help to determine the optimal size of the valve.
Proper alignment is essential for a successful THV procedure, and this view is an essential
part of the process. The left–right cusp overlap view is an important imaging technique for
assessing coronary access. For ideal commissural alignment, the left and right coronary
arteries must emerge from the left–right commissure at an angle of 60 degrees. If the
coronary arteries emerge at an angle smaller or larger than 60 degrees, this could indicate a
misalignment. It is important to recognize misalignment, as it can indicate coronary artery
disease or other vascular issues. The left and right coronary arteries must emerge from the
left–right commissure at the correct angle to ensure that the best possible coronary access is
achieved [31,32].

In cases where commissural alignment leads to coronary misalignment as a result of
coronary ostium eccentricity, coronary alignment is recommended. In order to line up the
nadir of the bioprosthetic leaflets with the coronary ostia in these cases, the operator must
calculate an alternative THV rotation angle to preserve a 60-degree angle from the TAV
commissural post and the coronary ostia [33,34].

Based on the method of deployment, TAVR devices can be categorized as either
balloon-expandable or self-expandable (Table 2).

Table 2. Main TAVR devices and characteristics.

JenaValve
JenaValve

Technology GmbH

Lotus
Boston Scientific

Corporation

Portico
St. Jude Medical,

Inc.

Acurate Neo
Symetis

Evolut R
Medtronic

Sapiens 3
Edwards Lifesciences Valve Name

Self-expandable
porcine pericardial

tissue

Self-expandable
bovine pericardial

tissue

Self-expandable
bovine

pericardial
tissue

Self-expandable
porcine pericardial

tissue

Self-expandable
porcine pericardial

tissue

Balloon-expandable
bovine pericardial

tissue
Structure Type

-

≥6 mm for 23 mm
device size

≥6.5 mm for 25 mm
and 27 mm
device size

≥6 mm ≥6 mm

≥5 mm for 23 mm
for 26 mm and

29 mm device size
≥5.5 mm for 34 mm

device size

≥5 mm for 23 mm and
26 mm device size
≥5.5 mm for 29 mm

device size

Access Vessel
Diameter

TA sheathless 32 F (23,
25, and 27 mm)

TF 18 F (23 mm)
20 F (25 and 27 mm)

TF, TAo, TSc 18 F
(23 and 25 mm)

19 F (27 and
29 mm)

TF 18 F
TA sheathless 28 F

TF, TAo, and TSc
14 F

(23, 26, 29, and
34 mm)

TF 14 F (20, 23, and
26 mm), 16 F (26 mm)
TA, TAo 18 F (20, 23,

and 26 mm), 21 F
(26 mm)

Access Type
Device Size

Yes Yes Yes No Yes No Repositionable

TF, transfemoral; TA, transapical; TAo, transaortic; TSc, trans-subclavian.
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Our next section focuses on the disparities in commissural alignment among the three
major TAVR platforms.

3.1. CoreValve Evolut R and PRO Valves (Medtronic Minneapolis, MN, USA)

The CoreValve Evolut R and Pro devices are equipped with three commissural frame
posts, each measuring 26 mm in height. One of these posts is positioned in line with the
paddle on the C-Table. One way to predict the direction of the commissural alignment for
the ostium is by observing the hat’s orientation on the delivery catheter during deployment.
This is due to the fact that the hat on the delivery catheter is always oriented in the same
direction as the commissural frame posts, making it easy to identify the orientation of the
coronary ostia.

A new study discovered that if the hat indicator of the CoreValve Evolut delivery
system is aligned with the aortic curve and center front of the aorta on the coplanar three-
cusp angiographic view, it can significantly reduce the incidence of severe coronary overlap.
Out of all the positions, this one had the least amount of overlap, at only 23.2%. However,
when the hat marker is oriented toward the inner curve and center back of the aorta, the
overlap frequency increased to 75%. This finding is crucial as it helps to identify the most
optimal system positioning for better overall patient outcomes. By directing the hat marker
along the inside curve and center back of the aorta, the frequency of overlap increased
to 75%. This discovery is critical in identifying the optimal system positioning for better
patient outcomes [35].

For patients with severe AS who also have other conditions like chronic or acute
coronary syndromes that require easy access to coronary arteries for additional coronary
angiography, optimizing the alignment of the TAV commissures is important. This is
especially crucial for younger patients who are at lower risk. For the CoreValve Evolut
R/Pro implantation system, it is recommended to introduce it through the common femoral
artery using flush ports at the 3 o’clock position. The hat marker is oriented to face the
aortic root’s outer curve when the delivery system passes through the aortic valve. This
ensures proper commissural alignment and prevents overlap with the coronary ostia [36].

3.2. SAPIEN XT and SAPIEN 3 Valves (Edwards Lifesci-Ences, Irvine, California)

SAPIEN 3/Ultra is the only transcatheter heart valve authorized in Europe and the
United States for a second TAVR procedure. Recently, an operative guidance consensus was
published on procedural planning and techniques for this particular valve [37]. Compared
with the CoreValve Evolut, the Sapien 3 has a 3 mm tab positioned on the commissural
primary rows instead of a commissural post. Even though the Sapien 3 device has a lower
frame height than the Evolut device, the commissural tabs may find themselves next to the
coronary ostium, particularly if the coronary origin has a low origin. Crimping the Sapien 3
valve at different angles prevents the possibility of intentional commissural alignment. This
is because the angle of the crimp has a direct effect on the alignment of the commissures. If
the crimp is not consistent, the alignment of the commissures is affected, making it difficult
to achieve an intentional alignment [38]. Compared with the Evolut device, which contains
a supra-annular valve system, Sapiens 3 valves are balloon-expandable intra-annular
valves, giving them an advantage in coronary occlusion prevention. Lopes et al. presented
a report regarding the failure of a 34 mm Evolut Pro valve implantation, which led to
coronary occlusion and cardiac arrest. The quick recognition of acute left main occlusion
caused by the high valve implantation resulted in the immediate initiation of advanced
life support. The valve was quickly pulled toward the ascending aorta utilizing the snare
technique, which immediately restored the flow and facilitated effective cardiopulmonary
resuscitation. Following this, a 29 mm balloon-expandable Sapiens 3 valve was implanted
successfully [39]. In general, the position of the second valve should be chosen to improve
the procedure’s results and reduce the risk of coronary occlusion and sinus compression. It
is important to implant the second valve at a low implanting depth to reduce the risk of
coronary blockage, enabling various levels of overlap between the valve’s leaflets. Before
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proceeding with the index transcatheter heart valve intervention, it is important to evaluate
the alignment of the neo-commissure. This determines the technique’s effectiveness, as
significant misalignment during the first valve procedure could limit its benefits.

3.3. Acurate Neo Valve (Boston Scientific, Marlborough, MA, USA)

Accurate Neo is a self-expanding transcatheter valve with a supra-annular config-
uration and porcine pericardial leaflets available in Europe since 2014. The top-down
positioning facilitates optimal positioning and limits flow obstruction upon deployment. A
total of three stabilization pillars facilitate better coaxial alignment, and the superior crown
enhances anchoring. As long as the upper crown keeps the native cusps away from the
coronary ostia, there is a low risk of coronary obstruction.

The coronary re-access procedure is made less challenging by the top crown’s short
stent design and open-cell architecture. This design allows for easier and faster deployment,
as well as improved stent visibility. Additionally, the open-cell design of the upper crown
makes it easier to pass a guidewire distally, if needed. This makes the procedure easier and
more efficient, resulting in shorter procedure times. Furthermore, the short stent profile and
open-cell configuration of the top crown make it easier to access the distal vessel, which
can be beneficial in certain cases. SAVI TF registry records report that there have been no
cases of coronary obstruction that require intervention in 1000 patients [40].

Vanhaverbeke et al. reported a successful valve-in-valve replacement with a Sapiens
valve in a degenerated ACURATE Neo prosthesis [41]. A typical THV is equipped with
a complete frame, which allows the leaflet to form the neoskirt. The neoskirt of the
ACURATE neo does not extend to the upper crown of the SAPIEN 3, which minimizes the
risk of coronary obstruction and promotes optimal coronary access. ACURATE Neo also
has the advantage of not overexpanding when it performs TAV-in-TAV. To confirm these
encouraging observations, more SAPIEN-in-ACURATE cases in the real world are needed,
despite the extensive modeling and testing that has been pre-procedurally conducted on
the current TAV-in-TAV case and the clinical outcomes confirming both bench tests and
computational models.

4. Angiograms and Interventions following TAVR

Understanding the location of the coronary arteries relative to the THV is the first step
in the angiographic imaging of coronary arteries. When performing coronary catheteriza-
tion, the catheter used is often chosen based on the shape and design of the transcatheter
heart valve. Typically, the left main coronary artery and right coronary artery origins are
seen in a left anterior oblique (LAO) projection.

For CoreValve Evolut coronary re-access, the standard JR4 or JL4 diagnostic catheters
are generally the most suitable options. However, in some cases, a half-size smaller JL
catheter may be preferable [42,43]. This is because it can provide a more comfortable fit
while still offering the same degree of accuracy as larger catheters. Additionally, the smaller
catheter may also be easier to maneuver in smaller lumens or vessels. In any case, it is
important to consider the individual patient’s anatomy and preferences when selecting
a catheter. Ultimately, the choice of the right catheter helps ensure a successful re-access
procedure. Although various catheters may be able to provide results, Ikari efficiently
delivers for both coronary arteries. To perform sub-selective angiography, any cell above
the coronary artery can be engaged. If selective imaging must be performed, inserting
a wire into the vessel and guiding the catheter with the wire to introduce the catheter is
extremely useful.

Edwards Sapien 3 valves are often placed above the coronary ostia, their frame is
taller, and the upper cells are more prominent, resulting in less interference with coronary
ostia access. It is uncommon to experience coronary obstruction when using the “high
implant-90/10” implantation technique, which helps to minimize interference with the
left ventricular outflow tract. In most cases, a specific catheter selection does not need to
engage the coronary arteries with a Sapien 3 valve. To avoid altering the position of the
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Sapien 3 valve or managing the task of disengaging the guiding wire post-intervention, a
guide extender is recommended for percutaneous coronary interventions [44,45].

With the bench-testing of patient-specific 3D-printed models, it has been demonstrated
that diagnostic angiography and PCI are highly feasible following ViV-TAVR using the
ACURATE neo valve [46]. It was reported that 62/64 (97%) cannulations were suitable for
the assessment of angiography. On average, only one attempt was needed for cannulation,
and the procedure took approximately 1 min and 48 s to complete. Selective cannulation
was achieved in 82% of cases (51 out of 62). As a rule, in most of the situations, no more than
one cannulation attempt was needed (49/62, 79%). A total of 9 out of 62 (15%) cannulations
involved complex cannulation techniques with 0.014” coronary wire-assisted cannulation
being the most frequently used approach.

In terms of cannulation feasibility, selectivity, attempts, time, or technique, no signifi-
cant disparities were noted between the LCA and RCA. It was viable to conduct the entire
PCI procedure in 61/64 (95% of cases).

5. Basilica Procedure

During the valve deployment procedure, leaflets may be lacerated, or the coronary
ostia may be protected with a guide catheter to prevent obstruction. Before a transcatheter
heart valve implantation, a BASILICA (bioprosthetic or native aortic scallop intentional
laceration to prevent iatrogenic coronary artery obstruction) procedure uses a transcatheter
electrosurgical process. This involves crossing the aortic leaflet and lacerating it in line
with the exposed coronary artery ostium to ensure blood flow to the coronary arteries is
maintained after the valve implantation, thus avoiding coronary occlusion (Figure 1) [47,48].

During such a procedure, a wire loop is created by snagging the guidewire within the
left ventricle. A non-insulated, non-coated portion of the wire is positioned at the leaflet to
split the aortic leaflet, and electricity is applied. To reduce coronary obstruction following
the valve implantation, the bioprosthetic leaflet or native leaflet is separated. It may be
more challenging to lacerate leaflets with excessive calcification or thickening.

A prospective, multicenter registry named BASILICA tracks patients at risk for ia-
trogenic coronary occlusion following TAVR using the BASILICA technique. In North
America and Europe, the registry enrolled 214 patients. 72.8 percent of patients had bio-
prosthetic aortic valves. There was a success rate of 94.9% and 94.4% for leaflet traversal
and laceration, and the prevalence of coronary obstructions (partial or complete) was
4.7% [49–51].

In Europe, EURO-BASILICA provides the first multicenter study investigating the
BASILICA technique. A one-year clinical study demonstrated that this technique was
effective and viable in protecting against CAO caused by TAVR. There were 76 patients
enrolled across ten centers in Europe, 5.3% of whom had native aortic valves, 92.1% had
surgical bioprosthetic valves, and 2.6% had transcatheter valves. The proportion of patients
who required double BASILICA (for both coronary cusps) was 11.8%. The BASILICA
approach resulted in successful outcomes in 97.7% of cases, with only a small percentage
(2.4%) experiencing complete coronary occlusion. Additionally, in 90.6% of situations, there
were no instances of leaflet-associated coronary occlusion [52]. A total leaflet-induced
occlusion was documented in two patients. In one case, the left coronary artery was
occluded, and extracorporeal membrane oxygenation was needed for one hour. Using
the chimney technique, the occlusion was treated with ostial stenting. In the second case,
the left coronary artery ostium was completely obliterated by the partial avulsion of a
bioprosthetic valve leaflet. Ostial stenting was used to treat the obstruction, and Impella
was used to provide mechanical support.
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Figure 1. BASILICA procedure on the left aortic leaflet in a biological aortic valve. 1—MP1; 2—AL2.
Steps: Amplatz Left 2 (AL2) guiding catheter is placed in the ascending aorta. Goose Neck snares are
delivered into the LVOT through a Multipurpose 1 (MP1) guiding catheter (A). After the placement
of an 0.014′′ Astato wire into the AL2 until it reaches the lowest point of the left aortic leaflet, it is
electrified before crossing over into the LVOT. (B). The 0.014′′ Astato wire is snared (C). In the next
step, the snare is externalized, and the “flying V” is placed (D). Injection of 5% dextrose water into
both catheters results in laceration of the leaflet with the Astato wire, causing it to splay outward (E).
LVOT, left ventricular outflow tract; BAV, biological aortic valve.

6. Chimney Stenting Procedure

Chimney stenting is an acceptable (and less laborious than the BASILICA) bailout
technique among patients with established coronary artery occlusion and those without
upfront coronary protection. Before expanding the valve, the “chimney” technique involves
using a guide catheter and guide extender to engage the coronary artery (Figure 2).

The chimney stenting technique and flow chart is conducted as follows: Step 1, place
an adequately dimensioned coronary stent in the mid-left anterior descending coronary
artery before the implantation of the transcatheter heart valve. The scaffolding must be long
enough to extend into the ascending aorta until it reaches the sinotubular junction. Step 2,
when implanting the valve, withdraw the guide catheter and place it in the ascending aorta.
Step 3, in case of compromised coronary blood flow, meticulously pull the non-deployed
stent back over the coronary ostium and over the dislocated aortic leaflets and then implant
it. Step 4, if the valve needs post-dilatation, complete simultaneous kissing balloon inflation
with the chimney stent. Step 5, complete a final angiographic check.

Protecting the coronary artery during TAVR typically involves using additional arterial
access to engage the guide catheter in the at-risk coronary artery. It is recommended to
use Judkins left/right or multipurpose guiding catheters during THV deployment since
these catheters allow quicker backup into the ascending aorta and can be moved closer to
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the ostium after THV deployment. Using other catheters (Ikari, EBU, or AL1) may also be
successful. However, they may be more difficult to reposition after THV implantation. As a
precaution against hemodynamic instability following balloon aortic valvuloplasty (BAV),
a coronary guide catheter needs to be attached and a guidewire placed distally into the
vessel. Having positioned a balloon or stent over the wire distally in the artery, the guide
catheter is withdrawn slowly into the ascending aorta. The anatomical factors concerning
the aortic root and the apprehension of the risk of CAO may influence the judgment to
place a balloon or scaffold on the guidewire. Although using only a guide wire can save
costs and time, it can be challenging to deliver a stent next to an implanted valve and
dislocated native leaflets due to calcium build-up or the protection guidewire becoming
stuck [53,54]. The failure rate of stent deployment was 10 to 20 percent in two observational
trials in which stenting was attempted for the treatment of CAO during TAVR [26,55].

Figure 2. During TAVR implantation, a chimney stenting procedure is performed due to occlusion of
the left coronary artery: 1—TAVR valve implanted; 2—the right coronary artery, 3—dislocated leaflet
causing CAO; 4—left main stenting as a bailout strategy; and 5—Luncher guide catheter.

The International Chimney Registry was founded in October 2017, included 60 patients,
and gathered retrospective data from 16 centers in North America, Europe, and the Middle
East on individuals experiencing chimney stenting as part of transcatheter aortic valve
interventions from May 2010 to July 2018. The database did not include data from cases
with initial coronary protection involving no chimney scaffold implantation or patients with
coronary artery obstruction resolved using other strategies. Among the arteries stented,
the left main was more commonly treated by itself (49 cases; 81.6% of the total) or in
conjunction with the right coronary artery (6 patients; 10% of the cases). In most cases
(96.6%), drug-eluting stents were used, with an average stent size and diameter of 19 ± 7.8
and 4.1 ± 0.5 mm, according to the data. Many incomplete stent expansions were observed
in 55% of cases, requiring further dilation or implantation of a second scaffold within the
initially implanted stent (11 patients). A total of 2 patients (3.3%) underwent post-dilatation
of the transcatheter heart valve with a kissing balloon technique. In 19 cases with mean
gradients of over 20 mm Hg, 90% had experienced a valve-in-valve intervention. The
number of patients with more than mild paravalvular leaks was 3 (5.0%). Out of the total
number of patients, 3 (5.0%) died while in hospital. One patient was unresponsive after
being removed from a cardiopulmonary bypass on the first day, another patient succumbed
on the fifth day due to complications related to cardiogenic shock, and the third patient died
on the eleventh day from septic shock following the intervention [56,57]. The COPROTAVR
registry collected data on 236 patients at risk of coronary occlusion who had undergone
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transcatheter aortic valve implantation with a coronary safety guidewire in place [58]. Out
of the total number of participants in the trial, 143 patients underwent coronary stenting,
which makes up 60.6% of the total. Of these patients, 79% received chimney stenting, while
21% received ostial stenting. After a 3-year follow-up, patients who underwent stenting
had positive outcomes with lower rates of cardiac mortality (7.8%), myocardial infarction
(9.8%), and stroke (5.4%). Although stent thrombosis was infrequent (0.9%), it posed a
life-threatening risk in every instance [58].

These trials provide initial indications of reasonably acceptable mid-term safety when
it comes to chimney stenting. However, it is important to approach these retrospective
findings with caution due to the limited number of patients involved. Consequently, we
advise against employing chimney stenting as the primary strategy for younger individ-
uals or those with more severe CAD. Instead, angioplasty should only be considered a
rescue alternative in situations where a potential or existing coronary artery obstruction
necessitates immediate intervention.

7. Conclusions

As part of selecting an appropriate THV, it is important to carefully consider the
valve’s shape and how it relates to the coronary arteries. It is also crucial to thoroughly
examine the computer tomography study before the procedure to fully understand the
anatomy of the coronary ostia, sinus of Valsalva, and sinotubular junction. Numerous
factors need to be taken into account to facilitate coronary re-access in valve-in-valve
procedures. Identifying the risk factors for coronary artery occlusion during TAVR is
crucial, as this is a rare yet grave, life-threatening issue. If the valve neoskirt extends
over at least one of the coronaries and the valve–aorta distance is less than 3–4 mm, it is
recommended to use a coronary guide wire and a pre-mounted stent. This is particularly
important if the additional transcatheter valve heart is planned to be placed high or if there
is a risk of the index THV stent expanding excessively. Chimney stenting can be performed
in order to restore coronary flow in the case of impending or established CAO. For patients
who are at high risk of coronary occlusion, the BASILICA approach may be considered
as an option. However, it is important to evaluate the positioning of the first implanted
valve with the native aortic valve before the procedure. If there is severe misalignment, the
outcome of the technique may be compromised. The long-term effectiveness (>12 months)
of both CAO prevention techniques remains unknown.
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Abstract: Intraprocedural stroke is a well-documented and feared potential risk of cardiovascular
transcatheter procedures (TPs). Moreover, subclinical neurological events or covert central nervous
system infarctions are concerns related to the development of dementia, future stroke, cognitive
decline, and increased risk of mortality. Cerebral protection devices (CPDs) were developed to
mitigate the risk of cardioembolic embolism during TPs. They are mechanical barriers designed to
cover the ostium of the supra-aortic branches in the aortic arch, but newer devices are able to protect
the descending aorta. CPDs have been mainly designed and tested to provide cerebral protection
during transcatheter aortic valve replacement (TAVR), but their use in both Catheterization and
Electrophysiology laboratories is rapidly increasing. CPDs have allowed us to perform procedures
that were previously contraindicated due to high thromboembolic risk, such as in cases of intracardiac
thrombosis identified at preprocedural assessment. However, several concerns related to their
employment have to be defined. The selection of patients at high risk of thromboembolism is still
a subjective choice of each center. The aim of this review is to update the evidence on the use of
CPDs in either Cath labs or EP labs, providing an overview of their structural characteristics. Future
perspectives focusing on their possible future employment are also discussed.

Keywords: cerebral protection; cerebral protection devices; left atrial appendage closure; ventricular
tachycardia ablation; transcatheter procedures; stroke

1. Introduction

The advent of cardiac transcatheter procedures (TPs) paved the way for minimally
invasive approaches performed without the need for thoracotomy. Given the lower in-
traprocedural risk compared to cardiac surgery, these approaches allowed us to treat a lot
of patients previously judged ineligible. To date, TPs have revolutionized the treatment
of the most common heart diseases, such as ischemic heart diseases, valvopathies, heart
failure (HF), and arrhythmias, leading to improved life expectancy, QoL, and functional
status [1–4]. A number of transcatheter interventions are performed in both Catheteriza-
tion labs (Cath labs) and Electrophysiology labs (EP labs) today. Percutaneous coronary
interventions (PCI), transcatheter aortic valve replacement (TAVR), left atrial appendage
closure (LAAC), atrial fibrillation (AF), and other arrhythmia ablations are among the most
common TPs, covering approximately 90% of all interventional cardiology procedures.

Life 2023, 13, 1819. https://doi.org/10.3390/life13091819 https://www.mdpi.com/journal/life
123



Life 2023, 13, 1819

However, these approaches, in particular those by intracardiac or arterial route, are not free
from the risk of severe complications. Among all, stroke is a well-documented and feared
potential risk of TPs [5–8], posing a tremendous strain on patients, their families, and the
healthcare system [9]. Subclinical neurological events or covert central nervous system
infarctions are also a significant risk and are related to the development of dementia, future
stroke, cognitive decline, and increased risk of mortality [10–12]. Procedure-related stroke
or new ischemic cerebral infarctions may result from a variety of patient- and disease-
related causes, such as the severity of atherosclerosis, age, gender, dyslipidemia, history of
AF, HF and/or technical aspects of the procedure itself, including mechanical manipulation
of instruments or interventional devices. Because of their thrombogenic nature, acute
thrombus may originate at any part of endovascular catheters. Thrombus formation on
transseptal sheaths despite adequate anticoagulation was reported in 9% of cases [13],
as well as the thrombogenicity of guidewires [14,15]. Therefore, the thrombogenicity of
endovascular catheters cannot be avoided completely in every left-sided procedure despite
an ACT level > 300 s, and the risk increases in long-lasting procedures, such as ventric-
ular (VT) tachycardia ablation. Arterial wall tissue was frequently found in the filters,
accompanied by smaller amounts of calcified and necrotic core tissue. The origin of this
type of debris might be the manipulation of the ablation catheter within the aortic root,
ascending aorta, and aortic arch. Debris may also originate from myocardial and valve
tissue by advancing and manipulating the catheters into the left ventricle via the mitral
valve [16]. Apart from biological tissue, foreign material was found in the filters of patients
undergoing different TPs, probably arising from hydrophilic polymer coatings used on
guidewires, catheters, previously implanted ICD leads, and transseptal sheaths, which have
been shown to produce clinically relevant particles [14,17,18]. New medical devices are
being developed to help mitigate this risk of cardioembolic embolism during TPs. Cerebral
protection devices (CPDs) are mechanical barriers designed to cover the ostium of the
supra-aortic branches in the aortic arch. They are characterized by a low-profile allowing
the implantation by the radial or femoral artery, filter capabilities, and stability during the
procedure. Their implantation is temporary and covers the duration of the procedure, after
which, they are removed. CPDs have been designed and tested in particular to reduce the
cardioembolic risk during TAVR, but their use in Cath labs and EP labs is rapidly increasing.
According to recent studies and meta-analyses, CPD use is safe in terms of bleeding and
vascular complications, but its real effectiveness in decreasing stroke rate and other major
cardiovascular embolic events is still a matter of debate [19–21]. Significant reduction
in MACE and mortality was sometimes reported, without differences in acute kidney
injury. On the contrary, significantly lower subclinical brain lesions have been detected
by diffusion-weighted magnetic resonance imaging (DW-MRI) in all studies [22,23]. Data
on their use in clinical practice beyond TAVR is still limited. However, there is growing
evidence of CPD safety in LAAC and VT ablation with concomitant left atrial appendage
(LAA) or left ventricular thrombosis [18,24]. In this review, we aimed to present the techni-
cal characteristics of current available CPDs and update clinical evidence supporting their
use in Cath labs or EP labs.

2. Cerebral Protection Devices

To reduce the risk of stroke, CPDs have been developed to prevent debris and clots
from embolizing the brain [25]. Clots can already be present at the time of the procedure or
can develop during it. CPDs are usually inserted throw a radial or femoral artery access.
The positioning of the device can be challenging, particularly if atherosclerotic plaques are
located in the vicinity of the ostium of supra-aortic vessels or aortic arch, hampering the
implantation and positioning of the device which may even promote plaque disruption
and, consequently, cerebral embolization. Therefore, in patients with several risk factors
for atherosclerosis, such as smoking, diabetes, obesity, and kidney disease, a preprocedural
chest computed tomography angiography (CTA) may be indicated [26]. CTA can also
reveal some arteriopathies, such as vascular tortuosity or aneurysms, which can preclude
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the use of the device or its corrected deployment. The actual efficacy of the CPDs depends
on the capacity to protect the three main branches of the aortic arch and the ability of
the specialists to deploy it without disrupting aortic arch plaque. They can be classified
as filters or deflectors: filter devices can retain embolic material, while deflector devices
reject the debris towards the descending aorta [27]. Despite deflector systems not being
capable of entraping embolic material but only diverting it towards the descending aorta,
no cases of embolism in inferior districts have been reported so far. There are eight types
of CPDs [28]. In general, all devices are constituted by various shapes of heparin-coated
polyurethane membranes of around 100 μm size pores.

2.1. Deflector Systems

– Embrella (Edwards Lifesciences, Irvine, CA, USA) received a European CE mark
approval in 2010. It was developed to deflect embolic material during TAVR [29]. This
device is inserted by right radial or brachial approach with a 6 Fr sheath. The distal
end is an umbrella-like device with two heparin-coated polyurethane membranes
(pore size: 100 μm). The CPD is placed through the greater curvature of the aorta,
safeguarding the brachiocephalic and left common carotid artery. Since the left sub-
clavian artery is not covered by the device, Embrella provides only partial protection
to supra-aortic vessels. According to the pilot study PROTAVI-C, the device was
successfully positioned in 100% of the TAVR procedures (N = 41) [30]. Although its
use was associated with a reduction in lesion volume evaluated by DW-MRI, it did
not prevent the occurrence of new cerebral microemboli.

– TriGuard (Keystone Heart, Caesarea, Israel) received a European CE mark in 2014 [31].
It is advanced through a 9 Fr arterial sheath placed into the left femoral artery and
deployed to cover the ostia of the three supra-aortic trunks. Its new generation,
the TriGuard 3, incorporates a self-expanding deflection filter composed of a struc-
tural radiopaque nitinol frame and an ultra-thin polymer mesh (nominal pore size
115 × 145 μm). The device is heparin-coated to reduce thrombogenicity and increase
lubricity. The full system includes a delivery subsystem for crimping and loading the
device into an 8F sheath [32]. The device was primarily developed to provide cerebral
protection during TAVR [33,34]. In recent years, its use in LAAC and VT ablation
procedures has rapidly increased and provided encouraging results that could pave
the way for new employment in electrophysiological procedures [35,36].

– ProtEmbo CPS (Protembis, Aachen, Germany, EU) received a European CE mark
in 2014. This device covers all three supra-aortic vessels, and its low-profile design
provides delivery by left radial access. The heparin-coated mesh has the smallest pore
size (60 μm) among all available CPDs. For this reason, it might even safeguard the
cerebrum from smaller-sized debris [32,37]. The PROTEMBO C trial evaluated the
safety and performance of the ProtEmbo CPS in TAVR patients [38]. The CPD met
the primary safety and performance endpoints compared to prespecified historical
performance goals. Enrolled patients had smaller brain lesion volumes on DW-MRI
compared to prior series and no large single lesions (>150 mm3). The ongoing PRO-
TEMBO SF (ClinicalTrials.gov Identifier: NCT03325283) is a prospective, observational,
multicenter, intention-to-treat study of the safety and feasibility of the ProtEmbo CPS
in subjects with severe symptomatic native aortic valve stenosis indicated for TAVR.

2.2. Filter Systems
2.2.1. Supra-Aortic Filters

– Sentinel (Boston Scientific, Marlborough, MA, USA) received a European CE mark
in 2014 and is the most widely used CPD so far. It is formed by a dual system filter
basket containing two polyurethane mesh filters with 140 μm pores. It is advanced
through a 6 Fr delivery catheter from the right radial over a 0.014 inch guidewire. It
consists of a proximal filter (diameter of 9–15 mm) delivered in the brachiocephalic
artery and a distal filter (diameter of 6.5–10 mm) delivered in the left common carotid
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artery. Through an articulating sheath, the device can be sealed into the aortic arch
according to its anatomy [27]. Since the Sentinel device is deployed into supra-aortic
vessels, the diameter of the supra-aortic vessels must be previously measured by
CTA, because proximal and distal filters are developed to be accommodated within
a brachiocephalic artery of 9 to 15 mm, and a common carotid of more than 3 mm [39].
The left vertebral artery remains unprotected. Sentinel devices have only one available
size, so complete sealing might not be obtained in all aortic anatomies. Several uses of
this device for LAAC and VT ablation have been reported [18,36].

– The Wirion (Abbott, Chicago, IL, USA) is a single filter usually employed for carotid
stenting and lower extremity endovascular interventions [40]. It consists of a distal
filter (filter basket and locking mechanism) and a rapid exchange delivery catheter.
The exchange catheter has a 1.1 mm crossing profile and can be mounted on any
0.014 inch guidewire and via 6F or greater guiding catheters. The filter basket is made
of a self-expanding nitinol scaffold and a nylon filter membrane with 100 μm pores.
The filter can efficiently be deployed in vessels with a diameter ranging from 3.5 to
6.0 mm and at any location along the guidewire, using a proprietary remote locking
system (handle at the proximal end of the delivery catheter). Since this device protects
only one vessel at a time, it cannot be used alone for TPs at high risk of cardioembolism.
A study reported the utility of Wirion in combination with Sentinel to complete the
protection of the left vertebral artery in patients undergoing TAVR [31].

– Emblok Embolic Protection System (EPS, Innovative Cardiovascular Solutions, Grand
Rapids, MI, USA) is currently only for investigational use. It is formed by an 11 F
sheath device containing a 4 Fr pigtail catheter advanced through femoral access.
The filter system is a 125 μm pore-size nitinol that allows the embolic filter and
a radiopaque pigtail catheter to be advanced simultaneously through femoral access.
It fits in various anatomies of the aorta with a diameter of up to 35 mm. The prospec-
tive, nonrandomized, multicenter, first-in-man pilot study was designed to evalu-
ate the efficacy and safety of cerebral embolic protection utilizing the EPS-enrolled
20 patients undergoing TAVR [41]. The device was successfully placed and retrieved in
all cases, and no neurological events were observed. Cerebral total new lesion volume
was similar to other trials on cerebral protection during TAVR. An ongoing prospective,
multicenter, single-blind, randomized controlled trial enrolling >500 patients aims to
evaluate the safety, effectiveness, and performance of the EMBLOK EPS during TAVR
by randomized comparison with a commercially available embolic protection device
(ClinicalTrials.gov Identifier: NCT05295628).

2.2.2. Full Body Filters

– Emboliner (Emboline, Santa Cruz, CA, USA) device system is currently only for
investigational use. It is advanced from a 9 Fr transfemoral sheath used for the 6 Fr
pigtail catheter for TAVR. It is engineered to protect all three cerebral vessels and the
whole body. Early results from the SafePass 2 trial were presented in Transcatheter
Cardiovascular Therapeutics 2019, reflecting no adverse events at 30 days with 100%
procedural success.

– Captis (Filterlex Medical, Caesarea, Israel) is currently under development and carries
a deflector mechanism with ipsilateral transfemoral access. Positioned in the aortic
arch and descending aorta, it promises to provide full cerebral and body protection.
The results of the prospective, single-arm, first-in-human study presented at EuroPCR
2022 involving 20 patients who underwent TAVR showed 100% technical device
performance success, including deploy and retrieve and any interferences with the
TAVR procedure. There were neither device-related complications nor cerebrovascular
events (ClinicalTrials.gov Identifier: NCT04659538).

Figure 1 shows current CPDs used in cardiovascular TPs, while Table 1 summarizes
the pros and cons of each device.
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Figure 1. Current cerebral protection devices used in cardiovascular transcatheter procedures and
main technical features (name, coverage, access site, sheath/pore size [mm]).

Table 1. Pros and cons of current cerebral protection devices.

Device Pros Cons

ProtEmbo CPS [38]

Small size sheath (6 Fr);
Left radial/brachial access;
Mesh with the smallest pore size available;
100% successful device positioning.

Partial coverage of the supra-aortic trunk;
New cerebral lesions were detected, but smaller;
Available evidence only for TAVR.

Embrella [30]
Small size sheath (6 Fr);
Right radial/brachial access;
100% successful device positioning.

Partial coverage of the supra-aortic trunk;
New cerebral lesions were detected, but smaller;
Available evidence only for TAVR.

TriGuard 3 [36,42]

Intermedium size sheath (9 Fr);
Implantable through both the left and right
femoral arteries;
Full coverage of the supra-aortic trunk;
Can be left in the aortic arch for days;
100% successful device positioning;
Large amount of evidence;
Available evidence for TAVR, LAAC, and VT ablation.

Femoral access;
Procedural concerns if transcatheter procedure
performed through the retro-aortic path;
New cerebral lesions were detected, but smaller.

Sentinel [36,43]

Small size sheath (6 Fr);
Right radial/brachial access;
94.4% successful device positioning;
Largest amount of evidence;
Available evidence for TAVR, LAAC, and VT ablation.

Partial coverage of the supra-aortic trunk;
New cerebral lesions were detected but smaller.

Emblok [41]
Implantable through both the left and right
femoral arteries;
100% successful device positioning.

Intermedium size sheath (11 Fr);
Femoral access;
Procedural concerns if transcatheter procedure
performed through the retro-aortic path;
New cerebral lesions were detected, but smaller;
Available evidence only for TAVR.
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Table 1. Cont.

Device Pros Cons

Wirion [31]
Small size sheath (6 Fr);
Right radial/brachial access;
Very low amount of evidence.

Nonsufficient coverage of the supra-aortic trunk;
Available evidence only for TAVR;

Emboliner Coverage of the supra-aortic trunk and descending aorta;
Implantable through both the left and right femoral arteries. Data on the first-in-man study is not yet available.

Capitis Coverage of the supra-aortic trunk and descending aorta;
Implantable through both the left and right femoral arteries. Data on the first-in-man study is not yet available.

3. Cerebral Protection in Cath Labs

As reported above, CPDs have been designed and tested to reduce the cardioembolic
risk during TAVR. In fact, during TAVR, it is hypothesized that the manipulation of large
devices into the aortic arch and through the calcified native valve might mobilize and
fragment atherosclerotic plaques that are prone to embolization in the cerebral circula-
tion [44]. Structural and procedural concerns are considered the major periprocedural
risk conditions [45]: aortic valve area or aortic annulus size, the degree of aortic leaflet
calcification, pure aortic stenosis, high gradients, the degree of aortic atherosclerotic burden
(such as porcelain aorta), as well as procedure time, repositioning of the bioprosthesis, post-
dilation, the degree of anticoagulation, and the experience of the interventionalist. Ischemic
stroke occurring >1 year from TAVR is named late stroke, and although its etiology is less
understood, it seems to be mainly associated with patient characteristics: new-onset AF,
HF, diabetes mellitus, systemic inflammatory diseases, thrombophilia, and chronic kidney
disease. The disruption of the calcified native valve with denudation of endothelium and
lack of endothelization of the stent-valve were also proposed among possible causes [46].
Direct evidence of embolized material in 99% of cases in dedicated trials [47] explains
the high rates of peri-procedural strokes in the pivotal TAVR trials (5.5% at 30 days in
intermediate-risk patients) [48]. Also, considering the expansion of TAVR to treat severe
aortic stenosis in lower-risk patients [49,50], the rationale to minimize embolization and
stroke is strong, and several trials tested the efficacy of different CPDs in this context, with
two devices being particularly well-studied and more widely used. The Sentinel device is
the most widely used CPD for cerebral protection during TAVR. As mentioned above, the
whole cerebral circulation is not protected by this device, as the left vertebral artery, stem-
ming from the left subclavian artery, is uncovered, leaving the posterior cerebral circulation
prone to embolization. The Sentinel CPD has been studied extensively in earlier imaging
studies and smaller trials, showing a reduction in ischemic lesions at cerebral DW-MRI (50%
reduction of the number of new lesions and total lesion volume) but without a statistically
significant reduction of clinical neurological events at follow-up [29]. In the larger, recent
PROTECTED TAVR study [51], 3000 patients were randomly assigned to CPD or control.
In this study, the incidence of peri-procedural stroke (within 72 h of TAVR) was 2.3% in
the CPD group vs. 2.9% in the control group (difference: −0.6%; p = 0.30), thus failing to
demonstrate a statistically significant advantage of CPDs. However, the incidence of dis-
abling strokes was significantly lower in the CPD group (0.5% vs. 1.3%, difference: −0.8%;
p < 0.05). The TriGuard 3 device offers a different mechanism of cerebral protection by
deflection of debris to the lower systemic system. However, no clinical advantage has been
demonstrated in the only randomized controlled trial that was prematurely halted after the
commercial availability of a novel iteration of the device [42]. In the lack of clear data about
the benefit of CPDs to prevent clinical neurological events, despite a strong rationale and
direct biological evidence, it has been postulated that available trials were underpowered
to demonstrate a reduction of clinical events individually. In a meta-analysis including
only evidence from randomized controlled trials, independently of the device used, CPDs
were associated with a non-significant trend towards lower risk for death or stroke (ARR:
3.5%; NNT of 28) [52]. Another more recent meta-analysis also failed to show any clinical
benefit (RR for stroke: 0.88, 95% CI 0.57 to 1.36, p = 0.566; RR for disabling stroke: 0.85,

128



Life 2023, 13, 1819

95% CI 0.21 to 3.41, p = 0.818) and also no significant difference in terms of total lesion
volume on MRI was evident (−74.94, 95% CI −174.31 to 24.4, p = 0.139) [20]. Notably, these
analyses do not include the most recent (and largest) PROTECTED TAVR study. In terms
of observational evidence, an analysis of the large Society of Thoracic Surgeons-American
College of Cardiology Transcatheter Valve Therapy (STS-ACC TVT) Registry database
encompassing over 120,000 patients also found no significant reduction in stroke with the
use of CPD, although in a propensity-match analysis, CPD was associated with a significant
reduction of in-hospital stroke (odds ratio, 0.82 [95% CI, 0.69–0.97]; absolute risk difference,
−0.28% [95% CI, −0.52 to −0.03]) [53]. In summary, evidence that routine use of CPDs
during TAVR is of clinical benefit is lacking. However, there is a strong biological rationale
and abundant proof of safety and efficacy. Therefore, it is possible that CPD might be
beneficial in selected, higher-risk populations and/or in particularly young patients when
maximal precautions from adverse events are warranted. Table 2 summarizes the main
characteristics and results of randomized controlled trials (RCTs) investigating CPDs in
TAVR. Cost-effectiveness analyses were performed only for Sentinel, reporting a probability
to be cost-effective ranging from 45 to 86% at 30 days [54] and 57.5% at 5 years [55].
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4. Cerebral Protection in EP Labs

Electrophysiologic procedures have a non-negligible risk of stroke or systemic em-
bolism, particularly those performed on the left side of the heart. Periprocedural stroke
risk is estimated between 0.1 and 0.9% in patients undergoing catheter ablation (CA) of
AF [59–62], between 0.8 and 1.8% in patients undergoing CA of VT [63,64], and 0.7–1.1%
in patients undergoing LAAC [65,66]. Data about the benefits of CPDs in EP labs are still
missing, and those available are mainly from retrospective studies. Nevertheless, LAAC
remains the second procedure with the highest use of CPD reported in the literature after
TAVR. LAA is the most common site of thrombus formation in patients with nonvalvular
AF [67]. Oral anticoagulation (OAC) is used to prevent and treat AF-related thrombus.
However, LAA thrombus has also been noted in patients who have received full therapeutic
anticoagulation [68,69]. Therefore, OAC may fail to either prevent or resolve the thrombus.
In this specific scenario, LAAC may be a potential option [70,71]. Major LAAC studies
have excluded patients with LAA thrombosis due to the expected high risk of systemic
embolization. Consequentially, the absence of data regarding the feasibility and safety of
LAAC in the presence of LAA thrombus led to a nonclear indication of this procedure in
the latest guidelines on LAAC [72,73]. It must be noted that AF patients with failure of
OAC therapy, including those with stroke, transient ischemic attack (TIA), or multiple find-
ings of LAAC thrombosis at transesophageal echocardiography have limited therapeutic
chances and a very high risk of incurring ischemic events [74,75]. In recent years, some
retrospective studies [24] and one multicenter registry [76] highlighted the feasibility and
safety of this procedure using Amulet (St. Jude Medical) and Watchman (Boston Scientific)
devices. In a study, LAAC was proposed in combination with OAC as an enhancement of
antithrombotic therapy in AF patients incurred in stroke/systemic embolism despite OAC,
reporting optimistic results in terms of feasibility and safety after 5 years of follow-up [77].
The use of CPD in this scenario may further reduce the risk of severe intraprocedural
complications. However, the use of CPD in above cited studies has been reported in <30%
of procedures. In the systematic review by Sharma et al. [24], 17 patients received cerebral
protection with different devices. No strokes were reported, but vascular complications
were not assessed. In the multicenter TRAPEUR registry, a CPD (Sentinel) was used in
five patients [76]. Procedural success was achieved in all patients, with only one major
bleeding and four minor vascular complications observed. There was no periprocedural
peripheral embolic event identified. More recently, a few retrospective studies focused on
exploring intraprocedural and short/medium effects of CPD use in LAAC with concomi-
tant LAA thrombosis. In the largest multicenter European study, 27 patients from eight
centers with AF and LAA thrombus underwent LAA closure and cerebral protection with
the Sentinel device [78]. The procedural outcome was reached in 100% of patients with
any complication reported. Another single-center study treated 21 patients using Sentinel
and TriGuard 3, reporting a low rate of minor vascular complications (4%) and an absence
of major complications [36]. The mean procedure time, including placement of the CPD,
was 103 min. Compared to LAAC without LAA sludge/thrombosis, the procedure time
was longer (103 vs. 60 min, as reported in PRAGUE 17) [79]. The mean hospitalization
time was 2.9 ± 2.2 days. At a follow-up of 587 days, one TIA and two non-cardiovascular
deaths were noted. Currently, there are no validated criteria to identify patients with
LAA thrombosis and a high risk of embolization during LAAC. Moreover, unlike TAVR,
studies on the use of CMR to identify possible subclinical cerebral injuries that led to the
rupture of a part of the thrombus during the device placement are lacking. Overall, despite
the absence of comparative studies between use vs. nonuse of CPD in LAAC with LAA
thrombosis, data available so far highlighted the feasibility and safety of this procedure,
associated with either intraprocedural low risk of thromboembolism or other major com-
plications. VTs are life-threatening arrhythmias with higher prevalence in patients with
structural heart diseases [80]. In patients with HF, half of the deaths are sudden due to
life-threatening ventricular arrhythmias, including VTs [81]. Frequently, VT can be difficult
to manage clinically, and implantable cardioverter defibrillators (ICDs) have been shown
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to effectively prevent sudden cardiac death due to ventricular arrhythmias, but not to
prevent the recurrence of episodes of VT. Moreover, appropriate ICD shocks are associated
with significant morbidity and increased rates of mortality [82]. CA is being increasingly
performed as adjunctive therapy to prevent or reduce ICD therapies when antiarrhythmic
drugs are ineffective or not desired. However, VT ablation is associated with a significant
risk of complications, including cerebrovascular accidents due to embolic events. The
incidence of stroke in patients undergoing VT ablation in the context of structural heart
disease has been reported to be up to 2.7% [83]. The presence of intra-cardiac thrombus is
an absolute contraindication to VT ablation due to the high risk of embolization during the
procedure. The highest prevalence of LV thrombus is related to ischemic heart diseases,
while an intracardiac thrombus is rarely found in dilated cardiomyopathy. Left ventricle
ejection fraction (LVEF) <40% and left ventricle (LV) aneurysm are independent predictors
of LV thrombus [84]. However, 58% of patients without pre-procedural evidence of LV
thrombosis undergoing routine VT ablation procedures show new cerebral ischemic lesions
on postprocedural cerebral MRI [63]. Although these embolic events were initially thought
to be subclinical, current investigations showed they might have negative neurocognitive
effects [85]. While a number of strategies have been developed to minimize the risk of
procedure-related embolic events, including peri-procedure anticoagulation, use of irri-
gated ablation catheters, and selective use of retrograde-aortic access, the risk of brain
emboli remains high [63]. Application of the CPD during CA of VT seems to be feasible and
safe, and captured debris from an acute thrombosis was demonstrated in several studies
despite sufficient ACT, while foreign material was found in 55% of filters [63]. Two small
studies specifically investigated CPD in patients undergoing VT ablation. A study reported
feasibility and safety in a series of 11 patients with ischemic heart disease using Sentinel [18].
Debris in the device was detected in all patients at the end of the procedure. The other
study reported the use of Sentinel and TriGuard 3 in seven patients undergoing VT ablation
of mixed etiology without complications [35]. In a single-center experience of using CPD
in EP labs, nine patients (30%) underwent VT ablation [36]. Among those, five showed
LAA thrombosis, three showed LV thrombosis or severe spontaneous echo contrast, and
one had mobile thrombotic material in the aortic arch detected prior to the intervention.
Table 3 summarizes the clinical characteristics and main results of the above-cited studies.
Paradoxically, the use of CPD during AF ablation, the most frequent cause of ischemic
stroke/systemic embolism worldwide, is currently limited to one case of a patient with
evidence of severe left atrial smoke [86]. A database reported a periprocedural stroke rate
of 0.4% during CA of AF, which is non-negligible considering the volume of procedures
performed worldwide daily [87]. Other studies reported an even higher rate, ranging from
0.9 to 1.4% [88,89]. Generation of cerebral microembolisms (firstly: air or thrombus entry
via sheaths; secondly: coagulum formation on the catheter itself or over-delivered ablation
lesions; thirdly: gas bubble formation occurring during CA) was reported from CMR
studies, probably resulting from the technical aspects of the procedure [90]. The modality
of ablation, including catheter type, affects this risk. Both preclinical and clinical studies
confirmed that the air forcing into the left atrium through the septal sheath during the
introduction of a ring catheter is the main source of gaseous microembolisms [91–95].
A pilot randomized study of the use of Sentinel for cerebral protection during CA of AF is
currently ongoing (ClinicalTrials.gov Identifier: NCT04685317).
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Table 3. Available studies on cerebral protection device use in EP labs.

Studies Study Type Year Procedure Type Sample Size Results

Heeger et al. [18] Retrospective study 2018 VT ablation Sentinel (n = 11)
– Procedural success: 100%;
– No strokes reported;
– No complications.

Sharma et al. [24] Systematic review 2020 LAAC with
LAA thrombosis

N = 58
CPD (not specified,
n = 17)

– Procedural success: 100%;
– Strokes: 1;
– Device-related

thromboses: 2.

Boccuzzi et al. [78] Registry 2021 LAAC with
LAA thrombosis Sentinel (n = 27)

– Procedural success: 100%;
– No strokes reported;
– No complications.

Zachariah et al. [35] Research letter 2022 VT ablation Sentinel (n = 6)
TriGuard 3 (n = 1)

– Procedural success: 100%;
– No strokes reported;
– No complications.

Trapeur [76] Registry 2022 LAAC with
LAA thrombosis

N = 53
Sentinel (n = 5)

– Procedural success: 100%;
– No strokes reported;
– Not reported CPD safety

and efficacy.

Berg et al. [36] Retrospective study 2023
LAAC with
LAA thrombosis
VT ablation

Sentinel (n = 14)
TriGuard 3 (n = 21)
Sentinel (n = 5)
TriGuard 3 (n = 4)

– Procedural success: 100%;
– No strokes reported;
– Four minor vascular

access complications.

5. Future Perspectives

CPDs have been used for the prevention of cerebral embolization in carotid stenting
procedures or cardiac surgery for nearly two decades, have a proven safety profile, and have
demonstrated clinically meaningful reduction in neurological events. Now, new devices
have been developed for cardiac TA. So far, CPDs are designed as filters or deflectors, with
reported similar efficacy and safety in cerebral protection. However, comparative studies
among the devices are not yet available.

The use of CPDs in TAVR is a developing field that recognizes the likelihood that
mechanical manipulation of interventional devices in the vasculature, as well as aortic
valve and aortic annulus, may result in stroke and new ischemic lesions by dislodging
pre-existing atherosclerotic and other debris. Future studies with a larger population
and greater statistical power are needed to prove the real benefit of CPD in preventing
significant clinical cerebrovascular events in this field. Particularly, studies focusing on
younger populations undergoing TAVR will be of paramount importance.

New clinical scenarios of CPD applicability should also be investigated. As the com-
plexity of both structural and coronary interventions is constantly growing, along with
treating patients at higher ischemic risk, the use of CPD could be useful, mitigating the oc-
currence of cerebrovascular events. Patients undergoing protected percutaneous coronary
intervention with the use of impeller or complex, high-risk, and indicated percutaneous
coronary interventions (CHIP) are often at increased risk of embolic events and would
benefit from the use of CPD. Transcatheter interventions on the mitral valve with severe
mitral annular calcification (MAC) are another source of calcium emboli, with a possible
risk of severe ischemic complications [96,97]. Future studies on these unexplored fields are
needed to explore the possible benefits of CPS use in different clinical scenarios. However,
due to a lack of data, it is still challenging for treating clinicians to determine whether to
offer CPD to all patients routinely or to use these devices selectively in patients they feel
are at high risk of procedural stroke. We do not currently have randomized data to inform
which patients truly are at higher risk, and who might be expected to derive benefit from
CPD. Pre-procedural assessment by CT angiography, which is already used to assess the
aortic root anatomy and orientation, should also be systematically used to stratify patient
risk of intraprocedural stroke and then to identify patients who may benefit from the use of
a CPD [98,99]. The recent availability of CPD in EP labs allowed for the treatment of pa-
tients who, in principle, would have been excluded for high intraprocedural risk of stroke,
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such as LAAC and VT ablation with concomitant intracardiac thrombus. Any LAAC in the
presence of a thrombus runs the risk of dislodgement and embolization. Therefore, modifi-
cation of the procedure to minimize interventions within the LAA has to be considered [24].
Several alternative approaches have been described so far, such as minimum LAA contrast
injection and catheter manipulation (no-touch technique), removal of the delivery sheath
outside the LAA with careful advancement of partially opened devices, and placement of
the delivery sheath in the proximal LAA with cautious advancement. Types of LAAC de-
vices could potentially affect the feasibility of the procedure in presence of LAA thrombus.
The risk of distal touching and embolization might be higher with umbrella-shaped devices
like the Watchman, because the Watchman delivery sheath has to be advanced into the LAA
until its marker aligns with the ostial plane of the LAA [100]. The deployment happens
from the distal to the proximal direction. The newer Watchman FLX has several new fea-
tures compared with the previous generations, which may make the procedure safer [101].
The Watchman FLX has a reduced device length and closed distal nitinol loops to allow safe
navigation of the partially deployed device in the LAA. In addition, when fully deployed,
the Watchman FLX has only one-half the depth compared with the Watchman. On the
contrary, lobe and disc devices like Amulet, which have a short length, allow for a shallow
deployment without having to engage the LAA distally, and potentially avoid any contact
with the thrombus. Furthermore, the deployment happens from the proximal to distal direc-
tion, with a minor risk of disturbing a distally located LAA thrombus. Partial or complete
retrieval and re-deployment may significantly increase the risk of thrombus dislodgement;
therefore, meticulous planning and attention to detail must be paid, including device sizing.
In VT ablation, intracardiac echocardiography was demonstrated to be helpful in avoiding
thrombus contact during catheter manipulation [102]. As cited above, microembolism
could derive from procedure-related technical aspects; therefore, the minimum number
of transeptal punctures should be used. Thrombus formation can also occur during the
procedure and be dislodged into the systemic circulation in the form of microemboli. Silent
cerebral lesions due to the microemboli formation during CA of AF were largely confirmed
in the past [90,103], but their causal role in the development of cognitive defects in short
term was reported as transient or completely absence by some studies [95,104]. Instead, the
long-term effects of cerebral microembolization during AF ablation have not investigated
yet and, in any case, are hard to investigate due to several confounding factors; this might
be the reason why, currently, there are no studies that propose the intraprocedural use of
the CPD. Few studies investigated the embolic risk of the different CA techniques [90]. RF
and cryoballoon are modalities used widely throughout the world. Transcranial Doppler
monitoring studies show significant microembolic signals with any ablation modality. The
number of signals appears much higher with nonirrigated RF compared with irrigated RF
and appears lowest—but not negligible—with cryoablation [105]. a higher degree of blood
damage, platelet activation, and thrombogenesis with RF ablation compared to cryoabla-
tion [106,107]. Several studies reported that the multielectrode-phased RF (PVAC) catheter
led to a substantially higher rate of microthrombi formation [108–110]. Managing electrodes
could reduce thromboembolic events with the PVAC [111,112]. Similarly, the new very
high-power, short-duration ablation (vHPSD) involving high-power (up to 90 watts) RF ab-
lation delivered over a short duration (as little as 4 s), reported a high rate of silent cerebral
lesions, albeit with no clinical strokes or cognitive impairment [113]. Pulsed-field ablation
(PFA) works by using electrical fields to induce the electroporation of cells. As different cell
types have different electroporation thresholds, PFA brings significant safety advantages
by minimizing damage to extracardiac structures such as the esophagus and phrenic nerve.
One-year outcomes from the IMPULSE and PEFCAT I + II studies found that PFA was very
safe, with only 1 TIA in 121 patients, and of the eighteen patients who underwent cranial
MRI scanning post-PFA ablation, one (who had suffered a clinical TIA) showed an acute
lesion, and another had a single silent cerebral lesion [114]. The MANIFEST-PF survey,
including data on 1758 patients across 24 clinical centers, reported TIAs in two patients
(0.11%) and stroke in seven patients (0.39%) [115].
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6. Conclusions

TA has revolutionized the treatment of the most common heart diseases, but is not
free from possible severe complications. Intraprocedural stroke is a well-documented
and feared potential risk of TA, despite the technological advancements and operator
experience. As most cases are procedure-related embolizations, CPDs have excellent
potential to prevent acute embolism, and their employment has allowed them to carry
out procedures previously not feasible due to high thromboembolic risk. Given the large
number of procedures performed daily in either Cath labs or EP labs, universally accepted
criteria to identify patients at high risk of intraprocedural thromboembolism in whom
CPD could be useful are needed. Moreover, it should be noted that the efficacy of CPD on
the reduction of cerebral events has not been proved with any type of device and further
adequately powered RCTs are needed to establish the optimal role of CPD in TA.
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Abstract: Background: Drug-coated balloons have been used as a non-stenting treatment in coronary
and peripheral artery disease. Until recently, only sirolimus- and paclitaxel-coated balloons have been
investigated in clinical trials. We evaluated the safety and efficacy of an innovative everolimus-coated
balloon (ECB) in a swine coronary artery model. Methods: thirty-two swine coronary arteries were
prepared through dilatation with a non-coated angioplasty balloon in a closed-chest model. During
a period of 90 days, the following four groups (four animals per group, two coronary arteries per
animal) were compared for safety and efficacy: A, Rontis ECB with 2.5 μg/mm2 of drug per balloon
surface; B, Rontis ECB with 7.5 μg/mm2; C, Rontis Europa Ultra bare balloon; and D, Magic Touch,
Concept Medical, sirolimus-coated balloon with a drug load of 1.3 μg/mm2. Results: Differences in
local biological effects (arterial reaction scores) and surface of intimal area (mm2) were not statistically
significant between the treatment groups. Numerically, group A showed the lowest intimal area and
intimal mean thickness, while group B showed the lowest stenosis among all groups. Conclusions:
ECB was safe and effective in a porcine coronary artery model. The dose of everolimus may play a
role in the biocompatibility of the balloon.

Keywords: drug coated balloon; everolimus; coronary arteries; angioplasty; porcine model

1. Introduction

The routine use of drug-eluting stents (DES) for percutaneous treatment of coronary
disease has shown that DES are more effective in preventing restenosis than bare-metal
stents [1]. However, in-stent-restenosis (ISR) remains a major complication even after
new generation DES have been introduced into the market. Recent data has suggested
that treatment of ISR may account for 5–10% of all percutaneous coronary procedures
performed [2,3]. A third consecutive procedure in recurrent ISR involving a third DES
implantation results in a further increase in the ISR rate [4]. An additional drawback of
current DES is the need for dual antiplatelet therapy at least four months after angioplasty,
whereas a significant proportion of patients must discontinue the administration of the
second antiplatelet agent for non-cardiac reasons soon after the procedure.
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Drug-coated balloons (DCBs) are endovascular balloons coated with a drug that is
delivered to the target endothelial site during inflation and contact with the vascular tissue
without leaving a permanent implant behind following the procedure [5]. Commercially
available DCBs for coronary interventions use paclitaxel and sirolimus. Studies reported
that DCBs are an alternative to DES for ISR [6,7]. Moreover, there is evidence that treatment
of de novo coronary lesions with DCBs is associated with a similar risk of restenosis and a
lower risk of target lesion thrombosis compared to DES in patients with specific anatomical
or clinical characteristics [8]. Furthermore, DCBs offer the option for a shorter duration of
double antiplatelet therapy, allowing their use in patients with a high risk for bleeding [8].

Everolimus is a synthetic immunosuppressant derived from a chemical modification
of rapamycin that promotes cell cycle arrest in the late G1 phase. Everolimus was originally
used in second-generation drug-eluting stents and, due to its proven safety and efficacy,
was subsequently used in newer drug-eluting stents and bioresorbable stents [9].

Everolimus has not been tested in DCBs. Based on the fact that everolimus-eluting
stents generally perform better than paclitaxel-eluting stents and, in some aspects, better
than sirolimus-eluting stents [10,11], we hypothesized that an everolimus-coated balloon
could perform better than existing DCBs. The primary scientific questions of this study
were whether the developed everolimus balloon is safe and efficient in a swine coronary
artery model and what the possible effects of the therapeutic dose of the drug are.

2. Materials and Methods

Sixteen female pigs (four animals in each of the four groups, as described below),
5–6 months of age, weighing between 50 and 55 kg, were used. The number of necessary
samples was determined with power analysis [12]. The experiments were conducted
at a licensed facility of the University Hospital of Patras (University of Patras, Patras,
Greece). The facility was equipped with individual cages in climate-controlled rooms. The
animals were given a minimum 24-h period for acclimatization after transportation to the
facility and experimental procedures. Food was withheld 12 h prior to anesthesia. The test
protocols were approved by the Animal Care and Use Board of Patras University Hospital’s
ethics committee and by the veterinary board of Western Greece’s Provincial authorities.
Additionally, the protocols complied with the medical research ethical principles of the
Declaration of Helsinki, the ARRIVE guidelines, and the European Union legislation
according to the principle of the 3Rs (Reduction, Refinement, Replacement), ensuring
an adequate but low number of animals, improved experimental techniques, and living
conditions such that the animals were kept to minimum pain or suffering [13,14].

2.1. Anesthesia and Intubation

All animal experiments were performed under general anesthesia (15 mg/kg intra-
muscular ketamine and 2 mg/kg xylazine) followed by endotracheal intubation (FiO2:0.4).
Continuous propofol infusion (1–1.4 mg/kg) was administered during anesthesia [15,16].
Pulse oximetry (via the animal’s tail) and heart rate were monitored throughout the opera-
tion. Each animal was marked with their assigned number in both ears after anesthesia
and prior to the procedure.

The right superficial femoral artery was chosen for arterial access under ultrasound
guidance [17]. The Seldinger technique with a 21-gauge needle was used, a 6-Fr-10 cm radial
artery sheath (Terumo Medical Corporation®, Shibuya, Japan) was inserted, and 100 U/kg
heparin was administered intra-arterially. Intra-arterial blood pressure was monitored
throughout the procedure. Dual antiplatelet therapy (aspirin 100 mg plus Clopidogrel
75 mg) was administrated to each animal daily for 2 days prior to the procedure and for
10 days afterward, followed by administration of Aspirin 100 mg daily for 80 days.

2.2. Coronary Artery Balloon Dilatation

Procedures were performed with a Philips Allura Flat-Panel Angiography Unit (Philips,
Amsterdam, The Netherlands). All procedures were carried out by three experienced operators
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(C.S.K., G.T., and P.D.). Engagement of the left and right coronary arteries was mainly achieved
by the Amplatzer AR1® (Cook Medical®, Bloomington, IN, USA.) catheter and the Right
Coronary Bypass® (RCB) catheter (Cordis Corporation®, Hialeah, FL, USA), respectively.

Four groups were compared: group A, Rontis everolimus-coated balloon 2.5 μg/mm2

of drug per balloon surface; group B, Rontis everolimus-coated balloon 7.5 μg/mm2; group
C, Rontis Europa Ultra bare balloon; and group D: sirolimus-coated balloon with a dose of
1.3 μg/mm2 (Magic Touch, Concept Medical, Gujarat, India). The test device (everolimus
DCB) was a drug-coated angioplasty catheter based on the Europa Ultra coronary balloon
catheter delivery platform (Rontis Hellas SA, Larissa, Greece). The balloon’s surface was
coated with a proprietary biocompatible excipient system and a therapeutic dose of the
drug everolimus (2.5 or 7.5 μg drug per mm2 of balloon surface). This formulation forms a
homogenous film-like coating around the balloon that helps reduce drug wash-off when
advancing the catheter and navigating through the blood vessels and promotes effective
drug delivery into the vessel wall when the balloon is deployed at the target lesion site.

Initially, a coronary angiogram and an Optical Coherence Tomography Study (OCT,
DragonflyTM OPTISTM Imaging Catheter, Abbott, IL, USA) were performed. Afterward,
the vessel was prepared through dilatation with a standard, non-coated angioplasty balloon
(Europa Ultra, 3.5 mm × 15 mm, Rontis Hellas SA, Larissa, Greece) with a balloon-to-artery
diameter ratio of 1.1:1, aiming to cause intimal damage and trigger the onset of vascular
repair in order to develop an atherosclerotic lesion (two coronary vessels per animal, one
dilatation per vessel). The location of the target sites was specified by fluoroscopy of the
radio-opaque markers on the balloon catheters in relation to other landmarks of vascular
anatomy, such as the ostium of the treated artery, the left main (or other) bifurcation,
diagonal and septal branches, marginal branches, and right artery branches. Usually,
the area of interest was located a few millimeters distally or proximally to an arterial
bifurcation. Data from the OCT were also used for verification of the lumen’s diameter
and as an additional landmark, e.g., the distance from the ostium or other marks. The best
angiographic image was selected for use as a visual guide during the second phase of the
experiment and was displayed alongside the working monitor.

Then, the angiographic table was locked, and, using the aforementioned angiographic
image, the balloon catheters under investigation were deployed. Each pig received two
balloon “treatments” in two corresponding arteries (one treatment per artery; either the Left
Anterior Descending Artery (LAD), Right Coronary Artery (RCA), and/or Left Circumflex
Artery (LCX)). The balloons (3.5 mm × 20 mm in all 4 groups) were inflated at the area
of interest. The everolimus DCBs and bare balloons were inflated for 60 s at a pressure of
10 atm, while the sirolimus DCBs were inflated at 8 atm. Inflation pressure was applied
in accordance with the specific compliance chart of each product, aiming to overinflate
the balloon in order to reach a diameter 0.1–0.2 mm greater than the nominal luminal
diameter. OCT was performed after the inflation in order to detect possible dissections or
any other problems in the vasculature. Finally, the vascular status was assessed by coronary
angiography. A vascular closure device (Angio-Seal 6F, Terumo Medical Corporation®,
Shibuya, Japan) was used to seal the catheterization site, while an ultrasound verified the
absence of local bleeding.

The study duration was 90 days. At the end of the study period, new angiography
and OCT studies were performed on the treated vessels, and thereafter, the animals were
sacrificed, and specific tissues (the target arterial sites and biopsies from specific internal
organs, including the myocardium) were collected for histomorphometry and histopatho-
logical evaluation. A macroscopic (visual) investigation of the internal organs also took
place, looking for any signs of systemic toxicity possibly associated with DCB deployment
and drug/excipient wash-off. Data from OCT were collected for a parallel study aiming
to develop an in silico simulation of the process and compare OCT data with data from
histomorphometry. For the purposes of this study, data from the OCT were used only for
verification of the lumen’s diameter and as an additional landmark of the area of interest.
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2.3. Histotechnology and Histomorphology by Image Analysis

A scoring system reference was used to assess the arterial wall reaction at the dilatation
areas by recording endothelial cell loss, deposits of fibrin attached to the intima, tunica
intima proliferation, tunica intima and/or media inflammation, focal or diffuse medial
hypertrophy and fibrosis, lamina elastica rupture, smooth muscle proliferation in the intima,
proteoglycan/collagen presence and distribution, arterial inflammation, medial smooth
muscle cell (SMC) loss, the presence of markers suggesting a host reaction associated
with the process (polymorphonuclear cells, lymphocytes, plasma cells, macrophages, giant
cells, necrosis, fibrosis, peristrut hemorrhage/fibrin accumulation, neovascularization, fatty
infiltrate), elastic lamina (EL) rupture (external EL rupture, internal EL rupture), and medial
hypertrophy (focal, diffuse). A scoring system, adapted from ISO 10993-6:2016, was applied.
A score from 0 to 4 for each parameter was applied according to the histological findings.
Score differences between 0.0 to 2.9 were considered no or minimal host reaction, 3.0 to
8.9 slight host reaction, 9.0 to 15.0 moderate host reaction, and≥ 15.1 severe host reaction
compared to a reference material, as per ISO 10993-6:2016. Limited systemic effects were
also evaluated.

Regarding the quantitative parameters analyzed by histopathology, each treatment site
was transversally trimmed at five approximately equidistant levels of the artery segment,
two End Segments (End 1 and End 2), two Middle-End Segments (Middle-End 1 and
Middle-End 2) and one Middle Segment, then dehydrated, embedded in paraffin wax,
sectioned at an approximate thickness of 2–4 μm, and stained with Hematoxylin and Eosin
(HE) and Elastin Trichrome (ET) (Figure 1).

Figure 1. Illustrative image of the sectioning of the artery samples. Each treatment site was transver-
sally trimmed at five approximately equidistant levels of the artery segment: two end sections,
two middle-end sections, and one middle section.

All arterial segments were image scanned by an Olympus Slideview VS200 slide
scanner using a VS-264C camera and 20× objective (Olympus Life Science, Hamburg,
Germany). Quantitative evaluation was performed using Olympus imaging and image
analysis software cellSens v1.18 (Olympus Life Science, Hamburg, Germany). The follow-
ing parameters were measured on the two HE-stained end segments (End 1 and End 2) and
three HE-stained middle segments (Middle-End 1, Middle, and Middle-End 2) for all arter-
ies: area within external elastic lamina (EEL; μm2), area within internal elastic lamina (IEL;
μm2), lumen (μm2), intima (μm2, calculation: IEL − Lumen), media (μm2, calculation: EEL
− IEL), stenosis [%, calculation: 100 − (100 × Lumen/IEL)], and intimal mean thickness
(μm) (average value from 10 equidistant thickness measurements) (Figure 2).

Quantitative parameters were overall combined [either End segments (End 1 + End 2),
Middle segments (Middle-End 1 + Middle + Middle-End 2), or all segments (End 1 + Middle-
End 1 + Middle + Middle-End 2 + End 2)]. For intimal thickness, a mean value was calculated
from ten measured values per vessel. These arithmetic mean values were used for further
descriptive statistics.

Tissues from the spleen, liver, kidneys, lungs, and myocardium were also dehydrated,
paraffin-embedded, sectioned at an approximate thickness of 2–4 μm, and stained with
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Hematoxylin and Eosin (HE) in order to detect any signs of systemic toxicity occurring due
to ECB application. All sections were QC under light microscopy.

Figure 2. Exemplary image indicating the measured parameters in the examined artery segments.
Animal 16, Middle-End 1 Segment, Artery RCA, group A, HE, and objective ×20. External elastic lamina
(EEL) (blue color), internal elastic lamina (IEL) (red color), and lumen (in yellow). Intimal thickness
measurements were performed at ten equidistant points (black color), and the average was calculated.
The numbers (1–10) indicate the positions where thickness measurements were conducted.

2.4. Data Comparison and Statistical Analysis

The devices were compared for safety and efficacy. The primary safety endpoint was
the absence of major adverse events (death or myocardial infarction) occurring immediately
after the intervention and up to three months later. We also recorded any signs of coronary
thrombus formation immediately after balloon inflation through angiography. Efficacy
endpoints were based on the results of the histology and morphometry. The primary
efficacy endpoint referred to the statistically significant comparison of neointimal forma-
tion (“intimal area” from the quantitative evaluation of histopathology) and arterial wall
reaction score (from histology) between the test groups. Secondary endpoints involved an
assessment of the area within the external elastic lamina, the area within the internal elastic
lamina, lumen area, intima, media, lumen stenosis, and intimal mean thickness. Regarding
systemic effects, findings from the spleen, liver, kidneys, lungs, and myocardium were also
recorded. Statistical tests were performed using GraphPad Prism 9 (Graphpad Software,
Boston, MA, USA). Descriptive statistics were used for the medial area, intimal area, steno-
sis, and intimal thickness. The Shapiro-Wilk test for normality was performed. When the
data followed a normal distribution, the comparisons were performed with the unpaired
Student’s t-test. When data did not follow a normal distribution, the Mann-Whitney test
was used (in all cases, p-values < 0.05 were considered statistically significant).

3. Results

The balloons were successfully dilated into the target arteries, and in all cases, no severe
complications were detected during the procedure. No sustained or non-sustained ventricular
tachycardias were noted, and no severe dissections were seen in the final angiography. No
angiographic thrombus was detected. All closure devices were placed uneventfully.
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One animal (group C, bare balloons) died; the pig did not wake up after the an-
gioplasty procedure without an obvious cause identified by the veterinarian. All other
animals (N = 15) survived the scheduled study period, and 30 “treated” coronary arteries
were examined.

3.1. Systemic Reactions

Thrombosis within the myocardium or systemic organs was not detected. Porcine
pleuropneumonia was observed in four animals, a very common condition in young pigs,
which usually leads to chronic sequels, such as pleural fibrosis, often with adhesions to the
pericardium. Within the kidneys, the presence of minimal focal chronic infarcts in two pigs
was noted, one from Group A and one from Group D. There were no significant differences
in incidence/severity among the treatments.

The histological evaluation of the LAD, RCA, and LCX myocardial irrigated areas
revealed focal perivascular inflammatory infiltrate of small-sized arteries in animal no. P03
(grade 1, group A) and in animal no. P12 (grade 2, group B) of a medium-sized artery with
medial hyperplasia. There were no associated changes in the adjacent pericardium, such as
necrosis or degeneration. Other findings within LAD, RCA, and LCX myocardial irrigated
areas, such as mixed cell inflammatory infiltrate or the presence of myotubes, could be
associated with the balloon deployment, but there were no relevant differences in incidence
or severity between groups.

3.2. Arteries at the Dilatation Site and Host Reaction

The arterial wall reaction at the deployment sites varied in degrees of severity and
consisted of one or more of the following findings.

(a) Vascular wall findings: the endothelium lining often showed multifocal loss of en-
dothelial cells. Occasionally, there were multifocal minimal to slight deposits of
fibrin attached to the endothelial surface and increased intimal layer thickness due to
smooth muscle proliferation and deposition of proteoglycan or collagen production;

(b) Arterial inflammation: the tunica intima and/or media from most of the samples
presented with minor infiltrate of inflammatory cells;

(c) The tunica media appeared thickened by multifocal hypertrophy of the smooth
muscle cells;

(d) The occasional presence of lamina elastica rupture, more predominantly in the inter-
nal lamina;

(e) Host reaction associated with the balloon treatment sites consisted of minimal to slight
infiltrate in a small number of neutrophils (polymorphonuclear cells), lymphocytes,
and/or macrophages.

Fibrosis at the treatment site was minimal in two samples (one from group A and
one from group B) and moderate in one sample from group D, where fatty infiltrate was
also observed.

Numerically, the least severe host reaction associated with the balloon expansion
site was found in groups A and B, followed by groups C and D. However, differences
(≤1.4 points) were minor among the treatment groups and per ISO 10993-6:2016 defini-
tion (Table 1). Representative pathology images of treated artery segments, one for each
treatment group, are shown in Figure 3.

When combining all sections together (End 1, End 2, Midddle-End 1, Middle, and
Middle-End 2), group A showed the lowest intimal area and intimal mean thickness,
and group B showed the lowest stenosis among all groups. However, Group C showed
the lowest medial area. No statistically significant differences were observed between
the groups, except for the medial area, for which groups A and B showed a statistically
significantly higher medial area than group C (p = 0.0054 and p = 0.0031, respectively), as
seen in Table 2 and Figure 4.
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Table 1. Histology results at the balloon deployment sites. Average scores at the arterial balloon
deployment sites.

Group A Group B Group C Group D

Number of animals 4 3 4 4
Total Sample number 26 30 29 34

Sum Host Reaction Score Total 51 53 74 76
Host Reaction Average Score
associated with the balloon

deployment site
2.0 1.8 2.6 2.2

Vascular wall findings 5.2 5.9 5.7 5.4
Artery Inflammation 1.4 1.3 1.4 1.2

Medial smooth muscle cell
(SMC) loss 0.0 0.0 0.0 0.0

Medial smooth muscle cell
replacement tissue 0.0 0.0 0.0 0.0

Medial hypertrophy 1.8 2.1 1.6 2.8
Lamina elastic rupture 0.6 0.9 1.0 0.7

TOTAL Arterial Reaction
Average Score 11.0 11.9 12.2 12.4

Figure 3. Representative pathology images of treated artery segments, one for each treatment group.
The measurement parameters were the external elastic lamina (EEL), internal elastic lamina (IEL),
lumen, intima, and media. Ten approximately equidistant measurements were used to measure
the intimal thickness. (I) Animal 03, RCA, Middle-End 2, group A (everolimus-coated balloon
2.5 μg/mm2), (II) Animal 04, LAD, Middle-End 1, group B (everolimus-coated balloon 7.5 μg/mm2),
(III) Animal 05, LCX, Middle-End 1, group C (uncoated (bare) balloon), and (IV) Animal 06, LAD-End
1, group D (sirolimus-coated balloon 1.3 μg/mm2).
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Table 2. The medial area, lumen area, intimal area, intimal mean thickness, and % stenosis (average
(SD) with 95% confidence interval (CI)) in all treated arterial sections combined (End 1, End 2,
Midddle-End 1, Middle, and Middle-End 2). * p = 0.0054, # p = 0.0031 comparison of groups with the
respective symbol with group C.

Group A Group B Group C Group D

Lumen Area (mm2)
3.23 (4.58)
(1.38–5.08)

2.21 (2.38)
(1.29–3.14)

1.64 (1.58)
(1.03–2.25)

2.06 (2.82)
(1.02–3.09)

Medial Area (mm2)
4.39 (6.01) *
(1.97–6.82)

3.25 (4.21) #

(1.62–4.88)
1.68 (2.07)
(0.87–2.48)

2.49 (3.71)
(1.13–3.85)

Intimal Area (mm2)
0.098 (0.113)
(0.052–0.14)

0.138 (0.202)
(0.06–2.16)

0.114 (0.189)
(0.041–0.187)

0.114 (0.195)
(0.042–0.185)

Stenosis (%) 7.97 (13.4)
(2.58–13.37)

5.63 (5.29)
(3.58–7.68)

6.41 (8.36)
(3.17–9.66)

7.11 (13.12)
(2.30–11.92)

Intimal Mean Thickness (μm) 15.06 (22.4) 17.72 (21.2) 17.1 (22.42) 17.36 (27.65)

Figure 4. The lumen area, intimal mean thickness, intimal area, and % stenosis in all treated arterial
sections combined (End 1, End 2, Midddle-End 1, Middle, and Middle-End 2). Group A = everolimus-
coated balloon 2.5 μg/mm2, group B = everolimus-coated balloon 7.5 μg/mm2, group C = uncoated
(bare) balloon, and group D = sirolimus-coated balloon 1.3 μg/mm2.

In the Middle sections, group C showed the lowest medial area, intimal area, stenosis,
and intimal mean thickness when compared to groups A, B, and D. Groups A and B showed
a statistically significantly higher medial area than group C (p = 0.0270 and p = 0.0160,
respectively) (Table 3).

In the End sections, group C showed the highest intimal area, stenosis, and intimal
mean thickness when compared to groups A, B, and D. Group A showed the lowest
intimal area, stenosis, and intimal mean thickness values among all groups. No statistically
significant differences were observed between the groups, except for stenosis, for which
group A showed a statistically significantly lower stenosis than group C (p = 0.040) (Table 4).

Other findings within the LAD, RCA, and LCX myocardial irrigated areas referring to
mixed cell inflammatory infiltrate or the presence of myotubes could be associated with
the balloon implantation, but there were no relevant differences in incidence or severity
between treatments.
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Table 3. The medial area, lumen area, intimal area, intimal mean thickness, and % stenosis (average (SD,
95% confidence interval)) in the middle sections combined (Midddle-End 1, Middle, and Middle-End 2).

Group A Group B Group C Group D

Lumen Area (mm2)
1.71 (1.76)
(0.73–2.68)

1.76 (1.48)
(1.00–2.52)

1.47 (0.77)
(1.07–1.86)

1.71 (1.30)
(1.08–2.33)

Medial Area (mm2)
2.61 (2.69)
(1.13–4.10)

2.42 (1.91)
(1.44–3.41)

1.31 (0.51)
(1.05–1.57)

1.94 (2.09)
(0.93–2.94)

Intimal Area (mm2)
0.11 (0.14)
(0.03–0.18)

0.14 (0.25)
(0.06–0.19)

0.05 (0.03)
(0.04–0.07)

0.13 (0.22)
(0.02–0.23)

Stenosis (%) 11.01 (16.88)
(1.67–20.35)

6.11 (6.58)
(2.73–9.50)

3.97 (3.05)
(2.41–5.54)

8.09 (15.67)
(0.54–15.64)

Intimal Mean Thickness (μm) 19.2 (28.7)
(1.7–20.4)

18.5 (25.7)
(2.7–9.5)

10.0 (7.7)
(2.4–5.5)

20.7 (34.1)
(0.5–15.6)

Table 4. The medial area, lumen area, intimal area, intimal mean thickness, and % stenosis (average
(SD) (95% confidence interval) in the end sections combined (End 1, End 2).

Group A Group B Group C Group D

Lumen Area (mm2)
5.30 (6.31)
(1.06–9.54)

2.91 (3.30)
(0.69–5.12)

1.91 (2.39)
(0.30–3.51)

2.60 (4.29)
(0.00–5.32)

Medial Area (mm2)
6.82 (8.30)
(1.24–12.4)

4.53 (6.24)
(0.33–8.72)

2.25 (3.26)
(0.58–4.43)

3.37 (5.38)
(0.00–6.78)

Intimal Area (mm2)
0.09 (0.08)
(0.04–0.13)

0.13 (0.12)
(0.05–0.21)

0.21 (0.28)
(0.03–0.4)

0.09 (0.15)
(0.00–0.04)

Stenosis (%) 3.80 (3.83)
(1.26–6.41)

4.87 (2.27)
(3.34–6.39)

10.19 (12.17)
(2.01–18.36)

5.57 (7.98)
(0.49–10.64)

Intimal Mean Thickness (μm) 9.5 (6.3)
(5.3–13.8)

16.5 (12.3)
(8.2–24.8)

28.1 (32.3)
(6.4–49.8)

12.1 (11.3)
(4.9–19.3)

4. Discussion

In the current experimental study, we investigated whether or not the use of everolimus
DCBs was safe and effective for the treatment of coronary arterial sites where an injury had
been caused through the deployment of bare balloons using a swine model. We compared
Rontis’ everolimus DCBs (2 doses) with a non-coated balloon and a commercially available
DCB. The results suggested that: (1) the devices were safe; (2) the test balloons created
the least severe host reaction, although differences among all groups were not statistically
significant; (3) their use was associated with minimal neointimal formation, especially
at the ends of “injury” areas produced by plain balloons (less reaction with 2.5 μg/mm2

balloon), although the differences were not statistically significant; and (4) the dose of
everolimus may play a role in the biocompatibility of the device.

Everolimus, a semi-synthetic derivative of naturally occurring rapamycin with potent
immunosuppressive and anti-proliferative effects, is one of the four mammalian targets of
rapamycin (mTOR) inhibitors: sirolimus, everolimus, temsirolimus, and ridaforolimus [18,19].
These large molecules (molecular weight ~1000 kDa) inhibit the action of the mTOR protein
kinase complex through the binding of the FK506 binding protein-12 (FKB12), which forms a
ternary complex with mTOR [20].

Everolimus reduced neointimal proliferation in cultured human saphenous vein
grafts [21]. Moreover, stent-mediated delivery of everolimus inhibited the formation
of neointimal hyperplasia and neoatherosclerosis in porcine iliac arteries [22]. Everolimus
eluting stents (EES) have been widely utilized in clinical practice in patients undergoing
percutaneous coronary interventions. In a large randomized trial, the incidence of target
lesion failure and stent thrombosis at 12 months post-intervention were similar in patients
treated with either EES or sirolimus-eluting stents (both stents with durable polymers) [23].
However, at five years, the rates of target lesion revascularization, target vessel revascu-
larization, recurrent myocardial infarction, and stent thrombosis were significantly lower
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in the EES group compared to the SES group [24]. Moreover, only the use of SES with
a biodegradable polymer and/or ultrathin struts resulted in similar results to the use of
EES with a durable polymer and thicker struts [25–27]. The causes for this “advantage” of
everolimus are not clear. Minor differences in structure, systemic clearance, vessel wall
levels of the drug, and the relative hydrophobicity of sirolimus may play a role [18,19].

DCBs have been used to treat ISR and de novo coronary disease with promising results.
Different DCBs may result in differences in efficacy (late lumen loss) [28]. No everolimus
DCB has been tested in experimental models (or in clinical practice). We investigated
the results of a novel everolimus DCB in an experimental model of injury created by
plain balloons in non-atherosclerotic swine coronary arteries. We tested two different
doses of everolimus (2.5 or 7.5 μg drug per mm2 of balloon surface). In the comparative
evaluation (with a non-coated balloon and sirolimus DCB), differences were limited among
the groups in total arterial reaction average score. Numerically, a lower score was found
in groups with everolimus DCBs (both doses). There was no fibrosis at the treatment site
in most cases (fibrosis was minimal in two samples and moderate in one). To the best
of our knowledge, there are no similar studies for comparison. One study examined an
everolimus-eluting bioresorbable vascular scaffold (Absorb) and the second-generation
everolimus-eluting cobalt chromium XIENCE V stent in a porcine coronary artery model
and found that inflammation was mild at six months in both groups. The inflammation
score was greater at 12, 18, 30, and 36 months post-intervention in the Absorb and XIENCE
groups. Both devices exhibited absent or minimal inflammation at 42 months [29]. In our
DCB study, we provided data at only 90 days post-intervention. It is well known that
increased inflammation has been correlated with a greater neointimal thickness and ISR in
bare metal stents and DESs [30,31]. However, “continuous inflammation” is an important
factor in the ISR, while the role of inflammation in restenosis after balloon angioplasty does
not have the same significance as in ISR [32].

The intimal area was lower in everolimus-DCB groups, especially at the ends of “areas
of interest”. It is interesting that remodeling and neointima formation at the proximal
reference segments significantly affect the restenotic process after successful plain balloon
coronary angioplasty in humans [33]. The small differences among the groups may be
due to the limited number of treated arteries and the observed large standard deviations
for all groups and all parameters (data in Supplement). However, based on the results
of both the intimal area and inflammatory response, we can assume the everolimus DCB
is at least equivalent in safety and efficacy to the commercially available sirolimus-DCB.
It is also interesting that we recorded small differences in the two groups of everolimus
DCBs (2.5 or 7.5 μg drug per mm2 of balloon surface). Histomorphometrically, the media
area was greater in groups A and B compared to group C in the Mid-Segments (not in the
End-Segments). However, groups A and B had a numerically larger EEL area, IEL area, and
lumen area than group C in the same Mid-Areas. These results may be the consequences
of positive remodeling after everolimus DCBs, as in an everolimus-eluting bioresorbable
vascular scaffold [29], and, in combination with a lower intima area, indicate that the media
area differences were not deemed to induce more stenosis in groups A and B.

Limitations

Our study has some limitations. First, vascular responses to the balloons in healthy
(without atherosclerotic lesions) swine coronary arteries are likely different from those in
diseased human arteries. Second, the observation period was three months. We do not
know if we would have obtained the same results at different/additional time points after
the procedure. Third, we performed the experiments on pigs weighing 50–55 kg, whereas
the same animals, three months later, weighed more than 80 kg. Finally, despite all efforts
to mark the “areas of interest” accurately, small divergences in balloon positioning between
the first and second dilatation could not be excluded.

More than 25 years have passed since researchers started to examine local drug
delivery for arteriosclerotic lesions [34]. During the last decade, the proportion of patients
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(and lesions) who underwent DCB coronary (or peripheral) angioplasty in catheterization
laboratories has increased significantly [35]. Different drugs in DCB devices have not been
tested in large, randomized, clinical head-to-head comparison studies despite the fact that
experimental data suggest the absence of a class effect even within DCBs with the same
drug but differences in excipients and catheter properties [36,37]. There is only clinical data
from a study that evaluated two different paclitaxel DCBs for in-stent restenosis, a small
study comparing paclitaxel- versus sirolimus-DCBs in de novo coronary lesions, and from
indirect comparison between paclitaxel- and sirolimus-coated balloons exist [28,38,39]. Our
experimental data showed that an everolimus-coated balloon device is feasible and at least
equivalent in safety and efficacy to a commercially available sirolimus-coated balloon. We
think that accumulated experimental and clinical data are necessary not only to promote
the conduction of randomized clinical trials testing different drugs between different DCBs
but also to better understand the “response to injury” cataract in atherosclerotic lesions, de
novo, or within a previously placed stent. Maybe, in the end, every DCB device will find
a different place on the self of the catheterization laboratory. We think that we are in the
middle of the road. Obviously, further research is needed.

5. Conclusions

The present research is the first to investigate the safety and efficacy of an innovative
everolimus DCB in an experimental model of swine coronary arteries. The use of an
everolimus DCB is safe and effective with an acceptable degree of neointimal thickness
90 days post-intervention. The dose of everolimus may play a role in the biocompatibility
of the balloon.
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Abstract: Introduction. The tricuspid valve is an atrioventricular valve located on the right side
of the heart, which consists of the fibrous tricuspid annulus (TA), three valvular leaflets and a
supporting apparatus, the papillary muscles and the tendinous chords. The TA is an oval-shaped
three-dimensional (3D) fibrous structure with a complex spatial movement during the cardiac cycle.
Three-dimensional echocardiography (3DE) could help during “en-face” assessment of TA dimensions
and related functional properties featuring its “sphincter-like” function. TA plane systolic excursion
(TAPSE) is a displacement of the lateral edge of the TA toward the apex in systole measured in
apical long-axis using M-mode echocardiography (MME). The aim of this study was to determine
potential relationships between TA size and its “sphincter-like” and “longitudinal” functions in
healthy adults with no functional tricuspid regurgitation. Methods. The present study consisted of
119 healthy patients (age: 34.6 ± 11.5 years, 70 men) who underwent routine echocardiography with
M-mode-derived TAPSE measurement and 3DE. Two subgroups of healthy subjects were compared
with each other. A total of 29 subjects with TAPSE between 17 and 21 mm were compared with
90 cases with TAPSE ≥ 22 mm. Results. Subjects with TAPSE of 17–21 mm had tendentiously
dilated TA dimensions compared with subjects with TAPSE ≥ 22 mm. Significant differences could
be detected in the end-systolic TA area (5.85 ± 1.90 cm2 vs. 3.70 ± 1.22 cm2, p < 0.05), leading to
impaired TAFAC (24.8 ± 9.0% vs. 35.1 ± 9.1%, p < 0.05) in subjects with lower TAPSE (17–21 mm)
compared with subjects with TAPSE ≥ 22 mm. TAPSE did not show correlations with any TA size or
“sphincter-like” functional parameters as determined using 3DE. Conclusions. Three-dimensional
echocardiography is capable of measuring TA dimensions and functional “sphincter-like” properties,
which are associated with MME-derived TAPSE, suggesting a sensitive and harmonic TA function in
healthy adults without functional tricuspid regurgitation.

Keywords: echocardiography; healthy; speckle tracking; three-dimensional; tricuspid annulus

1. Introduction

Evaluation of the right side of the heart has come to the forefront of scientific thinking
in recent years. The reason for this is twofold: on the one hand, new therapeutic procedures
have become clinically usable that can be used for many disorders affecting the right side of
the heart (e.g., congenital heart disease, pulmonary hypertension, etc.). On the other hand,
non-invasive examination options that are easy to learn and use and enable a detailed
and extensive analysis have become widespread in routine clinics, e.g., three-dimensional
echocardiography (3DE) [1–7].

The tricuspid valve (TV) is an atrioventricular valve located on the right side of the
heart, which consists of the fibrotic tricuspid annulus (TA), three valvular leaflets and
a supporting apparatus, the papillary muscles and the tendinous chords [1]. The TV is
responsible for the one-way flow of blood from the right atrium (RA) to the right ventricle
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(RV) without substantial regurgitation. While examining the TV was difficult in the past,
new imaging options such as 3DE allow it to be examined in detail [4–11]. Therefore, every
year, many studies are conducted focusing on the non-invasive evaluation of the TV.

Functional tricuspid regurgitation (FTR) is commonly a result of different cardiac diseases
affecting the left heart with induced RV dilation and functional abnormalities, but it can be a
result of a dilated RA and TA [1–3]. The TA is an oval-shaped three-dimensional (3D) fibrous
structure with a complex spatial movement according to the heart cycle [1]. 3DE could help us
understand the clinical implications of FTR, enabling “en-face” assessment of TA dimensions
and related functional properties featuring its “sphincter-like” function [4–11]. However, the
complexity of the TA function includes its longitudinal movement, which is well represented
by its systolic excursion (TA plane systolic excursion, TAPSE), which can easily be determined
via its M-mode-derived measurement [12–16]. A harmonic 3D movement of the TA could
be theorized in healthy subjects before FTR develops. Therefore, due to limited quantitative
information, the current study aimed to determine possible relationships between TA size
and its “sphincter-like” and “longitudinal” functions in healthy adults without FTR.

2. Materials and Methods

Subjects: The present retrospective cohort study consisted of 154 healthy subjects who
participated as a volunteer between 2011 and 2015, and the investigation was performed at our
department. From this pool of healthy subjects, 35 individuals did not participate in this study
due to image quality problems for 3DE measurements and/or M-mode assessment of TA
plane systolic excursion (TAPSE). The remaining population was 119 subjects with a mean age
of 30.1 ± 10.3 years (70 males). Their clinical parameters were within normal ranges, including
weight (71.3 ± 12.3 kg), height (171.0 ± 10.2 cm), body surface area (1.84 ± 0.20 m2), body
mass index (22.9 ± 3.2 kg/m2), systolic blood pressure (122.1 ± 4.6 mm Hg) and diastolic
blood pressure (75.9 ± 4.1 mm Hg). An individual was considered healthy if they did not
have acute or chronic illnesses in their medical history or showed ECG abnormality. Complete
two-dimensional (2D) Doppler echocardiography was performed on all subjects and showed
normal results. None of them were smokers or had a history of regular drug use. According
to guidelines, TAPSE is considered to be normal if ≥17 mm, while the mean value of the
TAPSE of healthy subjects was found approximately 21.5 mm in a recent study [12,13]. The
group of healthy subjects was divided into 2 subgroups: subjects with TAPSE between 17
and 21 mm were compared with subjects with TAPSE ≥ 22 mm. All healthy volunteers
underwent a complete M-mode, 2D Doppler echocardiographic and 3DE examination. This
was a substudy of the Motion Analysis of the heart and Great vessels bY three-dimensionAl
speckle-tRacking echocardiography in Healthy subjects (MAGYAR-Healthy) Study (“Magyar”
means “Hungarian” in the Hungarian language). The study met the requirements of the
Declaration of Helsinki (as revised in 2013 and the updated versions) and was approved
by the Institutional and Regional Human Biomedical Research Committee of University of
Szeged, Hungary, under the registration number 71/2011 and updated versions. All subjects
provided informed consent.

M-mode and two-dimensional Doppler echocardiography: Two-dimensional Doppler
echocardiographic examinations were performed in accordance with available profes-
sional guidelines and accepted practices. During the examinations, a Toshiba ArtidaTM

echocardiography device was used, which could be connected to a PST-30BT (1–5 MHz)
phased-array transducer. The person to be examined was asked to lie on their left side,
and then, placing the transducer on the chest, measurements were taken from the typical
sections from both the parasternal and apical directions. After performing left atrial and
left ventricular measurements, the extent of any valvular regurgitation was determined
using the continuous-wave Doppler method and visual estimation. Doppler echocardio-
graphy was used to exclude significant valvular stenosis as well. LV-EF was determined
using Simpson’s method. Representing systolic longitudinal motion of the TA, TAPSE was
measured in apical long-axis as a displacement of the lateral edge of the TA toward the
apex in systole (Figure 1) [12,17,18].
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Figure 1. M-mode echocardiography-derived assessment of tricuspid annular plane systolic excur-
sion (TAPSE) from apical four-chamber view. Abbreviations: LA = left atrium, LV = left ventricle,
RA = right atrium, RV = right ventricle, TAPSE = tricuspid annular plane systolic excursion.

Three-dimensional echocardiography. The aforementioned Toshiba ArtidaTM cardiac
ultrasound equipment attached to a PST-25SX matrix array transducer was used for 3DE
examinations [5–7]. In accordance with our routines, pyramid-shaped 3D echocardio-
graphic datasets were acquired from the apical window. Data were collected during six
constant RR intervals seen on the ECG and during one breath hold, and an offline anal-
ysis was performed with the vendor-provided 3D Wall Motion-Tracking software (Ultra
Extend, Toshiba Medical Systems, Tokyo, Japan, version 2.7) at a later date. Using the
abovementioned 3D datasets, the software automatically selected apical two- (AP2CH)
and four-chamber (AP4CH) views and 3 short-axis views at basal, midventricular and
apical LV levels at end-diastole. Following the definition of the lateral and septal edges
of the LV - mitral annulus and endocardial surface of the apical LV, a sequential analysis
was conducted in order to create a 3D echocardiographic LV cast. Moreover, AP2CH and
AP4CH views were helped to find the optimal TA level on the C7 short-axis view. Directly
before tricuspid valve closure at end-diastole and directly before tricuspid valve opening at
end-systole, the following TA morphological and functional parameters were calculated
(Figure 2) [8,11,19].
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Figure 2. Assessment of the tricuspid annulus extracted from a three-dimensional full-volume dataset is
presented: apical four-chamber view (A); apical two-chamber view (B); and a cross-sectional view at the
level of the tricuspid annulus optimized in apical four- and two-chamber views (C7). The yellow arrow
represents the tricuspid annular plane. Abbreviations: LA = left atrium, LV = left ventricle, RA = right
atrium, RV = right ventricle, Area = TA area, Circ = TA perimeter, Dist = TA diameter.

2.1. Parameters Featuring TA Morphology

− TA diameter (TAD), evaluated by drawing a perpendicular line from the peak of TA
curvature to the middle of the straight TA border;

− TA area (TAA), evaluated via planimetry;
− TA perimeter (TAP), evaluated via planimetry.

2.2. Parameters Featuring TA Function

− TA fractional shortening (TAFS), defined as ([end-diastolic TAD − end-systolic TAD]/end-
diastolic TAD) × 100;

− TA fractional area change (TAFAC), defined as ([end-diastolic TAA − end-systolic
TAA]/end-diastolic TAA) × 100.

2.3. Statistical Analysis

Continuous data were presented as average ± standard deviation (SD), while categor-
ical data were demonstrated as n (%). Statistical significance was considered to be present
when p < 0.05. Levene’s test was accomplished for assessing homogeneity of variances,
while the Shapiro–Wilks test was used to test whether variables were normally distributed.
Student’s t-test was used for normally distributed datasets, while the Mann–Whitney–
Wilcoxon test was performed for non-normally distributed datasets. Pearson’s coefficients
were measured to characterize correlations between variables. SPSS software (SPSS Inc.,
Chicago, IL, USA) was used for the statistical analyses.
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3. Results

Demographic data. Two subgroups of healthy subjects were compared with each other:
29 subjects with TAPSE between 17 and 21 mm (average age: 27.2 ± 6.4 years, 16 men) were
compared to 90 subjects with TAPSE ≥ 22 mm (average age: 30.0 ± 11.1 years, 33 men).

M-mode and two-dimensional Doppler echocardiography. In Table 1, the routine
echocardiographic data of healthy subjects are presented. None of the subjects showed
larger than grade 1 valvular insufficiency or significant valvular stenosis in any valve. No
routine echocardiographic data differed between the subgroups.

Table 1. Two-dimensional Doppler echocardiographic data of healthy subjects.

Parameters
Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

LA diameter (mm) 36.9 ± 3.3 37.2 ± 3.4 36.8 ± 3.2
LV end-diastolic diameter (mm) 48.1 ± 3.6 47.8 ± 3.8 48.3 ± 3.6
LV end-diastolic volume (mL) 105.8 ± 24.0 100.4 ± 28.1 107.7 ± 22.2
LV end-systolic diameter (mm) 32.4 ± 3.5 31.9 ± 3.2 32.6 ± 3.6
LV end-systolic volume (mL) 38.3 ±9.6 36.9 ± 9.0 38.9 ± 9.8
Interventricular septum (mm) 9.1 ± 1.2 8.9 ± 1.2 9.2 ± 1.2

LV posterior wall (mm) 9.3 ± 1.4 9.4 ± 1.6 9.3 ± 1.4
LV ejection fraction (%) 64.5 ±4.3 64.9 ± 3.3 64.3 ± 4.6

Abbreviations: LA = left atrial, LV = left ventricular, TAPSE = tricuspid annular plane systolic excursion.

Three-dimensional echocardiography. Three-dimensional echocardiography-derived LV
volumes, mass and EF together with TA dimensions and functional properties are presented
in Tables 2 and 3. LV volumetric parameters did not differ between the subgroups. Subjects
with TAPSE between 17 and 21 mm had tendentiously dilated TA dimensions as compared
with subjects with TAPSE ≥ 22 mm. A significant difference was detected in the end-systolic
TA area, leading to impaired TAFAC in subjects with lower TAPSE (17–21 mm).

Table 2. Comparison of three-dimensional-echocardiography-derived left ventricular parameters in
healthy subjects.

Data
Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

LV-EDV (mL) 85.8 ± 20.8 82.4 ± 23.8 87.0 ± 19.7
LV-ESV (mL) 36.1 ± 10.2 34.4 ± 12.2 36.7 ± 9.4

LV-EF (%) 58.0 ± 5.7 58.8 ± 6.6 57.7 ± 5.4
LV mass (g) 164 ± 32 161 ± 28 165 ± 33

Abbreviations: LV = left ventricular, EDV = end-diastolic volume, ESV = end-systolic volume, EF = ejection fraction.

Table 3. Comparison of three-dimensional-echocardiography-derived tricuspid annular morphologi-
cal and functional parameters in healthy subjects.

Data
Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

Tricuspid annular dimensions
TAD-D (cm) 2.55 ± 1.91 2.43 ± 0.40 2.10 ± 2.19
TAA-D (cm2) 7.53 ± 1.66 7.70 ± 1.91 5.70 ± 1.58
TAP-D (cm) 10.57 ± 1.18 10.63 ± 1.22 9.30 ± 1.17
TAD-S (cm) 1.84 ± 0.29 1.90 ± 0.40 1.70 ± 0.25
TAA-S (cm2) 5.41 ± 1.43 5.85 ± 1.90 3.70 ± 1.22 *
TAP-S (cm) 9.11 ± 1.11 9.32 ± 1.30 7.70 ± 1.05
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Table 3. Cont.

Data
Subjects
(n = 119)

TAPSE
17–21 mm

(n = 29)

TAPSE
≥22 mm
(n = 90)

Tricuspid annular ”sphincter-like” functional parameters
TAFAC (%) 28.1 ± 9.2 24.8 ± 9.0 35.1 ± 9.1 *
TAFS (%) 23.0 ± 10.9 21.8 ± 10.2 19.1 ± 11.1

Tricuspid annular longitudinal functional parameter
TAPSE (mm) 23.8 ± 2.9 20.2 ± 0.9 23.0 ± 2.3 *

Abbreviations: TAA-D = end-diastolic tricuspid annular area, TAA-S = end-systolic tricuspid annular area, TAD-D
= end-diastolic tricuspid annular diameter, TAD-S = end-systolic tricuspid annular diameter, TAFAC = tricuspid
annular fractional area change, TAFS = tricuspid annular fractional shortening, TAP-D = end-diastolic tricuspid
annular perimeter, TAP-S = end-systolic tricuspid annular perimeter, TAPSE = tricuspid annular plane systolic
excursion. * p < 0.05 vs. TAPSE 17–21 mm.

Correlations. TAPSE did not show correlations with any TA sizes or ”sphincter-like”
functional properties as assessed using 3DE.

Feasibility of TA measurements using 3DE and M-mode echocardiography. This study
comprised 154 healthy adults, but due to insufficient image quality, 35 cases had to be
excluded. Therefore, the overall feasibility was 77.3%.

Reproducibility data of 3DE-derived TA assessments. The mean ± SD of the differences
in values measured by two examiners proved to be 0.03 ± 0.20 cm and 0.02 ± 0.39 cm for end-
diastolic and end-systolic TAD, 0.03 ± 0.70 cm2 and −0.04 ± 0.69 cm2 for end-diastolic and
end-systolic TAA and −0.10 ± 0.61 cm and 0.05 ± 0.60 cm for end-diastolic and end-systolic
TAP with a correlation coefficient of 0.96, 0.96, 0.97, 0.96, 0.96 and 0.96 (p < 0.0001 for all),
respectively (interobserver agreement). Similarly, the mean ± SD of the differences in values
measured two times by the same observer was 0.02 ± 0.21 cm and −0.03 ± 0.17 cm for end-
diastolic and end-systolic TAD, −0.02 ± 1.18 cm2 and −0.03 ± 0.38 cm2 for end-diastolic and
end-systolic TAA and −0.04 ± 0.73 cm and 0.07 ± 0.58 cm for end-diastolic and end-systolic
TAP with a correlation coefficient of 0.95, 0.96, 0.95, 0.96, 0.96 and 0.97 (p < 0.0001 for all),
respectively (intraobserver agreement).

4. Discussion

In recent decades, there has been a huge development in cardiovascular imaging
due to the technological advances characterizing this period. In addition to magnetic
resonance imaging and computer tomography becoming accessible and important imaging
methods in cardiology, new echocardiographic methods have emerged and become part
of the daily routine. Two-dimensional speckle-tracking echocardiography (2D-STE) is
a widely used method for the quantitative characterization of wall movements using
strain parameters. Its advantage lies in its simplicity, and it is an option available in most
modern devices. The prognostic value of LV global longitudinal strain calculated with
2D-STE has been confirmed [17]. Despite the above facts, it is theoretically not optimal,
since it only measures in a given plane and therefore does not take into account regional
differences [20]. Three-dimensional echocardiography is used to examine the heart and its
cavities in 3D using virtually created 3D models that take into account the cardiac cycle.
Three-dimensional speckle-tracking echocardiography (3D-STE) combines the advantages
of these two methods. While it allows the heart to be seen in 3D, with the help of the digitally
acquired 3D echocardiographic “echocloud”, it can measure not only the strain values,
but also the rotational parameters at the same time as volumetric measurements. These
advantages make 3D-STE the most modern echocardiographic method that is currently
available, even though it has some limitations (e.g., problems with image quality) [4–12,17].
Despite the above advantages, 3D-STE is still not as widespread as 2D-STE or volumetric
3DE. Recent scientific findings have shown that 3DE is capable of measuring changes in
annular size and calculating the functional parameters of the atrioventricular valves, taking
into account the cardiac cycle. These functional parameters only characterize the sphincter-
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like function of the mitral or tricuspid valve calculated from changes in size (2D-projected
diameter and area) of the given valve [8–11]. However, these valves are formations with a
spatial complex structure, having spatial movement. Longitudinal spatial displacement is
also present in the case of these valves, being characterized by a well-known and commonly
used parameter called TAPSE [12].

Owing to the advantages of 3DE detailed above, this method is suitable for performing
physiological studies by calculating several parameters at the same time using a digitally
acquired 3DE database. In our present study, the LV volumes and the LV-EF were deter-
mined during 3DE along with the annular data of TV and the TAFAC and TAFS parameters
characterizing the sphincter-like function of TA. Moreover, TAPSE was measured at the
same time as the 3DE [4–11,20].

In a healthy person, the TA is a saddle-shaped dynamic structure, the expansion of
which is accompanied by a change in its shape; as a result, it becomes more circular and
planar [1]. In the event of backflow through the TV during systole, tricuspid regurgitation
is present. Tricuspid regurgitation is organic in origin only in 10–15% of cases; most pa-
tients have FTR due to a distorted RV, papillary muscle/chordae or TA, with structurally
normal leaflets [1–3]. FTR is mostly due to LV dysfunction, aortic or mitral valve disease or
pulmonary vascular or interstitial disorders and is accompanied by consequent pulmonary
hypertension [20,21]. FTR is considered to be “classical” or ventricular if it is secondary to
TA enlargement and tethering of the leaflets and is associated with RV dilation/dysfunction.
Previously, if there was no pulmonary hypertension or left heart disorder, FTR was consid-
ered to be idiopathic tricuspid regurgitation, which is closely associated with age and atrial
fibrillation (AF). Recently, a new concept has been introduced, the so-called atrial FTR. This
can be seen in the presence of AF, when RA enlargement and dysfunction lead to the dila-
tion of the TA, leaflet malcoaptation and loss of TA sphincter-like function. Apparently, in
these cases, RA dilation plays a greater role in TA dilation and FTR than the RV [3,19,21,22].

Evaluation of TAPSE is a well-known, old-fashioned, simple M-mode echocardio-
graphic method with a significant prognostic value. It is easy to reproduce as a one-plane
measurement of TA function in a longitudinal direction featuring its longitudinal dis-
placement [12]. TAPSE is often used as an echocardiographic measurement of RV systolic
function and a surrogate of the RV strain as well. TAPSE correlates with and predicts
RV-EF [14]. TAPSE < 17 mm proved to have acceptable specificity in separating patho-
logical conditions from healthy subjects [12,15], while its mean value was 21.7 ± 2.8 mm,
according to a recent study, which is a lower value than previously described [12,13]. Ab-
normal TAPSE can be detected in pulmonary hypertension, RV ischemia, heart failure and
congenital heart diseases [12,13,15].

Normal reference values for TA derived from 2D echocardiography and cardiac mag-
netic resonance imaging are available [23,24]. However, 3DE is the method of choice for
non-invasive TA assessments as well [8–10,25–29]. Although this method is not widely
used, mitral and tricuspid annuli could be easily assessed ”en-face” following plane op-
timizations on AP2CH and AP4CH views with planimetry with respect to the cardiac
cycle [4–11]. TAFAC and TAFS are quantitative features of TA’s ”sphincter-like" function
during the cardiac cycle [25,26].

Non-invasive cardiovascular imaging technologies, including echocardiography, are
developing rapidly in the XXIst century, allowing more detailed non-invasive morphologic
and functional analysis of not only of the atria and the ventricles, but the valves as well.
Moreover, these imaging techniques have become part of the daily routine of cardiologists.
Three-dimensional echocardiography is a good example of this enormous technological
advancement, allowing detailed analysis of cardiac mechanics [4–7]. However, a better
understanding of the methods revealed some previously unknown problems. One such
problem is that LV volumes measured with 2D echocardiography and those determined
with 3DE are not interchangeable [30,31]. Our own presented results highlight this problem
as well, since the LV volumes measured with different methods are different; the LV-EDV
values measured with 3DE are lower. As a consequence, LV-EF is lower as well [30,31].
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However, 3DE is reliable in determining LV-EF [31]. Based on international recommen-
dations, the cut-off value for LV-EF determined using 2D echocardiography is ≥55% [17],
while based on literature data, the cut-off value is around 47–55%, as measured using 3DE
and considering age and gender [31]. Our results, presented herein, are in accordance with
these facts.

In the present study, 3DE-derived TA dimensions and TAFAC were demonstrated
to be associated with TAPSE assessed via M-mode echocardiography in healthy subjects
without FTR. Lower TAPSE was associated with lower TAFAC, which was related to more
dilated end-systolic TAA. However, direct correlations between TA functional features
could not be demonstrated. This result suggests a relationship between echocardiographic
TA dimensions and TA features for “sphincter-like” (TAFAC) and “longitudinal” (TAPSE)
functions. These results could suggest sensitive and harmonic cooperative ”sphincter-like”
and “longitudinal” TA functions in healthy adults before FTR develops. However, other
studies are required to confirm the presented results and to demonstrate abnormalities
in the ”sphincter-like” (TAFAC) and “longitudinal” (TAPSE) properties of TA function in
different disorders with FTR.

5. Limitations

The following limitations arose during assessments:

• Although the TA has a characteristic spatial saddle shape, only its 2D-projected image
was analyzed [1,2].

• The image quality of echocardiographic analysis is an important issue, still being worse
in the case of 3DE than in the case of 2D echocardiography, which should be taken
into account when interpreting the findings. 3DE has several technical difficulties,
including lower frame rate and larger transducer size, which can significantly affect
image quality. Nevertheless, considering both the advantages and disadvantages, the
clinical role of 3DE is unquestionable [5–7].

• Three-dimensional echocardiography-derived image quality is also highly dependent
on stitching and motion artifacts [5–7].

• This study did not compare 2D echocardiography versus 3DE in the measurement of TA.
• Three-dimensional echocardiography-derived chamber quantifications of atria and

ventricles were also not performed in this study.
• Validation of our 3DE results using other imaging methods could have further strength-

ened the significance of our scientific findings. Similar studies may be the subject of
clinical trials in the future.

• STE-derived featuring of the TA function was not purposed either.
• As FTR was assessed visually, using a more advanced quantification technique would

have strengthened our findings [1–3].
• Healthy subjects were involved in this study. However, neither special laboratory tests

nor imaging testing were performed to completely exclude disorders in the early stages.

6. Conclusions

Three-dimensional echocardiography is capable of measuring the TA’s dimensions
and functional ”sphincter-like” properties, which are associated with TAPSE, suggesting a
sensitive and harmonic TA function in healthy adults without FTR.
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Abstract: Left ventricular non-compaction (LVNC) is a rare disease defined by morphological criteria,
consisting of a two-layered ventricular wall, a thin compacted epicardial layer, and a thick hyper-
trabeculated myocardium layer with deep recesses. Controversies still exist regarding whether it is a
distinct cardiomyopathy (CM) or a morphological trait of different conditions. This review analyzes
data from the literature regarding diagnosis, treatment, and prognosis in LVNC and the current
knowledge regarding reverse remodeling in this form of CM. Furthermore, for clear exemplification,
we report a case of a 41-year-old male who presented symptoms of heart failure (HF). LVNC CM
was suspected at the time of transthoracic echocardiography and was subsequently confirmed upon
cardiac magnetic resonance imaging. A favorable remodeling and clinical outcome were registered
after including an angiotensin receptor neprilysin inhibitor in the HF treatment. LVNC remains a
heterogenous CM, and although a favorable outcome is not commonly encountered, some patients
respond well to therapy.

Keywords: left ventricular non-compaction; heart failure; reverse remodeling; cardiomyopathy;
cardiac magnetic resonance imaging; angiotensin receptor neprilysin inhibitor; ARNI therapy

1. Introduction

Left ventricular non-compaction (LVNC), also known as spongiform cardiomyopathy
(CM), is a rare heart muscle disease that is due to the failure of myocardial compaction in
the first trimester of fetal development. The ventricular wall in LVNC has two layers: a
thick, hyper-trabeculated myocardium layer and a thin, compacted epicardial layer. After
conducting autopsy research on a newborn with the congenital abnormalities of a coronary
ventricular fistula and aortic atresia, Bellet and Gouley published the first description of
LVNC in 1932. Isolated non-compaction CM was first described in an echocardiographic
study performed by Engberding and Bender in 1984 [1].

There are controversies regarding whether LVNC is a distinct CM or a phenotypic
manifestation of various cardiomyopathies [2]. The criteria for diagnosis are mainly based
on the morphological changes detected in non-invasive imaging. The most commonly
used diagnostic methods are echocardiography, cardiac magnetic resonance (CMR), and
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computed tomography [3]. Although the American Heart Association classifies LVNC
as a main genetic CM [4], the pattern of non-compaction of the LV can be observed in
several clinical situations. A persistent area of debate is the differentiation from normal LV
trabeculation or the relationship with cardiomyopathies such as dilated or hypertrophic
cardiomyopathy, which may share the same genetic basis.

The genetic pattern and clinical presentation are variable. The clinical picture is
heterogeneous, but the main manifestations consist of heart failure (HF), thromboembolic
events, and ventricular arrhythmias. Regarding genetic transmission, LVNC is usually
autosomal dominant, but an autosomal recessive X-linked or mitochondrial inheritance
type may be present [5]. LVNC may appear isolated or in association with other cardiac
pathologies, and some cases appear in patients with neuromuscular diseases [3] or in
patients with metabolic abnormalities [5–7]. Because it is currently uncertain whether
LVNC is a distinct condition or a morphological characteristic that is influenced by other
cardiomyopathies, the European Society of Cardiology’s group of specialists on pericardial
and myocardial illness includes it in the undefined cardiomyopathies category [8].

The therapeutic approach in LVNC is not well studied. For LVNC with reduced
ejection fraction, therapeutic strategies were extrapolated from patients with dilated CM.
The current guideline recommendation should be followed for HF treatment in LVNC.
Previous reports have shown that some cases of LVNC and LV systolic dysfunction can
develop reverse remodeling after optimal therapy [9–12]. Reverse remodeling in LVNC is
associated with improved outcomes.

The purpose of the present study is to expose the therapeutic and diagnostic challenges
of this rare disease. HF represents the most common presentation in LVNC, and there
are no specific studies or recommendations for HF treatment in this type of patient. The
novelty presented by the case that is provided as an example is the important improvement
achieved after the optimization of HF treatment by adding angiotensin receptor neprilysin
inhibitor (ARNI) to the therapy; this phenomenon has only been described in a few cases in
the literature. For this study, published data from 1984 to 2023 on the topic were searched
in the most known databases using the keywords mentioned at the beginning of the
present paper.

2. Epidemiology and Pathogenesis

LVNC is a rare disease with a prevalence that is difficult to estimate, as the criteria for
diagnosis are not uniformly defined. The current data report a prevalence of 0.01–0.3% in
the adult population, with male predominance [13,14].

The myocardium presents intertrabecular recesses and a trabeculated structure dur-
ing the formation of the heart. During the first trimester of pregnancy, the ventricular
muscles undergo compaction to form a solid myocardial layer, and the intertrabecular
recesses become the coronary arteries. Early impaired LV compaction during embryonal
endomyocardial morphogenesis will result in the development of a compacted epicardial
stratum and an endocardial stratum with pronounced trabeculae and profound intertrabec-
ular recesses that connect to the LV cavity. Recently, some other opinions have emerged;
Jensen et al. suggested that hyper-trabeculation in LVNC may result from the compacted
myocardium growing into the ventricular lumen in a trabecular fashion [15]. Ventricular
non-compaction is most commonly located at the apex of the heart due to the fact that the
compaction process not only progresses from the epicardium to the endocardium, but also
from the base toward the apex of the heart [16]. More than 80% of patients have the apical,
mid-inferior, mid-lateral, and mid-anterior wall segments involved [3,17].

Right ventricle involvement may also be present during hyper-trabeculation, dilatation,
and dysfunction [18]. A differential diagnosis between a pathologically non-compacted
myocardium and increased trabeculations representing a normal variant depends on the
existence of a thinner compacted myocardial wall in LVNC and a normal thickness of the
compacted myocardial layer in the normal variant [13].
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LVNC is usually associated with systolic dysfunction and a reduced ejection fraction.
Hypokinesia of the compacted and non-compacted layers and the asynchronous contrac-
tion between the compacted and non-compacted myocardial layers will determine systolic
dysfunction. Although epicardial coronary arteries are normal, subendocardial hypoper-
fusion may be present due to a discrepancy between the cardiac mass and the amount of
capillaries and microcirculatory dysfunction. Progressive fibrosis determined by ischemia
will depress LV systolic function and favor ventricular arrhythmias. Ventricular compliance
is also affected by trabeculations, resulting in diastolic impairment. Hyper-trabeculations
determine irregular relaxation, constrictive filling, and diastolic dysfunction [17,19].

3. Etiology

Regarding etiology, the most common form of LVNC is sporadic; however, it can
also be familial, having autosomal dominant inheritance [18]. LVNC’s existence has been
associated with several genes, including more frequent sarcomere genes (82%) [20]. Genes
that encode cellular signaling networks, such as sarcomere proteins, and ion channels
that have been associated with LVNC are implied as well in dilated and hypertrophic
CM [18]. LVNC may appear in association with other cardiomyopathies, including dilated
CM, restrictive CM, hypertrophic CM, congenital heart diseases (Ebstein disease), or
arrhythmogenic right ventricular CM [21]. LVNC can also be found to be associated with
Barth syndrome, neuromuscular diseases, or metabolic diseases [5].

LV dysfunction is more common in genetic cases rather than in sporadic cases, and
this is usually an indicator of a worse outcome [20]. The genes MYBPC3, MYH7, and
TTN are the ones that are most often involved [21]. A genetic variant of MYH7 seems
to be associated with biventricular disease and a restrictive filling pattern of diastolic
dysfunction [22]; alternatively, it is associated with a significant systolic dysfunction that is
associated with a dilated phenotype [23] needing urgent transplant. Genetic testing has a
good genetic yield and is useful for prognostic estimation, as patients without underlying
an genetic cause have a better outcome [24].

When LVNC is identified, family screening may be beneficial in the evaluation of
familial cases. First-degree relatives should be assessed as they can be affected in 13–50%
of cases [5]. For family members with LVNC or trabeculations, close surveillance is recom-
mended [25].

4. Clinical Presentation

The clinical presentation and morphological expression of LVNC are highly variable.
Due to challenges in the diagnosis, according to the French LVNC records, there is a mean
diagnosis delay of 6.43 ± 3 years, and 32% of patients are diagnosed with this impairment
after 5 years or later [26].

The average age of patients (at diagnosis) might range from 37 ± 17 years [24] to
45 ± 17 years [27]; the majority of patients are symptomatic at the moment of diagnosis.
HF is the main presentation form in up to 62% [17,25] of instances, and 98% of black
people are affected [28]. Nearly 50% of subjects are in New York Heart Association (NYHA)
classes III–IV at presentation. Aside from HF, thromboembolic events and arrhythmias are
common clinical manifestations. Embolic events are the results of thrombus formation in
the non-compacted myocardium deep clefts between trabeculations and are described in
5–38% of patients [17].

Arrhythmias are frequent in LVNC. Ventricular tachycardia occurs in 38–47% of cases
because of a substrate that typically involves the non-compacted mid-apical LV segments.
Ventricular tachycardia and fibrillation are more common in patients with severely reduced
systolic function. Over 25% of cases have been reported for atrial fibrillation. Complete
heart block and paroxysmal supraventricular tachycardia may also appear [17]. WPW
syndrome was observed in 1.5% of cases [3]. QTc prolongation is observed in over 50% of
patients, and early repolarization abnormalities are common [17].
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5. Diagnostic Approach

The diagnosis is based on imagistic methods, with echocardiography and CMR imag-
ing being the most used. Although the first echocardiographic diagnosis was published
more than 30 years ago, there are still no generally accepted diagnostic criteria [3].

5.1. Echocardiography

The echocardiographic criteria proposed by Jenni are the most widely accepted and
were confirmed in our patient. The parasternal short-axis view supports LVNC when the
non-compacted layer/compacted layer end systolic ratio is bigger than two. The absence
of other abnormalities of the heart and the presence of a color flow Doppler in the deep
intertrabecular recesses are additional criteria for diagnosis [29].

Other echocardiographic criteria are those used by Chin et al., who defined LVNC
as the proportion of compacted/compacted + non-compacted myocardium < 0.5 at end-
diastole in the parasternal short-axis perspective of the apex and in the apical views for
the LV free wall [30]. Stollberg’s echocardiographic definition for LVNC is the presence
of trabeculations (>3 trabeculae) seen in one imaging plane and apically extending from
the LV wall towards the papillary muscle in end-diastole, synchronously moving with
the compacted myocardium [31]. Only 30% of patients fulfill all three criteria. Other
echocardiographic techniques are recommended for challenging cases. Speckle tracking
echocardiography is useful in borderline cases because in LVNC, the LV twist is affected.
Speckle tracking can identify the direction of the basal and apical rotations. Dalen et al.
presented this abnormal rotation pattern in patients with LVNC, which was characterized
by LV solid body rotation, with basal and apical rotation oriented in the same direction
and almost no LV twist [32]. A reduced global longitudinal strain is a sensitive sign of
systolic dysfunction [11]. Three-dimensional echocardiography analysis can evaluate the
extent of the non-compacted layer and contribute to the diagnosis of patients with LVNC.
Additional contrast in echocardiography is useful, according to the European Association
of Cardiovascular Imaging’s recommendations [33], and can better delineate endocardial
borders, trabeculations, and the perfused intertrabecular recesses [34].

LV systolic dysfunction is common but not mandatory in subjects suffering from
LVNC. The gravity of the disease is associated with LV dysfunction severity. The de-
gree of LV dysfunction was found to be associated with the extent of myocardial non-
compaction by some authors [35]. The amount of damaged segments and the ratio of
non-compacted/compacted myocardium appear to be the main predictors of LV systolic
malfunction, while left ventricular ejection fraction (LVEF) remains an important predictor
of mortality [36]. In contradiction with these results, an Italian study on 238 consecutive
patients with LVNC revealed that the amount of non-compacted segments does not appear
to have a connection to ventricular dysfunction [37].

Another study that compared patients with isolated forms of LVNC to patients with
dilated CM and prominent trabeculations revealed that the end-diastolic volume index and
LV sphericity index were considerably lower in individuals with isolated LVNC; however,
the patients had more trabeculated segments, a higher non-compacted/compacted my-
ocardium ratio, and a significantly higher LVEF. The stroke volume index, cardiac output,
and cardiac index were similar in patients with isolated forms of LVNC and those with
dilated CM. The ratio of non-compacted to compacted myocardium and the amount of
trabeculated segments were directly correlated with LV end-diastolic volume index and
inversely correlated with LVEF in subjects with isolated forms of LVNC. The amount of
non-compacted segments and the non-compacted/compacted myocardium ratio were not
significantly correlated with the LV end-diastolic volume index or with LVEF in patients
with dilated CM [38].

It seems that the systolic dysfunction of the LV is closely correlated with the location
and severity of the abnormal myocardial segments and the electro-mechanical activation
of these areas; it is less correlated with the number or ratio of non-compacted/compacted
myocardium [39,40]. Mitral annulus enlargement and mitral regurgitation were similar in
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the LVNC and dilated CM patients, and there was no correlation between the number of
non-compacted segments and mitral annulus diameter or area [41].

5.2. Cardiac Magnetic Resonance

Although currently, the diagnosis gold standard is echocardiography, in many cases,
it is necessary to perform a multimodal imagistic evaluation (echocardiography and CMR).
CMR imaging is superior for identifying non-compacted myocardium and trabeculations,
particularly at end-diastole [42], and it allows for a non-invasive tissue evaluation, quan-
tification of the extent of non-compacted myocardium, and detection of segmental non-
compaction in any area of the LV wall. Coexistent right ventricular non-compaction can be
better identified using CMR, and delayed enhancement imaging can visualize myocardial
fibrotic areas that correlate with the severity of LV dysfunction [43] and may represent the
substrate for potentially lethal arrhythmias, modifying the treatment of these patients by
the preventive insertion of an internal cardioverter defibrillator [44].

Jacquier et al.’s criteria define LVNC based on the magnitude of the trabeculated mass.
A specific and sensitive sign for the CMR identification of LVNC is a non-compacted mass
that represents more than 20% of the global LV mass at end-diastole [45]. The CMR criteria
of Peterson et al. for diagnosis are a non-compacted/compacted myocardium ratio > 2.3 in
a long-axis end-diastolic image in at least two consecutive segments [42]. Nucifora et al.
observed that in patients with LVNC, trabeculations are predominantly located on the apex,
anterolateral, and inferolateral walls; systolic dysfunction of the LV was encountered in half
of the cases, and more than half of the patients had mid-wall late gadolinium enhancement
(LGE) [18].

In a multicentric prospective study, Andreini et al. [46] found that LV dilatation,
systolic dysfunction, and late gadolinium enhancement are independent predictors of
poor outcome. Although the degree of trabeculation did not have a significant prognostic
impact, it seems that LV trabeculation is correlated with reduced myocardial deforma-
tion indexes [13]. Native T1 mapping can detect diffuse myocardial fibrosis earlier than
LGE [47].

Dodd et al. [48] found a higher grade of delayed myocardial enhancement during
CMR processing in patients with more advanced disease progression. In a retrospective
study on 75 patients with LVNC that were evaluated with a CMR examination, echocardio-
graphy, and subsequent clinical follow-up, it was observed that mitral regurgitation was
frequent in LVNC with LV dysfunction. In patients with severe MR, the LV remodeling
was worse, and the coexistence of LGE was associated with a poorer outcome. Both fibrosis
and moderate–severe mitral regurgitation are related to the occurrence and development
of myocardial maladaptive remodeling, and they have a combined effect in worsening the
outcome [49]. Recent studies have revealed the role of LGE findings in risk stratification. Al-
though LGE seems to be less frequent in LVNC compared with other cardiomyopathies [50],
it was reported in many studies to be an important predictor of major cardiac events, with
added prognostic implications over LVEF [43,46,51,52]. Myocardial fibrosis detected by
LGE may be a consequence of coronary microvascular dysfunction and decreased coronary
flow reserve; it can be followed using adverse remodeling and severe HF, but it is also
associated with severe arrhythmias and adverse outcomes [53,54]. A systematic review
conducted by Grigoratos et al. [55], which included four studies, further confirmed that
the presence of LGE in LVNC was associated with multiple adverse outcomes, including
cardiac death. On the other hand, a negative LGE and preserved LVEF were the factors
that were associated with a good prognosis.

These findings sustain the use of CMR in the routine assessment of patients with
LVNC. LGE for the detection of fibrosis should be part of the evaluation and may influence
treatment decision guidance with respect to the risk of sudden cardiac death [56].

The pattern of LGE provides supplementary information. A multicenter study that
evaluated the prognostic role of LGE in LVNC observed an increased risk of major cardiac
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events when the size of the LGE exceeded 7.5%, was ring-like, had many segments, and
involved the free wall [57].

It is obvious that patients with LVNC and a positive LGE have more maladaptive
LV remodeling and a higher incidence of adverse cardiovascular events; the absence of
LGE is associated with LV reverse remodeling and a good prognosis, especially if LVEF
is preserved.

5.3. Computed Tomography

Contrast-enhanced computed tomography can describe the abnormal architecture of
the non-compacted LV wall and assess ventricular function. The spatial resolution of cardiac
computed tomography for the identification of LVNC is good and permits visualization of
the coronary arteries and great vessels; also, it is able to exclude coronary artery disease in
subjects that present a low likelihood of ischemic heart impairment [58,59].

LVNC may manifest alone as a morphological phenotype, can be linked to LV systolic
dysfunction and dilation, or can be associated with LV hypertrophy. In MOGE(S) nosology,
pure LVNC (MLVNC) and LVNC with LV hypertrophy (MLVNC-H), and LV dilatation and
dysfunction (MLVNC-D) are distinguished [60].

6. Therapeutic Approach

There is no specific therapy for LVNC, as treatment is targeted at clinical manifesta-
tions: HF, arrhythmias, and systemic embolism prevention.

6.1. Treatment of Heart Failure and Evidence for Reverse Remodeling Therapies

Patients with HF should be managed according to the current guidelines [61]. During
the progression of HF, there is an increased stimulation of the cytokine and neurohormonal
structures with the consequence of an increased alteration of myocytes, myocyte loss,
alterations in the extracellular matrix, and changes in LV chamber geometry. Treatments
that can reverse this remodeling will determine a functional improvement [62].

ARNI therapy in patients with LVNC is reported in a limited number of cases [63,64].
Sacubitril/Valsartan therapy in an individual with LVNC was linked to an amelioration of
the clinical and echocardiographic markers, as reported by Bonatto et al. This patient with
LVNC presented HF and underwent standard medical treatment in accordance with the
guidelines for 18 months; however, there was not an enhancement in the patient’s clinical
or echocardiographic markers. A considerable modification of the NYHA class (from III to
I) along with considerable ventricular reverse remodeling followed the commencement of
sacubitril/valsartan medication [63]. Another recent case study was reported concerning
a patient with a dilated subtype of LVNC who had a spectacular improvement in LV sys-
tolic and diastolic function and important LV reverse remodeling with ARNI therapy [65].
PROVE HF (prospective investigation of ventricular remodeling, symptom relief, and
biomarkers throughout Entresto therapy for HF) and EVALUATE HF (study comparing the
effects of sacubitril/valsartan and enalapril on aortic stiffness in individuals with mild to
moderate HF and a low ejection fraction) showed that ARNI-treated patients experienced
positive LV remodeling, which was accompanied by a drop in NT-proBNP levels and clini-
cal improvement; however, LVNC patients were not included in these investigations [66,67].
Furthermore, even in a short-term evaluation, ARNI appears to ameliorate LV size and
hypertrophy more than angiotensin-converting enzyme inhibitors/angiotensin receptor
inhibitors, as concluded in a recent meta-analysis on patients with HF and reduced ejection
fraction [68].

The underlying mechanism of reverse remodeling remains partially unclear. The si-
multaneous inhibition of neprilysin and of the renin angiotensin aldosterone system using
sacubitril/valsartan will result in a more effective neurohormonal modulation. By inhibit-
ing neprilysin, an enzyme has a role in the degradation of natriuretic peptides in circulation,
and all of the favorable effects of the circulating natriuretic peptides will be preserved.
Vasoconstrictors angiotensin II and endothelin-1 are additionally divided by neprilysin,
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but the harmful effects of angiotensin II on the vascular system and heart are inhibited
by valsartan [69]. Neprilysin inhibition may also influence the circulating levels of other
peptides, which may additionally contribute to favorable effects of sacubitril/valsartan.
Moreover, neprilysin cleaves apelin [70], and as a consequence of ARNI therapy, the level of
apelin may increase, promoting angiotensin-converting enzyme 2 expression, stimulating
the formation of vasodilating substrates, and antagonizing angiotensin II [71].

Beyond the impact on the renin–angiotensin–aldosterone system and the natriuretic
peptide system, sacubitril/valsartan is reported to reverse cardiac remodeling. In the
PROVE-HF trial, improved markers of cardiac function, volume decrease, and a reduction
in the circulating levels of NT-proBNP were reported in subjects with HF with decreased
ejection fraction that underwent treatment using sacubitril/valsartan [66]. Reverse LV
remodeling with substantially enhanced ventricular volume overflow and dimension
parameters, which subsequently determined the increase of LVEF, was reported in multiple
other studies [72,73].

The cellular and molecular mechanisms of reverse remodeling in sacubitril/valsartan
therapy are complex and still not completely understood. Sacubitril/Valsartan enhances
myocardial calcium homeostasis, which helps promoting heart function [74] and may
modulate proteins such as cysteine-rich protein 3 and titin, which participate in force
transmission within the sarcomere [75].

Sacubitril/Valsartan affect cardiac structure and have an antihypertrophic effect that is
not correlated with a blood pressure reduction. There are multiple mechanisms involved in
the protective antihypertrophic effect. The two drugs act in synergy to prevent cardiomy-
ocyte cell death and matrix remodeling. The combination of drugs blocks the activation of
extracellular signal-regulated kinase that has an essential function in the pathogenesis of
cardiac hypertrophy, and the combination also inhibits the angiotensin II receptor pathway.
The molecular processes of the remodeling action of ARNI were described in a recent report.
Valsartan inhibits proteins from the guanine nucleotide-binding complex, and sacubitril
improves myocardial contractility and reduces myocardial cell death and hypertrophy [76].
In addition, sacubitril/valsartan suppresses several other signaling routes that are engaged
in matrix remodeling, cardiac fibrosis, and apoptosis.

By blocking the TGF-1/Smad3 and Wnt/β-catenin signaling pathways, sacubitril/
valsartan reduces cardiac fibrosis. Other signaling pathways such as the phosphatidyli-
nositol 3-kinase/protein kinase B/glycogen synthase kinase-3β (PI3K/Akt/GSK-3β) and
hypoxia-induced mitogenic actor (HIMF)-IL-6 may be influenced by sacubitril/valsartan,
but further investigations are required to define them. These networks are involved in
controlling cardiac fibrosis [77].

Mitochondrial energy production is increased by sacubitril/valsartan, leading to
improved myocardial contractility via a SIRT3-dependent pathway. The effects of sacu-
bitril/valsartan on nuclear respiratory factor-1 (NRF-1), nuclear respiratory factor-2, and
mitochondrial transcription factor A needs further investigations [78].

Sacubitril/Valsartan antihypertrophic benefits are generally attributed to its potential
to lessen extreme oxidative stress and inflammatory responses, which eventually slow
down the remodeling process. Further investigations are required regarding the substance
modulating actions on nuclear factor erythroid 2-related factor 2 (Nrf2)/antioxidant respon-
sive element (Nrf2/ARE) signaling route, as well as how the substance acts on Kelch-like
ECH-associated protein 1 (Keap1) [69]. In HF models, sacubitril/valsartan reduced the
production of oxidative products, intracellular reactive oxygen species (ROS) such as in-
flammatory factors (IL-1β, interleukins IL-6, and TNF-α), and malondialdehyde [79]. In
HF patients, a reduced oxidative stress and inflammation was revealed during therapy
with sacubitril/valsartan [80,81].

Furthermore, there are some data suggesting that sacubitril/valsartan determines the
better LV remodeling and outcome in subjects suffering from non-ischemic HF compared
with those with ischemic HF [82,83].
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Favorable remodeling, the improvement of systolic function, and the reduction of
LV end-diastolic dimensions in LVNC after optimal therapy with medication or devices
with known reverse remodeling potential were observed in a few studies and case reports
(Table 1).

Table 1. Left ventricular reverse remodeling studies and case reports in LVNC.

Type of Study/
No. of Patients

LVNC Phenotype/
Associated Diseases

Treatment Reverse Remodeling Main Findings Ref.

Case study Dilated
Hypothyroidism ARNI LVEF increased by 29%, reduction of LV

end-diastolic diameter by 7 mm [63]

Case study Dilated

ARNI
beta-blockers

diuretics, aldosterone
antagonists

LVEF increased from 24% to 51% in
16 months, LV cavity decreased, diastolic
function improved E/e’ decreased from >15
to 10–14; the ratio of
non-compacted/compacted
myocardium decreased

[65]

Retrospective/
51

Dilated

3 betablockers
15 ACEi/ARB

33 dual therapies

88% had an improvement in LVEF by
16 ± 12%
LV shortening fraction improved by 8 ± 9%

[12]

Prospective/
23

ACEi and/or ARB and
beta-blockers in

addition to diuretics

39% had an absolute increase in LVEF > 10%
at 6 months
Regression of LVHT area showed significant
correlations with the changes in LVEF

[39]

Prospective/
20

CRT

60% responders
vs. 28% with DCM [43]

Prospective/11
All patients were responders
Phase standard deviation was reduced from
89.5”± 14.2” to 63.7” ± 20.5”

[84]

Prospective/15
LVEF increased from 27.6 ± 5.5 to
39.1 ± 7.0% (p < 0.01)
LV volumes did not change significantly

[85]

Systematic review/70
50% responders
LVEF increased from 8 to 36%
NYHA class improved

[86]

Case study Carvedilol, lisinopril,
furosemide

LVEF increased from 15–20% to 55% and
LVEDV decreased from 210 mL to 145 mL at
1 year

[44]

Case study Dilated
Polyneuropathy

Biventricular
pacemaker system

LV function improved, LV size decreased,
LVHT could not be longer detected [10]

Case study
Dilated/

Severe aortic
regurgitation

Aortic valve
replacement

Regression of LV dimensions and
improvement of LVEF [9]

Case study

Dilated

Standard HF treatment
ICD-CRT

LVEF increased from 18 to 51%, morphologic
features of LVNC become less clear [45]

Case study
ACEi, beta-blockers,

diuretics, aldosterone
antagonists

LVEF increased from 19 to 47%, LV
end-diastolic diameter decreased from
70 mm to 61 mm, resolution of
non-compacted appearance

[46]

Case study ICD-CRT LVEF increased from <20% to 60% with
almost complete resolution of LVHT [47]

LVEF, left ventricular ejection fraction; ARNI, angiotensin receptor neprilysininhibitor; ACEi, angiotensin con-
verting enzyme inhibitor; ARB, angiotensin receptor blocker; CRT, cardiac resynchronization therapy; LVHT,
left ventricle hyper trabeculation; LVEDV, left ventricular end-diastolic volume; DCM, dilated cardiomyopathy;
ICD-CRT, internal cardioverter defibrillator-cardiac resynchronization therapy; HF, heart failure.
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Therapy with at least one medication, such as beta-blockers, ACE inhibitors, or an-
giotensin receptor blockers, had a favorable effect in many young patients with the LVNC
dilated phenotype, as evaluated in a retrospective study. There was a significant increase
in the ejection fraction and shortening fraction (p < 0.0001) and a decrease in the LV end-
diastolic dimensions (p < 0.05). Early diagnosis and medical treatment of LVNC can produce
favorable LV remodeling [12]. Therapeutic approaches for patients with echocardiographic
criteria for LVNC and reduced EF according to current HF guidelines resulted in several
cases of the regression of LV hyper-trabeculations and an improvement in LV systolic
function, which are associated with a better prognosis [87].

Bertini et al. concluded that the impact of cardiac resynchronization treatment on LV
reverse remodeling in LVNC individuals and dilated CM are greater than in patients with
dilated CM. By using standard and contrast echocardiography techniques, the authors
observed a better response and greater LV reverse remodeling in those with a greater
region of non-compaction. The amount of LVNC segments had a trend towards reduction
compared with the baseline (p = 0.067), and patients with more trabeculated segments at
baseline (>4) were more likely to be responders or super-responders (p = 0.003) [86].

Mechanical desynchrony is common in patients with LVNC, is independent from QRS
width, and is correlated with the impaired electrical endocardial activation associated with
the abnormal myocardium, which could justify an extended indication of biventricular
pacing in this population. When analyzing the response to cardiac resynchronization ther-
apy for individuals with LVNC as opposed to those with other cardiomyopathies by using
gated-SPECT myocardial perfusion imaging, it was observed that cardiac resynchroniza-
tion therapy contributes to an important improvement in patients with non-compaction
myocardium. Desynchrony was assessed by determining the phase standard deviation, and
patients with LVNC with more important desynchrony at baseline had the most significant
improvement in intraventricular synchronism. The living standard improved in all patients,
but non-ischemic subjects with and without LVNC had the most important improvements
in LVEF and LV volume reduction [84].

Another study revealed that cardiac resynchronization therapy can improve the ejec-
tion fraction (p < 0.01), morphology, and mechanical desynchrony in LVNC patients. This
study evaluated LV remodeling and mechanical synchronicity before/after 6 months of
cardiac resynchronization therapy in LVNC patients. The LV reaction was established as a
≥15% reduction in the LV end-systolic volume. A percentage of 33.3% responded to cardiac
resynchronization therapy, and they were super-responders (reduction in LVESV > 30%).
All three desynchronies (inter-ventricular, radial intra-ventricular, and longitudinal) and
both the non-compacted to compacted myocardium ratio and quantity of non-compacted
segments decreased (for all p < 0.05) [85].

In a systematic review of the literature that included 14 studies, the authors concluded
that cardiac resynchronization therapy can provide beneficial effects, improving clinical
status and LVEF in LVNC patients with HF. A more important LV reverse remodeling
was observed in cardiac resynchronization therapy responders, and this therapy is able to
improve the performance of LVNC segments [86].

Indications for CRT in LVNC remain the same as in other cardiomyopathies: symp-
tomatic HF patients, despite optimal medical treatment and in sinus rhythm, have an
LVEF ≤ 35% and QRS duration ≥150 ms (class I level of evidence A) or between 130 and
149 ms (class IIa level of evidence B), mainly with a left bundle branch block morphology [88].
In addition, left bundle branch block is a frequent anomaly in LVNC that is reported in
41.7% of patients, as observed by Akhbour et al. [89]. A slightly higher incidence of left
bundle branch block and a greater mean QRS width (although not statistically significant)
are registered in this population compared with other cardiomyopathies [84].

Lin et al. reported a patient with a positive response to standard HF therapy, which
is rarely encountered in patients with documented LVNC [90]. Stöllberger et al. reported
the regression of LV hyper-trabeculation after improvement of LV systolic function with
biventricular pacing. A compensatory mechanism of the failing heart was suggested as
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the etiology of LV hyper-trabeculation in this patient [10]. Cortez-Dias et al. described a
case of a young black male with LVNC, severe LV systolic dysfunction, and severe aortic
regurgitation who had a family history, possibly indicating a hereditary disorder; his case
had an excellent evolution after aortic valve replacement [9]. Eurlings et al. presented a
case of isolated LVNC treated with medical therapy and internal cardioverter defibrillator
implantation that became less clear after 6 months of treatment [91], and another case was
described by Luckie et al. using the resolution of echocardiographic features of LVNC in
18 months after standard medical therapy [92].

Vinardell et al. described the case of a woman with isolated LVNC who was managed
by a guidelines-determined medical treatment, implantation of an internal cardioverter
defibrillator, and resynchronization treatment; her complications resolved 2 years after the
initial diagnosis with a normalization of LV volumes and ejection fraction and an almost
complete resolution of the previously noted trabeculations. The authors concluded that
non-compaction CM can either have a dynamic course or may be reversible, or that current
morphologic criteria may occasionally misclassify a transient CM as non-compaction [93].

A non-compaction that is sometimes a partially reversible phenotype can be observed
in athletes, pregnant women, and chronic HF patients, probably as an adaptative reaction
to ventricular overload [94]. It is an area of debate whether a hyper-trabeculated LV
without symptoms, LV dysfunction, or a family history of LVNC can be viewed as the
initial stage of CM. Zemrak et al. followed up on 2742 asymptomatic subjects without
known cardiovascular disease (CVD) that fulfilled the CMR criteria of LVNC at baseline
for 10 years and observed that this morphological change appeared to be benign and was
not linked with the deterioration of LV volumes or function over time [95]. LVNC includes
a very large range, ranging from entirely morphological features with good a prognosis to
a real muscular disorder with a possible adverse outcome [34].

6.2. Arrhythmias and Systemic Embolism Prevention

Anticoagulants are recommended in patients with LVEF ≤ 40%, atrial fibrillation,
intracardiac thrombi, or previous embolic events [58]. Patients with malignant ventricular
tachyarrhythmia necessitate the implantation an internal defibrillator as a supplementary
measure to prevent sudden cardiac death. Radiofrequency ablation may be considered.
Subjects with LVNC, CM, and an ejection fraction ≤ 35% have an indication for the inser-
tion of an internal cardioverter defibrillator as an essential measure against unexpected
cardiac death [96]. Finally, in subjects that do not respond to medical therapy, cardiac
transplantation is an option, although it is rarely used in this condition.

7. Prognosis

In 2020, Aung et al. revealed in a meta-analysis that, when compared with dilated CM,
LVNC patients have almost comparable risks of CV or death from all causes, ventricular
arrhythmia, and thromboembolic complications [21,97]. Prognosis is mainly determined
by the severity of LV systolic dysfunction; a low LVEF is the most significant indicator of
an unfavorable result [21,97]. A recent study found that, as a group, compared with the
general population, individuals with LVNC had worse overall survival rates, but those
having a maintained LVEF and localized apical non-compaction responded better. Greater
overall mortality was substantially correlated with the mid-non-compaction extent or basal
non-compaction extent [98].

A recently published, large, multicenter French prospective registry found that, when
comparing the results of 98 subjects having LVNC vs. 65 patients having dilated cardiomy-
opathy, an obvious trend toward poorer prognosis in LVNC vs. dilated CM was present
for the studied patients with LV dysfunction. Although CV mortality was similar between
LVNC and dilated CM, HF and/or rhythmic events (to a lesser degree) were more frequent
in patients with LVNC, while embolic events occurred at the same rate [99].

Another recent retrospective multicentric study that included 200 patients with LVNC
was aimed at evaluating the prognosis of different forms of LVNC. The subtype of di-
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lated LVNC had the worst outcome, and independent factors for prognosis were age,
LVEF < 50%, and ventricular tachycardia/fibrillation [100].

Long-term survival trials are warranted to assess the impact of different therapeutic
strategies in individuals with LVNC [99]. Nevertheless, reverse remodeling, as in our
patient, is associated with a better prognosis and lower mortality [101]. There is a wide
spectrum of manifestations in LVNC, ranging from a strictly morphological perspective
without hemodynamic impairment to a severe muscular disorder that is linked to a bad
prognosis. The severity and mortality of LVNC in youth may be increased, as suggested by
the current knowledge, particularly for those who present ventricular dysfunction within
the first year of life [34].

8. Case Presentation

To clarify all aspects in the best way, our research exemplifies the situation of a
41-year-old male who had HF symptoms. LVNC CM was suspected at the time of transtho-
racic echocardiography and was subsequently confirmed during CMR processing. ARNI
therapy was initiated, and the patient was prospectively observed for more than 12 months.
Favorable remodeling and clinical outcomes were registered after including ARNI into the
HF treatment. LVNC remains a heterogeneous CM, and although a favorable outcome is
not commonly encountered, some patients respond well to therapy. The clinical presenta-
tion, paraclinical diagnosis, treatment strategy, and evolution are described. The patient
filled out an informed consent form, and the study was carried out in conformity with the
Declaration of Helsinki.

A 41-year-old male was hospitalized in February 2021 to the Cardiology Clinical
Department of the Clinical County Emergency Hospital Oradea, Romania, with dyspnea
at minimal exertion, dry cough, and fatigue. Symptoms occurred in the last 6 months
and gradually worsened. On admission, he was already on a treatment that was initiated
3 months before, which used angiotensin converting enzyme (ACE) inhibitors (ramipril
5 mg/day), loop diuretics (furosemide 40 mg/day), mineral receptor antagonist (MRA)
(spironolactone 50 mg/day), and beta-blockers (carvedilol 25 mg/day); however, his
symptoms persisted. No family history of CM was present. On physical examination, we
found a pulmonary stasis at the bases of the lungs, orthopnea, SO2 = 93% on ambient air,
a blood pressure of 130/80 mmHg, an AV = 100 beats/min, an S3 and S4 gallop, and a
systolic murmur grade of III/VI in the LV area.

Initial evaluation of the patient included twelve-lead electrocardiogram (ECG) and
transthoracic echocardiography techniques. The ECG (performed with EDAN SE 1201,
Edan Instruments Inc., Shangai International Holding Corp. GmBH (Europe) Hamburg,
Gemany) showed the sinus rhythm, a heart rate of 90 beats/min, diffuse ST-T changes, T
negative waves in inferior and lateral leads, and a flattened T wave in the rest of the leads
(Figure 1, own archive of the last author).

Transthoracic echocardiography (Figure 2, own archive of the last author), performed
using VIVID E 95 (GE Vingmed Ultrasound AS, Horten, Norway), showed a moderately
dilated LV with a morphologic image of a two-layered myocardium, which had trabecula-
tions at the apex and in the mid-area of both the lateral anterior/inferior walls (Figure 2a,b).
The ratio between the non-compacted/compacted myocardium at end systole in the short-
axis perspective was 2.1. Color flow was present in the profound intertrabecular recesses
(Figure 2c).

The contraction of the LV was severely altered, and diffuse hypokinesia was present,
which was accentuated at the trabeculated area level. The left atrium (LA) was severely
dilated. A spontaneous contrast was present in the LA and LV. Moderate mitral regur-
gitation due to LV dilatation was present. Compared with the biplane Simpson method
baseline, the LVEF was reduced, and the LV end systolic and end-diastolic volumes were
increased (Table 1). A tissue Doppler revealed decreased velocities at the level of the
septal and lateral annulus. Examination of the LV diastolic function revealed a restrictive
filling pattern of mitral diastolic inflow with an E/e′ ratio = 15. The LVEF and global
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longitudinal strain were lower in the speckle tracking echocardiography results (35% and
−9.2%). The characteristic of a decreased LV twist motion of 2.6 (determined using the
difference between the peak rotation at the level of base and the apex in the short-axis
view) for LVNC was found. The right ventricle had increased apical trabeculations but
normal fractional area variations and a tricuspid annular plane systolic excursion (difficult
to differentiate from the normal variant in the highly trabeculated right ventricle). The
tricuspid regurgitation was medium, the inferior vena cava was dilated with diminished
inspiratory collapse, and the systolic pressure in the pulmonary artery was 60 mmHg. A
transthoracic echocardiographic examination was strongly suggestive of a LVNC CM with
a dilation of the LV and a depressed ejection fraction. The morpho-functional phenotype for
our patient according to the MOGE(S) system for cardiomyopathies is M LVNC-D, LVNC
with LV dilatation, and dysfunction. Holter ECG (BTL-08 Holter H600, BTL Industries Ltd.,
Cleveland, United Kingdom) monitoring for 24 h showed ventricular premature beats at a
percentage of 3%. Laboratory tests revealed an elevated NT-proBNP level (Table 2).

 

Figure 1. Twelve lead ECG.

  
(a) (b) (c) 

Figure 2. (a) Transthoracic echocardiography. Parasternal short-axis view. Non-compacted–NC/
Compacted-C ratio > 2; (b) Apical 4 chamber view. Trabeculations at the apex and lateral wall of the
LV, dilated left atrium. (c) Transthoracic echocardiography. Color flow in the intertrabecular recesses.
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Table 2. Evolution of echocardiographic parameters and NT-proBNP level.

Parameters Baseline 6 Months 12 Months

LVEDV (mL) 202 177 152
LVESV (mL) 133 92 72

LVEF (%) 35 48 54
LAVI (mL/m2) 61 45 35

Mitral regurgitation Moderate Moderate Mild
NT-proBNP (pg/mL) 5200 1102 420

LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular
ejection fraction; LAVI, left atrial volume index; NT-proBNP, N-terminal Pro B-type natriuretic peptide.

A coronarography showed normal epicardial coronary arteries and excluded the
ischemic etiology of HF. Genetic tests were not available for our patient. The patient was
scheduled for a CMR evaluation and a further clarification of the diagnosis. HF treatment
was administered in accordance with the ESC guidelines. ACE inhibitors were replaced
after a washout period of 36 h with ARNI- sacubitril/valsartan at 100 mg/day, which was
titrated to 200 mg/day after 2 weeks and an increased dosage of up to 400 mg/day after
another month. Loop diuretics, MRA, and betablockers were continued, and anticoagulants
were also associated. SGLT-2 inhibitors were not prescribed because at that time, they
were not available in our hospital and were not sustained on free prescription by the
healthcare system. There was a significant clinical improvement at 6 months after discharge;
the patient was in the NYHA class I, and no symptoms were present. CMR processing
was performed (using Siemens Magnetom_Essenza 1.5 T., Siemens Shenzen Magnetic
Resonance LTD, Shenzen, China) at this time, and it confirmed the diagnosis of LVNC by
identifying trabeculations that were located at the apex and medial levels of the anterior
and lateral walls of the LV. The ratio between the non-compacted and compacted layers
was 2.3 during diastole at the level of the lateral wall, fulfilling the Petersen criteria for
diagnosis (Figure 3, own archive of the last author).

  
(a) (b) 

Figure 3. Cardiac magnetic resonance. (a) Left ventricular non-compaction in four chamber view.
NC, non-compacted; C, compacted LV wall. (b) Left ventricular non-compaction in short-axis view.

The LV was dilated, but significant reverse remodeling was observed at the time of
echocardiography and CMR. LV and LA volumes were diminished compared with the
initial evaluation, but contractility and LVEF were significantly improved. LGE was not
detected in the CMR. After one year, the patient was free of symptoms, and a further
improvement was observed at the time of echocardiography regarding the ejection fraction
and left heart volumes (Table 1); however, increased trabeculations persisted. Figure 4
describes an algorithm used for the diagnosis of LVNC and illustrates the evolution of
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several parameters after treatment initiation. The clinical, biological, and echocardiographic
elements showed a significant improvement, especially after 12 months of treatment.

 

Figure 4. Elements of diagnosis for left ventricle non-compaction and the evolution of the presented
case after therapy initiation. The numbers from the heart diagram illustrate the values of the
indexed left atrial volume (mL/m2) and end-systolic volume of the left ventricle (mL); there is an
improvement of the mentioned parameters after treatment initiation, and the clinical and biological
elements expressed the same evolution. ARNI, angiotensin receptor neprilysin receptor; AW, anterior
wall; BB, beta-blockers; CMR, cardiac magnetic resonance imaging; ECHO, echocardiography; LD,
loop diuretics; LVEF, left ventricle ejection fraction; LVNC, left ventricle non-compaction; LW, lateral
wall; MR, mitral regurgitation; MRA, mineralocorticoid receptor antagonists; dNC/C, diastolicnon-
compacted/compacted ratio; NT-proBNP, N-terminal pro-b type natriuretic peptide; NYHA, New
York Heart Association.

Although it is not common, a favorable response, namely reverse cardiac remodeling,
and clinical improvement, was observed after optimization of the treatment by adding
ARNI to HF therapy.

The prognosis for LVNC is unpredictable due to the disorder’s significant hetero-
geneity. The important reverse remodeling observed in this patient was one of the main
reasons that determined us to report the case. A similar improvement was observed after
introduction of ARNI therapy in a few other LVNC case reports [63,65].

It is known that ARNI therapy that is initiated as early as possible can lead to greater
cardiac reverse remodeling benefit in HF patients, having a reduced ejection fraction vs.
angiotensin receptor blockers or angiotensin-converting enzyme suppressors. A recent
systematic study that included a large number of patients with HF with reduced EF revealed
that ARNI treatment was linked to an amelioration of the EF (+5.11%, 95% CI 4.06 to 6.16)
and LV dimensions compared with patients who followed a treatment with angiotensin
receptor blockers or angiotensin-converting enzyme suppressors [68].

The impressive reverse remodeling appeared in the context of an up-titration of the
drug to the dose of 400 mg as recommended by the guidelines [102].
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However, the magnitude of reverse remodeling is variable across patients. Several char-
acteristics that were present in our patient were identified as predictors of reverse remodel-
ing in various studies in patients with HF and reduced EF and in patients with LVNC. The
etiology and duration of HF are factors that can influence outcome. The increase in LVEF is
more important in patients with non-ischemic or new-onset HF (≤12 months) [103,104]. In
an early and reversible stage of the disease, sacubitril/valsartan can prevent global cardiac
remodeling, and this was sustained by the results of the PIONEER-HF trial (Comparison of
Sacubitril/Valsartan Versus Enalapril on Effect on NT-proBNP in Patients Stabilized From
an Acute Heart Failure Episode) [105].

The absence of a left bundle branch block is another independent predictor of reverse
remodeling in cohort studies in patients with HF with reduced EF [106]. LV contractions are
dyssynchronous, and inefficient, functional mitral regurgitation and reduced stroke volume
are encountered in patients with left bundle branch blocks. The absence of myocardial
fibrosis, as assessed using LGE CMR, in our patient is also correlated with reverse remod-
eling and a good prognosis [55,107]. Furthermore, an important decrease in NT-proBNP
level is associated with greater improvements in the LVEF and a more important reduction
of LV volumes [102]. Additionally, a younger age and a sinus rhythm identify a subgroup
of patients with a more likely reverse LV remodeling [104]. All of these features that are
associated with reverse remodeling were present in our patient.

9. Conclusions

The availability of high-resolution imaging techniques and the current awareness of
the disease contribute to the increased number of patients that have been diagnosed lately
with this CM. The diagnosis of LVNC is based on multimodality imaging investigations
that combine echocardiography and CMR, but the diagnostic criteria are still not uniformly
defined. There is a need for a consensus on the diagnostic criteria to avoid under- and over-
diagnosis. To prevent overdiagnosis, it is still difficult to distinguish the LVNC phenotype
from that of the healthy heart. Additionally, the phenotypes of other cardiomyopathies
have a similar genetic profile overlap, which therefore represents another significant issue.
Evidence supporting the treatment strategies in LVNC is limited, and no specific guidelines
are available. Prospective trials to assess the management, therapeutic approach, and
outcomes in this disease are warranted, but due to the low prevalence of this form of CM,
this will present a real challenge.

Defining the CM etiology is important in all new-onset HF patients for the close
monitoring and prevention of further complications or in the case that some specific
treatment is attainable. Although irreversible LV dysfunction is more common in LVNC
cardiomyopathies, the presented case highlights that the optimization of HF therapy is
associated with significant reverse cardiac remodeling and important clinical improvement
in some patients.
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