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Aims Patients with heart failure (HF) display metabolic alterations, including heightened ketogenesis, resulting in increased
beta-hydroxybutyrate (β-OHB) formation. We aimed to investigate the determinants and prognostic impact of
circulating β-OHB levels in patients with advanced HF and reduced ejection fraction (HFrEF).
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Methods
and results

A total of 867 patients with advanced HFrEF (age 57± 11 years, 83% male, 45% diabetic, 60% New York Heart
Association class III), underwent clinical and echocardiographic examination, circulating metabolite assessment, and
right heart catheterization (n= 383). The median β-OHB level was 64 (interquartile range [IQR] 33–161) μmol/L
(normal 0–74 μmol/L). β-OHB levels correlated with increased markers of lipolysis (free fatty acids [FFA]), higher
natriuretic peptides, worse pulmonary haemodynamics, and lower humoral regulators of ketogenesis (insulin/glucagon
ratio). During a median follow-up of 1126 (IQR 410–1781) days, there were 512 composite events, including 324
deaths, 81 left ventricular assist device implantations and 107 urgent cardiac transplantations. In univariable Cox
regression, increased β-OHB levels (T3 vs. T1: hazard ratio [HR] 1.39, 95% confidence interval [CI] 1.13–1.72,
p= 0.002) and elevated FFA levels (T3 vs. T1: HR 1.39, 95% CI 1.09–1.79, p= 0.008) were both predictors of a
worse prognosis. In multivariable Cox analysis evaluating the simultaneous associations of FFA and β-OHB levels
with outcomes, only FFA levels remained significantly associated with adverse outcomes.
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Conclusions In patients with advanced HFrEF, increased plasma β-OHB correlate with FFA levels, worse right ventricular function,

greater neurohormonal activation and other markers of HF severity. The association between plasma β-OHB and
adverse outcomes is eliminated after accounting for FFA levels, suggesting that increased β-OHB is a consequence
reflecting heightened lipolytic state, rather than a cause of worsening HF.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Graphical Abstract

Summary of the study design and key findings. In the central panel, (+) and (−) means that the variable is directly or inversely associated with
beta-hydroxybutyrate (β-OHB) levels, respectively. The gold arrow means that free fatty acid (FFA) levels are the only variable that remained
associated with β-OHB levels in the multivariable model. HFrEF, heart failure with reduced ejection fraction; HOMA-IR, homeostasis model
assessment of insulin resistance; LV, left ventricular; RHC, right heart catheterization; RV, right ventricular; TG, triglycerides. Parts of the figure
were created using Biorender.com.
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Beta-hydroxybutyrate

Introduction
Metabolism of the failing heart is characterized by decreased flex-
ibility and efficiency of substrate consumption, with a switch from
the preferred utilization of free fatty acids (FFA) towards glucose
and alternative energy sources, such as ketone bodies (KB).1,2 With
heightened catabolism or starvation, there is increased lipolytic
activity and increased KB formation in the liver through the con-
version of free fatty acids (FFA).3,4 Beta-hydroxybutyrate (β-OHB)
is the most stable and abundant KB in the circulation.

Experimental and human observations suggest that the
metabolic shift towards increased KB utilization in the heart
may be an adaptive process with potentially beneficial effects in
patients with heart failure (HF), mainly through the provision
of an ancillary fuel in a setting of decreased mitochondrial func-
tion.4 Indeed, KB provide more energy per metabolized carbon
than glucose, and require less oxygen than free fatty acids for ATP ..
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.. generation.5 Ketone bodies have also signalling role and act through

pathways that improve cell survival and attenuate inflammation.4

Exogenous administration of β-OHB has beneficial cardiovascular
haemodynamic effects and prevents adverse cardiac remodelling
in experimental models.6 Notably, recent studies suggested that
sodium–glucose cotransporter 2 (SGLT2) inhibitors may partly
exert their benefit on the cardiovascular system via the elevation
of circulating β-OHB.7–9

On the other hand, studies in patients with chronic HF have
shown a positive association between elevated KB level and both
disease severity10,11 and adverse prognosis.12,13 Similarly, KB ele-
vations predicted worse outcomes in patients with decompen-
sated HF,14 in patients after myocardial infarction,15 and on chronic
haemodialysis,16 as well as in the general population.17 The deter-
minants of ketogenesis in patients with HF are poorly understood,
and it remains unclear whether ketonaemia is an aggravating cause
or an adaptive consequence in advanced HF. In this study, we aimed

© 2024 European Society of Cardiology.
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Role of beta-hydroxybutyrate in HFrEF 1933

to investigate the determinants and prognostic impact of circulating
β-OHB levels in patients with advanced HF and reduced ejection
fraction (HFrEF).

Methods
Study population
The study retrospectively evaluated patients with chronic (>6months)
symptomatic HFrEF (left ventricular ejection fraction ≤40%) elec-
tively hospitalized for consideration of advanced therapies at the
Institute for Clinical and Experimental Medicine (IKEM) in Prague
(Czech Republic) from January 2008 to December 2016. Patients
with acute ischaemia, uncontrolled cardiac arrhythmia, haemody-
namic instability needing inotropes or mechanical circulatory sup-
port, reversible cardiac dysfunction, active malignancy, endocrine dis-
ease, chronic or acute infection were excluded. Patients with hyper-
volaemia on admission (based on clinical examination) were enrolled
into the study after diuresis and reaching normovolaemia (central
venous pressure <10mmHg), if possible. The local ethics com-
mittee approved the protocol. All patients signed informed con-
sent with the procedures and with participation in this research
study.

Study protocol
After signing informed consent, patients underwent history review,
physical examination, echocardiography, electrocardiogram, Minnesota
Living with Heart Failure Questionnaire (MLHFQ), blood sampling
with circulating metabolite assessment. Some patients underwent
right heart catheterization and body composition assessment by skin-
folds method, if clinically indicated as part of the diagnostic work-up
or for research purposes. All investigations were performed in a
post-absorptive state following an overnight fasting.

Blood samples were consistently collected from a peripheral vein
between 6 and 7 a.m., immediately chilled on ice, and centrifuged
within 20min at a force of 800× g at a temperature of 4∘C. Plasma
was collected, distributed into aliquots, and frozen at −80∘C. β-OHB
concentration was analysed instead of total KB, since it is the
most abundant ketone in the bloodstream3 and has a key role in
human metabolism and cellular signalling.18 β-OHB (normal value:
0–74 μmol/L, coefficient of variation [CV, intra-assay] 5%) and FFA
(normal value: men: 0.1–0.6mmol/L, women: 0.1–0.45mmol/L, CV
[intra-assay] 1.5%) were measured using a commercially available enzy-
matic assays (Autokit 3-HB and NEFA-HR, Wako Chemicals, Rich-
mond, VA, USA). The homeostasis model assessment of insulin resis-
tance (HOMA-IR) was calculated using the formula: [glucose (nmol/L)
× insulin (μU/ml)/22.5].19 Fasting glucose ≥126mg/dl or the use
of antidiabetic medications defined diabetes mellitus. Insulin con-
centration was determined using Insulin IRMA kit (Beckman Coul-
ter, Prague, Czech Republic; normal value: 2.1–22.0 mIU/L, CV
[intra-assay] 4%) and glucagon using Glucagon RIA kit (Millipore, Bil-
lerica, MA, USA; normal value [fasting]: 50–150 pg/ml, CV [intra-assay]
4–7%). Estimated glomerular filtration rate (eGFR) was calculated by
the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation.20

Right heart catheterization was performed in a subgroup
(n= 383) according to current recommendations21 using a 7 Fr
balloon-tipped triple-lumen Swan–Ganz catheter (Braun Melsungen
AG, Melsungen, Germany) inserted via the right internal jugular ..
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.. vein. Pressure waveforms were recorded and annotated by an inva-

sive haemodynamic module (Mac-Lab, GE Healthcare, Chicago, IL,
USA).

Bicipital, tricipital, subscapular and supra iliac skinfold measure-
ments were performed in 322 patients to assess the body com-
position using a Lange adipometer, with a constant pressure of
10 g/mm2 on the contact surface and accuracy of 1mm, with a
0–65mm scale.19 Body density values were calculated using the older
adults-specific equation of Durnin and Womersley (DWE),22 and con-
verted into fat percentage by using the Siri equation: body fat percent-
age= ([4.95/DWE] – 4.50)× 100.19

Data analysis
Data are shown as mean± standard deviation or median (25th–75th
interquartile range [IQR]) for continuous variables (according to distri-
bution) and total count with proportion (%) for categorical variables.
One-way ANOVA and Kruskal–Wallis tests were used to compare
continuous variables between groups depending on the normality of
the distribution, and the 𝜒𝜒2 test was used for categorical variables.
Normality was assessed using the Shapiro–Wilk test. To assess the
association of each variable with β-OHB plasma concentrations, sepa-
rate multiple linear regression analyses adjusted for sex and age were
conducted and Spearman’s ρ was calculated. Univariable and multivari-
able (adjusted for age, sex, body mass index, MLHFQ score, diabetes,
eGFR, HF medical treatment, left ventricular ejection fraction, and
ischaemic HF etiology) Cox proportional hazards regression were used
to the association of β-OHB and FFA plasma concentrations with the
adverse outcome, defined as a combined endpoint of death, urgent
transplantation, or left ventricular assist device (LVAD) implantation
without heart transplantation. Kaplan–Meier curves with the log-rank
statistics were used to illustrate the outcome. A p-value < 0.05 was
considered statistically significant. All analyses were performed using
JMP pro 17.0 statistical software (SAS Institute, Inc., Cary, NC, USA).

Results
Baseline characteristics
A total of 867 consecutive patients referred for advanced HF ther-
apy evaluation (cardiac device implantation, cardiac transplantation
or LVAD implantation) in our centre were enrolled. Median β-OHB
level was 64 (IQR 33–161) μmol/L (for normal ranges see Meth-
ods). Based on the distribution in the overall population, β-OHB
tertiles were created with cut-offs of: 1st tertile (T1): <40 μmol/L
(n= 278); 2nd tertile (T2): 40–114 μmol/L (n= 279) and 3rd ter-
tile (T3): >114 μmol/L (n= 288). Patients in the highest β-OHB
tertile were older, with a higher body mass index, were more con-
gested (increased right atrial [RA] pressure and brain natriuretic
peptide [BNP]), had worse kidney function and more severe right
ventricular (RV) dysfunction (higher RA/pulmonary artery wedge
pressure [PAWP] ratio). From a metabolic perspective, patients
with higher β-OHBwere more likely to have diabetes, accompanied
by increased markers of lipolysis (FFA) and significant alterations
in humoral regulators of liver ketogenesis (insulin/glucagon ratio)
(Table 1).

© 2024 European Society of Cardiology.
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1934 L. Monzo et al.

Table 1 Baseline characteristics according to beta-hydroxybutyrate plasma concentration tertiles

Variables Tertile 1
(𝛃𝛃-OHB <40
𝛍𝛍mol/L)

Tertile 2
(𝛃𝛃-OHB 40–114
𝛍𝛍mol/L)

Tertile 3
(𝛃𝛃-OHB >114
𝛍𝛍mol/L)

p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Clinical characteristics
Age, years 55±11 57±11 60± 11 <0.001
Female sex, n (%) 45 (16) 43 (15) 58 (20) 0.278
Body mass index, kg/m2 27.0± 4.9 28.2± 5.2 28.3± 5.1 0.004
Body fat (skinfold method), % 25.4± 10.6 26.2± 9.6 23.8± 9.9 0.197
NYHA class (II/III/IV), n (%) 98 (35)/157 (57)/23 (8) 89 (32)/176 (63)/14 (5) 86 (29)/176 (61)/26 (9) 0.429
MLHFQ score 43.8± 22.2 41.8± 21.6 42.6± 23.0 0.641
HF ischaemic aetiology, n (%) 129 (47) 135 (50) 153 (54) 0.284
HF duration, years 8.4 [4.6–13.5] 8.6 [5.2–14.4] 9.6 [5.9–16.7] 0.023
Diabetes mellitus, n (%) 92 (33) 124 (44) 163 (57) <0.001

Laboratory values
Haemoglobin, g/L 142±18 141±16 139±18 0.079
Sodium, mmol/L 139± 3 138± 4 139± 4 0.609
Potassium, mmol/L 4.4± 0.4 4.3± 0.4 4.3± 0.5 0.005
eGFR, ml/min/1.73m2 72± 21 70± 22 65± 23 0.001
HbA1c, mmol/mol 44 [39–49] 45 [41–50] 47 [41–59] <0.001
HOMA-IR index 2.2 [1.4–4.2] 2.4 [1.4–4.3] 2.2 [1.2–3.7] 0.378
Insulin/glucagon ratio 0.10 [0.06–0.17] 0.10 [0.06–0.16] 0.08 [0.05–0.12] <0.001
Insulin, mIU/L 8.91 [5.97–16.22] 9.89 [5.84–15.75] 8.32 [4.72–12.67] 0.009
Glucagon, pg/ml 103.5± 45.9 109.3± 44.5 111.1± 55.7 0.154
BNP, ng/L 401 [150–906] 450 [212–1019] 620 [268–1301] <0.001
Free fatty acids, mmol/L 0.39± 0.26 0.57± 0.22 0.72± 0.28 <0.001

Echocardiography
LV end-diastolic diameter, mm 69± 9 71± 10 69± 9 0.012
LV ejection fraction, % 24± 6 23± 6 24± 6 0.200
E/Em ratio 15± 8 15± 7 16± 9 0.348
TAPSE, mm 16± 5 16± 5 16± 6 0.895
Mitral regurgitation (0–2 grade/3–4 grade), n (%) 162 (58)/115 (42) 140 (50)/138 (50) 140 (50)/141 (50) 0.072
Tricuspid regurgitation (0–2 grade/3–4 grade), n (%) 222 (80)/56 (20) 207 (75)/70 (25) 204 (72)/78 (28) 0.107

Haemodynamics
RA pressure, mmHg 8.5± 5.5 9.9± 5.9 10.9± 6.0 0.007
RA/PAWP ratio 0.38± 0.20 0.41± 0.26 0.46± 0.22 0.026
Mean PA pressure, mmHg 32.5± 11.5 34.8±12.0 35.9±11.9 0.073
PCWP, mmHg 22.3± 8.5 23.6± 9.1 23.4± 8.4 0.376
Cardiac output, L/min 3.9±1.2 3.8± 0.9 3.8± 1.1 0.844
PVR, WU 2.4 [1.7–4.0] 2.6 [1.9–4.0] 2.9 [2.1–4.8] 0.080
Systolic blood pressure, mmHg 115±17 116± 20 118± 20 0.153
Diastolic blood pressure, mmHg 72± 10 74±11 73± 12 0.159
Heart rate, bpm 75±14 75±15 77± 15 0.149

Treatment, n (%)
Furosemide 241 (87) 253 (91) 257 (89) 0.317
ACEi or ARB 217 (78) 217 (78) 230 (80) 0.852
MRA 217 (78) 217 (78) 214 (74) 0.444
Beta-blocker 245 (88) 243 (87) 255 (89) 0.899
OAD/insulin 71 (25)/19 (7) 89 (32)/35 (12) 107 (37)/55 (19) 0.001
Devices (ICD/CRT) 163 (60)/85 (32) 165 (62)/88 (33) 153 (56)/87 (32) 0.905

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BNP, brain natriuretic peptide; β-OHB, beta-hydroxybutyrate; CRT, cardiac resynchroniza-
tion therapy; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HF, heart failure; HOMA-IR, homeostasis model assessment of insulin resistance; ICD,
implantable cardioverter-defibrillator; LV, left ventricular; MLHFQ, Minnesota Living with Heart Failure Questionnaire; MRA, mineralocorticoid receptor antagonist; NYHA,
New York Heart Association; OAD, oral antidiabetic drugs; PA, pulmonary artery; PCWP, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance; RA, right
atrial; TAPSE, tricuspid annular plane systolic excursion; WU, Wood units.

© 2024 European Society of Cardiology.
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Role of beta-hydroxybutyrate in HFrEF 1935

Figure 1 Correlation between beta-hydroxybutyrate levels and
free fatty acid levels.

Determinants of beta-hydroxybutyrate
plasma concentrations
At univariable regression analysis, β-OHB plasma concentration
was strongly and directly correlated with FFA levels (β± standard
error [SE]=1.708± 0.120; Spearman’s 𝜌𝜌= 0.619, all p< 0.001),
reflecting surplus delivery into the liver (Figure 1). Similarly, BNP
(β± SE= 0.197± 0.029; Spearman’s 𝜌𝜌= 0.192, all p< 0.001), which
act as a lipolytic hormone in the adipose tissue, showed a significant
direct correlation with β-OHB levels. Higher RV afterload (mean
pulmonary artery pressure: β± SE= 0.016± 0.004, Spearman’s
𝜌𝜌= 0.181; pulmonary vascular resistance: β± SE= 0.357± 0.083,
Spearman’s 𝜌𝜌= 0.187; all p< 0.001), left ventricular filling pres-
sure (PAWP: β± SE= 0.014± 0.006, p= 0.015; Spearman’s
𝜌𝜌= 0.107, p= 0.036), and RV filling pressure (RA pressure:
β± SE= 0.037± 0.008; Spearman’s 𝜌𝜌= 0.227, all p< 0.001)
were all positively associated with β-OHB levels. RA/PAWP
ratio (β± SE= 0.648± 0.216, p= 0.003; Spearman’s 𝜌𝜌= 0.190,
p< 0.001), a marker of RV failure, was also positively correlated
with β-OHB levels (Figure 2). From a metabolic viewpoint,
insulin/glucagon ratio (β± SE=−1.231± 0.043; Spearman’s
𝜌𝜌=−0.185, all p< 0.001) and HOMA-IR (β± SE=−0.105± 0.042,
p= 0.012; Spearman’s 𝜌𝜌=−0.068, p= 0.082) were inversely
associated with β-OHB concentrations, while diabetic status
(β± SE= 0.177± 0.034; Spearman’s 𝜌𝜌= 0.215, all p< 0.001)
and insulin use (β± SE= 0.191± 0.051; Spearman’s 𝜌𝜌= 0.150,
p< 0.001) were positively associated. In multivariable regression
analysis, FFA concentrations remained the only independent
predictor of β-OHB plasma concentrations (Table 2).

Outcomes
During a median follow-up of 1126 (IQR 410–1781) days, there
were 512 composite events including 324 deaths, 81 LVAD implan-
tations and 107 urgent cardiac transplantations. In Kaplan–Meier
plots, the risk of the composite outcome increased with increasing
β-OHB (log-rank 𝜒𝜒2 =10.8, overall p= 0.005) and FFA (log-rank ..
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.. 𝜒𝜒2 = 8.9, overall p= 0.011) levels (Figure 3). Univariable Cox

regression analysis showed that patients in the highest tertile of
β-OHB had an increased risk of adverse clinical events compared
to those in the lowest tertile (T3 vs. T1: hazard ratio [HR] 1.39,
95% confidence interval [CI] 1.13–1.72, p= 0.002). Patients with
elevated FFA concentration also displayed an increased risk of
the composite outcome (T3 vs. T1: HR 1.39, 95% CI 1.09–1.79,
p= 0.008) (online supplementary Figure S1). Notably, the associ-
ation between higher FFA levels and the increased risk of clinical
events was not significantly influenced by β-OHB levels, as showed
by Cox regression analysis (FFA levels >median and β-OHB levels
≤median vs. FFA and β-OHB levels >median: HR 0.86, 95% CI
0.60–1.22, p= 0.404) and in Kaplan–Meier plots (Figure 4). Sen-
sitivity analysis using as endpoint a composite of death or urgent
cardiac transplantation (i.e. excluding LVAD implantation to avoid
potential referral bias to our tertiary centre) showed results sim-
ilar to the primary analysis (β-OHB, T3 vs. T1: HR 1.61, 95% CI
1.27–2.03, p< 0.001; FFA, T3 vs. T1: HR 1.52, 95% CI 1.16–2.00,
p= 0.003).

In the multivariable Cox analysis evaluating the simultaneous
associations of FFA and β-OHB levels with adverse clinical events,
only FFA levels remained significantly associated with the com-
posite outcome, both as continuous variables (β-OHB, log-rank
𝜒𝜒2 = 0.57, p= 0.447; FFA, log-rank 𝜒𝜒2 =10.9, p< 0.001) and, even
if more borderline likely due to the reduced sample size, accord-
ing to tertiles (β-OHB, T3 vs. T1: HR 1.31, 95% CI 0.96–1.78,
p= 0.084; FFA, T3 vs. T1: HR 1.39, 95% CI 1.01–1.92, p= 0.048)
(online supplementary Figure S1).

Discussion
We explored the determinants and the prognostic impact of
β-OHB in patients with advanced HFrEF. We demonstrated a close
relationship between β-OHB levels and neurohumoral activation,
worse haemodynamic, and more impaired RV function. Notably,
we observed a direct association between β-OHB levels and an
increased risk of clinical events in patients with advanced HFrEF.
However, the association between β-OHB levels and adverse out-
come was no longer evident after accounting for FFA concentra-
tions, which were also associated with an increased risk (Graphical
Abstract).

Altered myocardial use of energy-providing substrates and
impaired metabolic flexibility are the key features of HF-related
metabolic derangement.23–25 In patients with HFrEF, myocardial
β-OHB oxidation rate is significantly increased,26 with a linear
β-OHB uptake in proportion to the delivery and with no upper
threshold.10 Based on experimental studies, the increased reliance
on KB of the failing heart has been postulated to be an adaptive
process,27 aiming to provide the energy-starved myocardium with
an extra source of substrate to decrease its energy deficit and
support its contractile function.28 It is therefore quite surprising
that several recent observational studies11,13,29 found a negative
association between circulating β-OHB and survival in HF. Our find-
ings reveal a more intricate connection between β-OHB and HF
prognosis and enrich the existing literature, clarifying the ongoing

© 2024 European Society of Cardiology.
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1936 L. Monzo et al.

Figure 2 Correlation between beta-hydroxybutyrate levels and (A) mean pulmonary artery pressure (mPAP), (B) pulmonary vascular
resistance (PVR), (C) right atrial (RA) pressure, (D) pulmonary artery wedge pressure (PAWP), (E) RA/PAWP ratio.

debate about the prognostic value of KB in HF.12,13 Specifically, we
demonstrated that the increase in circulating β-OHB likely reflects
the severity of HF and the lipolytic overdrive triggered by the
heightened neurohormonal activation. Therefore, the preference
for using KB as a substrate in the failing heart might primarily stem
from the increased availability of β-OHB and its cardiac uptake
through concentration-dependent zero-order kinetics.10

Determinants of beta-hydroxybutyrate
levels in the heart failure population
The amount of circulating β-OHB is affected by several factors.
Increased β-OHB production secondary to a heightened hepatic
delivery of β-OHB precursors, namely FFA, can be consequential
to an increase in lipolytic hormones, or from either an absolute
or a relative deficiency of insulin signalling in adipose tissue, as
in diabetes. Liver ketogenesis is also activated by low insulin and
increased glucagon, as during starvation.3 Additionally, β-OHB level
is influenced by the net rate of peripheral tissue utilization and the
extent of renal reabsorption.4

Our study demonstrates that β-OHB level in advanced HF is
primarily influenced by neurohumoral activation and the rate of
lipolysis, along with the presence of diabetes,30 while renal func-
tion is less relevant. Notably, we found that β-OHB concentration
was inversely associated with insulin/glucagon ratio, an important ..
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.. regulator of liver ketogenesis, and directly with markers of insulin

resistance (i.e. HOMA-IR). In addition, we showed a significant
association between elevated β-OHB levels and worse haemody-
namic status, namely increased RA pressure, pulmonary pressure,
PVR, and PAWP. β-OHB level was also inversely associated with RV
function (i.e. RA/PAWP ratio), suggesting that systemic catabolism
associated with ventricular failure may be reflected by β-OHB.19

The elevation of KB in HF is likely a consequence of increased
release of FFA from adipose tissue and the subsequent over-
load of hepatocytes with beta-oxidation byproducts, which are
then converted into β-OHB in order to provide an additional
source of energy for other organs. The HF-related neurohormonal
overdrive, characterized by elevated levels of catecholamines,
angiotensin II and natriuretic peptides, results in heightened acti-
vation of adipocyte lipolysis,31,32 leading in turn to a rise in both
circulating FFA and β-OHB. Consistently, high glycerol concentra-
tions were observed in the adipose interstitial fluid of HF patients,
indicating the high breakdown activity of triglycerides in this con-
dition.32 Direct in-vivo measurements documented that lipolytic
actions of BNP are not attenuated even in patients with advanced
HF, and BNP-driven lipolysis has been implicated in the develop-
ment of cardiac cachexia.19,33

The link between increased lipolysis, ketone production, and
low body weight was recently documented even in the general
population.34 Not only HF, but also other stress or catabolic

© 2024 European Society of Cardiology.
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Role of beta-hydroxybutyrate in HFrEF 1937

Table 2 Age- and sex-adjusted and multivariable linear regression analyses on plasma concentration of
beta-hydroxybutyrate

Variables Age- and sex-adjusted Multivariablea
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Standardized 𝛃𝛃 𝛃 SE p-value Standardized 𝛃𝛃 𝛃 SE p-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Clinical characteristics
Body mass index, kg/m2 0.016± 0.007 0.014
Body fat (skinfold method), % −0.006± 0.006 0.331
NYHA class I–IV 0.065± 0.057 0.253
MLHFQ score −0.001± 0.002 0.906
HF ischaemic aetiology (yes vs. no) −0.041± 0.039 0.288
HF duration, years 0.050± 0.041 0.226
Diabetes mellitus (yes vs. no) 0.177± 0.034 <0.001 – –

Laboratory values
Haemoglobin, g/L −0.002± 0.002 0.193
eGFR, ml/min/1.73m2 −0.002± 0.002 0.203
HbA1c, mmol/mol 0.741± 0.138 <0.001 0.342± 0.377 0.365
HOMA-IR index −0.105± 0.042 0.012
Insulin, mIU/L −0.008± 0.002 <0.001 – –
Glucagon, pg/ml 0.001± 0.001 0.048
Insulin/glucagon ratio −1.231± 0.043 <0.001 −0.137± 0.101 0.174
BNP, ng/L 0.197± 0.029 <0.001 0.062± 0.087 0.478
Free fatty acids, mmol/L 1.708± 0.120 <0.001 1.384± 0.264 <0.001

Echocardiography
LV end-diastolic diameter, mm 0.010± 0.004 0.010
LV ejection fraction, % −0.002± 0.006 0.716
E/Em ratio 0.006± 0.005 0.261

Haemodynamics
RA pressure, mmHg 0.037± 0.008 <0.001 0.022± 0.015 0.146
PA mean pressure, mmHg 0.016± 0.004 <0.001 −0.001± 0.008 0.985
PA wedge pressure, mmHg 0.014± 0.006 0.015
RA/PA wedge pressure ratio 0.648± 0.216 0.003 – –
Cardiac output, L/min −0.053± 0.047 0.266
PVR, WU 0.357± 0.083 <0.001 – –

Treatment (yes vs. no)
ACEi or ARB use −0.019± 0.041 0.635
MRA use 0.019± 0.040 0.624
Beta-blocker use 0.023± 0.053 0.659
Insulin use 0.191± 0.051 <0.001 0.082± 0.139 0.768

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BNP, brain natriuretic peptide; eGFR, estimated glomerular filtration rate; HbA1c, glycated
haemoglobin; HF, heart failure; HOMA-IR, homeostasis model assessment of insulin resistance; MLHFQ, Minnesota Living with Heart Failure Questionnaire; LV, left ventricular;
MRA, mineralocorticoid receptor antagonist; NYHA, New York Heart Association; PA, pulmonary artery; PVR, pulmonary vascular resistance; RA, right atrial; SE, standard
error; WU, Wood units.
aIn the multivariable model, dashes stand for variables not tested because of possible collinearity, meanwhile empty rows mean that variables were not tested because not
strongly statistically significant (i.e. p< 0.001) in the adjusted univariate analysis.

situations, such as ST-elevation myocardial infarction,15 or chronic
dialysis,16 are also associated with an increased blood level of KB,
likely as a direct consequence of the sympathetic stress response,
systemic catecholamine surge and FFA release.15

Beta-hydroxybutyrate levels
and prognosis in the heart failure
population
In patients with HFrEF, increasing circulating KB are associated
with worse prognosis.13,24,35 Our study demonstrates that FFA, ..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
. the precursors of KB, are also independent predictor of adverse

outcome, replacing KB in the multivariate model. Although we can-
not draw definitive explanations for this finding from observational
data, we can offer some potential insights. Enhanced ketogene-
sis in HF seems mainly driven by neurohormonal activation, as
previously demonstrated by the positive association between HF
severity and β-OHB levels,24 being in turn just the mirror of a
worse clinical status. This could also be supported by an associ-
ation between β-OHB levels and worsen cardiac and pulmonary
haemodynamics and higher BNP in the present study. High KB lev-
els in HF can also reflects enhanced triglyceride metabolism, and

© 2024 European Society of Cardiology.
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Figure 3 Kaplan–Meier curves for the composite outcome of
death, urgent transplantation, or left ventricular assist device
implantation without heart transplantation stratified by (A)
beta-hydroxybutyrate (β-OHB) level tertiles and (B) free fatty acid
(FFA) level tertiles.

consequent FFA production. As the last product of this metabolic
cascade, β-OHB may represent a surrogate marker for heightened
triglyceride mobilization and FFA flux.34

Previous observations reported that circulating FFA were asso-
ciated with several comorbidities including coronary heart disease,
hypertension, diabetes mellitus and atrial fibrillation that increase
the risk for HF,36 but also adverse outcomes such as sudden cardiac
death and increased cardiovascular mortality.37,38 From a mechanis-
tic perspective, high FFA levels and their consequent preferential
use as a metabolic substrate may reduce myocardial energy effi-
ciency, through the uncoupling of mitochondrial proteins, and alter
insulin signalling pathways and tissue insulin sensitivity.39 More-
over, the imbalance between FFA uptake and oxidation may results
in intracellular accumulation of toxic lipid species that drive the
cardiac lipotoxicity.40 Finally, FFA have been involved in several
cellular pathways causing endothelial dysfunction and apoptosis, ..
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Figure 4 Kaplan–Meier curves for the composite outcome
of death, urgent transplantation, or left ventricular assist
device implantation without heart transplantation stratified by
beta-hydroxybutyrate (β-OHB) and free fatty acid (FFA) levels
above or below/equal the median.

playing a key role in accelerated atherosclerosis.41 Altogether,
these effects may provide biological plausibility for the observed
increased risk of adverse outcomes in HF patients with higher FFA
concentrations.

Strengths and limitations
The strengths of this study are its unparalleled sample size and
depth of phenotyping, including invasive haemodynamics, anthro-
pometry, and metabolic hormones, making it the most compre-
hensive cohort to date exploring the determinants and prognostic
impact of β-OHB in HFrEF. The study has also inherent limita-
tions. Due to its observational design, it is not possible to establish
a causal link to the results obtained. Patients were referred or
enrolled in a single tertiary centre, leading to a selection bias. We
measured plasma FFA and β-OHB at a single time point. Whether
repeated measures and evaluation of trajectories of change in FFA
and β-OHB over time may have provided stronger associations
with clinical outcomes is unknown. Our population mainly com-
prises middle-age, male Caucasian individuals with advanced HFrEF,
which could limit the generalization of these findings to other HF
populations, such as HFpEF.We did not directly measure peripheral
lipolysis, therefore hypothesis related to this were speculative. Due
to the period of observation, the study population was not treated
with SGLT2 inhibitors; consequently, it is not possible to provide
any insights about their effect on KB metabolism. The lack of gran-
ularity in our mortality outcome data prevents us from specifi-
cally analysing cardiovascular deaths and excluding other causes of
death not exclusively related to HF conditions. Finally, our analy-
sis was based on absolute levels of metabolites, but measurements
of metabolite flux (i.e. appearance and disappearance over time)
would provide more definitive answers.34

© 2024 European Society of Cardiology.
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Conclusions
In patients with advanced HFrEF, both β-OHB and FFA levels
were directly associated with an increased risk of clinical events,
including death, urgent transplantation, or LVAD implantation.
Notably, the association between plasma β-OHB and adverse
outcomes vanishes upon accounting for FFA levels, suggesting that
β-OHB might merely reflects a heightened lipolytic state induced
by neurohormonal overdrive due to a worse clinical status, as
demonstrated by the direct association between KB level and
worse haemodynamic parameters, RV dysfunction and BNP.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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Aims Among patients with cardiogenic shock, immediate initiation of extracorporeal membrane oxygenation (ECMO) did
not demonstrate any benefit at 30 days. The present study evaluated 1-year clinical outcomes of the Extracorporeal
Membrane Oxygenation in the therapy of Cardiogenic Shock (ECMO-CS) trial.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Methods
and results

The ECMO-CS trial randomized 117 patients with severe or rapidly progressing cardiogenic shock to immediate
initiation of ECMO or early conservative strategy. The primary endpoint for this analysis was 1-year all-cause
mortality. Secondary endpoints included a composite of death, resuscitated cardiac arrest or implantation of another
mechanical circulatory support device, duration of mechanical ventilation, and the length of intensive care unit (ICU)
and hospital stays. In addition, an unplanned post-hoc subgroup analysis was performed. At 1 year, all-cause death
occurred in 40 of 58 (69.0%) patients in the ECMO arm and in 40 of 59 (67.8%) in the early conservative arm (hazard
ratio [HR] 1.02, 95% confidence interval [CI] 0.66–1.58; p= 0.93). The composite endpoint occurred in 43 (74.1%)
patients in the ECMO group and in 47 (79.7%) patients in the early conservative group (HR 0.83, 95% CI 0.55–1.25;
p= 0.29). The durations of mechanical ventilation, ICU stay and hospital stay were comparable between groups.
Significant interaction with treatment strategy and 1-year mortality was observed in subgroups according to baseline
mean arterial pressure (MAP) indicating lower mortality in the subgroup with low baseline MAP (<63mmHg: HR
0.58, 95% CI 0.29–1.16; pinteraction = 0.017).
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Conclusions Among patients with severe or rapidly progressing cardiogenic shock, immediate initiation of ECMO did not improve

clinical outcomes at 1 year compared to the early conservative strategy. However, immediate ECMO initiation might
be beneficial in patients with advanced haemodynamic compromise.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Introduction
Cardiogenic shock is a critical condition caused by primary cardiac
dysfunction resulting in inadequate cardiac output with tissue
hypoperfusion.1 Despite advances and developments in acute
cardiovascular and intensive care, mortality rates for cardiogenic
shock remain high.2,3 During past years, mechanical circulatory
support (MCS), especially veno-arterial extracorporeal membrane
oxygenation (ECMO), has been increasingly used to restore total
circulatory output, increase blood pressure, and improve tissue
perfusion in these patients. Initiation of MCS became standard
therapeutic strategy recommended by guidelines from the Euro-
pean Society of Cardiology (class IIa recommendation)1 and the
American Heart Association, American College of Cardiology and
Heart Failure Society of America (class IIb recommendation).4

These recommendations were based almost exclusively on findings
from observational studies (level of evidence C).1,4

Recently, four randomized clinical trials and their meta-analysis
reported that early initiation of ECMO in patients with cardio-
genic shock did not improve clinical outcomes, including all-cause
mortality at 30 days.5–9 However, longer observation is needed
to carefully evaluate the effect of ECMO in cardiogenic shock,
considering that many patients remain hospitalized 30 days after
the index event and that early haemodynamic improvement,
similar to ischaemic or bleeding complications associated with
the use of ECMO, may impact long-term outcome.6 To date,
long-term results from multicentre randomized trials comparing
ECMO and standard care in cardiogenic shock have not been
available. Therefore, we present 1-year pre-defined follow-up
of the Extracorporeal Membrane Oxygenation in the therapy of
Cardiogenic Shock (ECMO-CS) trial. In addition, an unplanned
post-hoc subgroup analysis was performed.

Methods
Study overview
The ECMO-CS trial was an investigator-initiated, multicentre random-
ized trial conducted at four experienced centres in the Czech Republic.
All patients provided informed written consent to participate in the
study. If patient’s status did not permit a written informed consent, it
was provided retrospectively after improvement of their clinical condi-
tion. If a patient died, remained unconscious, or experienced significant
brain dysfunction, informed consent was obtained from the patient’s
next of kin. If informed consent was not obtained, all acquired data
were removed from the database and not used in the analysis. The
authors confirm the accuracy and completeness of the data and for the
fidelity of the trial to the protocol. The ECMO-CS trial was supported
by a grant from the Czech Health Research Council (No. 15-27994A)
and was registered at ClinicalTrials.gov (NCT02301819).

Study design and endpoints
The trial design and protocol were published previously.6,10 Briefly,
patients fulfilling the inclusion criteria for severe or rapidly progress-
ing cardiogenic shock of various aetiologies (online supplementary
Tables S1 and S2) were randomly assigned to immediate initiation of ..
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.. ECMO or to an early conservative strategy. Importantly, in the early

conservative arm, ECMO could be used in case of conservative therapy
failure and further haemodynamic worsening with elevation in serum
lactate level by 3mmol/L compared with the lowest value during the
past 24 h.6,10 Thirty-day results of the trial were published previously.6

The primary endpoint for this analysis was 1-year all-cause mortality.
Secondary endpoints included a composite of death from any cause,
resuscitated cardiac arrest and implementation of another MCS device,
duration of mechanical ventilation, and the length of intensive care unit
(ICU) and hospital stays. Furthermore, a post-hoc subgroup analysis
was performed, including subgroups according to age, sex, presenta-
tion with ST-elevation myocardial infarction, percutaneous coronary
intervention for the index event, baseline mean arterial pressure, left
ventricular ejection fraction, lactate level, and vasoactive-inotropic
score.

Statistical analysis
Sample size determination was based on the assumption of the inci-
dence of the primary outcome (composite of death from any cause,
resuscitated cardiac arrest and implementation of another type of
MCS device at 30 days) and was published previously.6 Analyses were
performed according to the intention-to-treat principle and included
data from all patients and for all events that occurred from the time
of randomization up to 1 year. Categorical variables are expressed as
percentages and compared using Pearson’s chi-squared test or Fisher’s
exact test. Continuous variables are presented as median (interquartile
range [IQR]) and compared using the t-test or Mann–Whitney test
as appropriate. Time to death was analysed using the Kaplan–Meier
method and compared using the log-rank test. Calculation of 95%
confidence intervals (CIs) for point estimates of endpoint occurrence
probability was based on the cumulative risk function (or logarithmic
transformation of the survival function). Hazard ratios (HRs) with
corresponding 95% CIs were calculated using a Cox proportional
hazard model with Efron approximation for tie holding. Odds ratios
(OR) with corresponding 95% CIs were calculated using Baptista–Pike
test. Due to the potential for type 1 error in multiple comparisons,
findings for the secondary outcomes and subgroup analyses should
be interpreted as exploratory. The analysis was performed using SPSS
version 28 (IBM Corporation, Armonk, NY, USA), R version 4.2.1
(R Foundation for Statistical Computing, Vienna, Austria) and Prism
8 (GraphPad Inc., San Diego, CA, USA). Hypotheses were tested at a
significance level of 5% (i.e. differences with p< 0.05 were considered
to be statistically significant).

Results
Patients
Between September 2014 and January 2022, 122 patients were
randomly assigned to one of two groups: immediate ECMO, or
early conservative therapy. After excluding five patients due to
the absence of informed consent (all of them died and informed
consent could not be obtained from the next of kin), 58 subjects
were included in the immediate ECMO group and 59 in the early
conservative therapy group, for whom 1-year data were available
for all (online supplementary Figure S1). The baseline character-
istics of the two study groups at the time of randomization were
balanced (Table 1).

© 2024 European Society of Cardiology.
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Table 1 Baseline characteristics

Characteristic All (n= 117) ECMO (n= 58) Early conservative (n= 59)
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Sex, n (%)
Male 86 (73.5) 43 (74.1) 43 (72.9)
Female 31 (26.5) 15 (25.9) 16 (27.1)

Age, years, median (IQR) 66 (59–73) 67 (60–74) 65 (58–71)
Medical history, n (%)
Chronic coronary syndrome 39 (34.2) 21 (37.5) 18 (31.0)
Chronic heart failure 27 (23.7) 14 (25.0) 13 (22.4)
Dilated cardiomyopathy 15 (13.3) 6 (10.9) 9 (15.5)
Chronic renal failure 16 (14.2) 7 (12.5) 9 (15.8)
Peripheral artery disease 10 (8.8) 3 (5.5) 7 (11.9)
Hypertension 73 (64.0) 35 (62.5) 38 (65.5)
Diabetes 37 (32.5) 16 (28.6) 21 (36.2)
Current smoker 41 (36.9) 14 (25.9) 27 (47.4)

Clinical parameters at randomization, median (IQR)
Blood lactate, mmol/L 5.0 (3.2–8.0) 5.3 (3.1–8.4) 4.7 (3.3–7.4)
Systolic blood pressure, mmHg 85.0 (80.0–100.0) 84.0 (80.0–95.0) 89.0 (79.5–105.0)
Mean arterial pressure, mmHg 63.3 (55.3–72.0) 63.3 (56.7–68.7) 64.5 (54.3–75.3)
Heart rate, bpm 102.0 (84.0–120.0) 110.0 (86.5–130.0) 100.0 (82.0–110.0)

Therapy at randomization
Intra-aortic balloon pump, n (%) 15 (13.3) 6 (10.9) 9 (15.5)
Mechanical ventilation, n (%) 81 (72.3) 41 (74.5) 40 (70.2)
Renal replacement therapy, n (%) 7 (6.2) 4 (7.3) 3 (5.2)
Norepinephrine, n (%) 100 (85.5) 50 (86.2) 50 (84.7)

Norepinephrine dose, μg/kg/min, median (IQR) 0.50 (0.23–1.24) 0.48 (0.23–1.36) 0.50 (0.27–1.19)
Epinephrine, n (%) 4 (3.4) 1 (1.7) 3 (5.1)

Epinephrine dose, μg/kg/min, median (IQR) 0.26 (0.14–0.80) 0.21 (0.21–0.21) 0.30 (0.07–1.30)
Dobutamine, n (%) 64 (54.7) 31 (53.4) 33 (55.9)

Dobutamine dose, μg/kg/min, median (IQR) 5.1 (4.9–8.0) 6.1 (5.0–9.7) 5.1 (4.7–7.6)
Milrinone, n (%) 38 (32.5) 22 (37.9) 16 (27.1)

Milrinone dose, μg/kg/min, median (IQR) 0.40 (0.30–0.50) 0.40 (0.30–0.50) 0.40 (0.37–0.51)
Vasopressin, n (%) 41 (35.0) 19 (32.8) 22 (37.3)

Vasopressin dose, U/kg/min, median (IQR) 0.0017 (0.0010–0.0025) 0.0020 (0.0010–0.0030) 0.0017 (0.0012–0.0022)
Levosimendan, n (%) 32 (29.4) 20 (37.0) 12 (21.8)
Vasoactive-inotropic score, median (IQR) 61.0 (30.0–124.0) 59.9 (32.8–121.5) 61.0 (28.0–124.9)

Cause of cardiogenic shock, n (%)
ST-elevation myocardial infarction 59 (50.4) 30 (51.7) 29 (49.2)
Non-ST-elevation myocardial infarction 14 (12.0) 7 (12.1) 7 (11.9)
Decompensation of chronic heart failure 27 (23.1) 14 (24.1) 13 (22.0)
Mechanical complications of myocardial infarction 3 (2.6) 1 (1.7) 2 (3.4)
Aortic stenosis 9 (7.7) 5 (8.6) 4 (6.8)
Mitral regurgitation 4 (3.4) 1 (1.7) 3 (5.1)
Myocarditis 1 (0.9) – 1 (1.7)

ECMO, extracorporeal membrane oxygenation; IQR, interquartile range.

Endpoints

At 1 year, death from any cause occurred in 40 of 58 (69.0%)
patients in the ECMO arm and in 40 of 59 (67.8%) in the early
conservative arm (HR 1.02, 95% CI 0.66–1.58; p= 0.93) (Figure 1,
Table 2). The major cause of death was refractory shock followed
by multi-organ failure in both groups (online supplementary
Table S3). All survivors had good neurological outcome. The
composite endpoint of death from any cause, resuscitated cardiac
arrest, and implantation of another MCS device occurred in ..

..
..
..
..
..
..
..
..
..
..
..
..
.. 43 (74.1%) patients in the immediate ECMO group and 47 (79.7%)

in the early conservative group (HR 0.83, 95% CI 0.55–1.25;
p= 0.29 (Figure 2, Table 2). Resuscitated cardiac arrest occurred in
6 (10.3%) patients in the immediate ECMO group and 8 (13.6%)
in the early conservative group (OR 0.74, 95% CI 0.23–2.42)
(Table 2). In the immediate ECMO group, fewer patients required
another MCS device (11 [19.0%] vs. 29 [49.2%]; OR 0.28, 95%
CI 0.13–0.64) (Table 1). The another MCS in the ECMO arm was
intra-aortic balloon pump in four cases, two patients received
Impella (Abiomed, Danvers, MA, USA) and two patients received

© 2024 European Society of Cardiology.
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Figure 1 Cumulative incidence of all-cause death. ECMO,
extracorporeal membrane oxygenation.

Table 2 Incidence of the composite endpoint and
individual components of the composite endpoint

Endpoint ECMO
(n= 58)

Conservative
(n= 59)

HR/OR
(95% CI)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Death 40 (69.0) 40 (67.8) 1.02 (0.66–1.58)
Another mechanical
circulatory support

11 (19.0) 29 (49.2) 0.28 (0.13–0.64)

Resuscitated cardiac
arrest

6 (10.3) 8 (13.6) 0.74 (0.23–2.42)

Composite of death from
any cause, implantation
of another mechanical
circulatory support,
resuscitated cardiac
arrest

43 (74.1) 47 (79.7) 0.83 (0.55–1.25)

Data are presented as n (%).
CI, confidence interval; ECMO, extracorporeal membrane oxygenation; HR, hazard ratio; OR,
odds ratio.

Figure 2 Cumulative incidence of the composite endpoint
(all-cause death, resuscitated circulatory arrest, implantation of
another mechanical circulatory support device). ECMO, extra-
corporeal membrane oxygenation.
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.. short-term surgical mechanical left ventricular support (CentriMag,

Abbott Laboratories, Abbott Park, IL, USA) – all these devices
were implanted to unload the left ventricle; three patients were
bridged to long-term mechanical support implantation (Heart-
Mate, Abbott Laboratories, Abbott Park, IL, USA). In the early
conservative arm, 23 patients required ECMO, three individuals
received balloon pump and one subject received Impella in addition
to ECMO for unloading, four patients had Impella alone and in
three patients was implanted long-term left ventricular support
HeartMate (one of them was on ECMO). From the 40 deaths in
the early conservative arm, 19 occurred in patients with MCS.

The median duration of mechanical ventilation was 6 days (IQR
1–18 days) in the ECMO arm and 6 days (IQR 1–21 days) in the
early conservative arm (p= 0.66) (online supplementary Figure S2).
The median duration of ICU stay was 13 days (IQR 3–29 days)
in the ECMO arm and 11 days (IQR 3–30 days) in the early
conservative arm (p= 0.62) (online supplementary Figure S3). The
median length of hospital stay was 17 days (IQR 3–31 days) in the
ECMO arm and 11 days (IQR 3–41 days) in the early conservative
arm (p= 0.80) (online supplementary Figure S4).

Three patients in the ECMO arm experienced stroke, all of them
died (two from refractory shock, one from multi-organ failure);
none stroke was observed in the early conservative arm. Renal
replacement therapy was needed in 16 of 58 (27.6%) patients in
the ECMO arm (12 of them died) and in 10 of 59 (16.9%) patients
in the early conservative arm (8 of them died).

Subgroup analysis
Relative risks for 1-year all-cause mortality were consistent across
subgroups according to age, sex, presentation with ST-elevation
myocardial infarction, percutaneous coronary intervention for
index event, left ventricular ejection fraction, lactate level and
vasoactive-inotropic score. Significant interaction with treatment
strategy and 1-year mortality was observed in subgroups accord-
ing to baseline mean arterial pressure (<63mmHg: HR 0.58,
95% CI 0.29–1.16 vs. ≥63mmHg: HR 1.74, 95% CI 0.93–3.23;
pinteraction = 0.017; median baseline mean arterial pressure in the
ECMO-CS trial was 63mmHg) (Figure 3). The interaction was
even more pronounced in subgroups according to baseline mean
arterial pressure of 60mmHg (online supplementary Figure S5).
Those with mean arterial pressure<63mmHg had a comparable
(numerically higher) vasoactive-inotropic score as subjects with a
mean arterial pressure≥63mmHg (66 [IQR 36–144] vs. 51 [IQR
24–113]; p= 0.12) (online supplementary Figure S6) and similar
pattern was observed for inotropic score (7.1 [IQR 4.7–9.6] vs.
5.0 [IQR 4.2–8.0], p= 0.13).

Discussion
In a 1-year follow-up of the randomized ECMO-CS trial, we report
three key findings. First, among patients with rapidly progressing
or severe cardiogenic shock, immediate initiation of ECMO did
not improve 1-year clinical outcomes. Second, long-term all-cause
mortality of cardiogenic shock remains very high and markedly

© 2024 European Society of Cardiology.
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ECMO in cardiogenic shock 5

Figure 3 Relative risk for 1-year all-cause death in subgroups. ECMO, extracorporeal membrane oxygenation; LVEF, left ventricular ejection
fraction; MAP, mean arterial pressure; PCI, percutaneous coronary intervention; STEMI, ST-elevation myocardial infarction; VIS, vasoactive
inotropic score.

higher than 30-day mortality. Third, patients with persistent severe
hypotension on inotropes and vasopressors may benefit from early
implementation of ECMO.

The potential benefit from early ECMO implementation in
cardiogenic shock was recently addressed in four randomized con-
trolled trials. The first was the small, single-centre, ExtraCorporeal
Life Support for acute myocardial infarction complicated by car-
diogenic shock (ECLS-SHOCK I) trial, including 42 patients
with acute myocardial infarction, most of them after successful
resuscitation for cardiac arrest (90–100%).5 The second was
the present ECMO-CS trial, with 117 patients with cardiogenic
shock of various aetiologies excluding patients after cardiac
arrest.6 The third was the Testing the Value of Novel Strategy
and Its Cost Efficacy in Order to Improve the Poor Outcomes in ..

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
. Cardiogenic Shock (EURO SHOCK) trial, which was terminated

early after enrolment of 35 patients with acute myocardial infarc-
tion (49% after resuscitation).7 The fourth and, to date, the largest,
Extracorporeal Life Support in Cardiogenic Shock (ECLS-SHOCK
II) trial, included 417 patients with acute myocardial infarction,
78% of whom after resuscitation for cardiac arrest.8 Neutral
effect on 30-day outcomes was observed in all above trials and
confirmed in the individual patient data meta-analysis (exclusively
including subjects with acute myocardial infarction-related car-
diogenic shock).5–9 However, in the ECMO-CS trial, a substantial
proportion of patients remained hospitalized at 30 days, partly
on mechanical ventilation with uncertain prognosis and, there-
fore, longer-term follow-up is justified to evaluate the clinical
outcomes.6 Importantly, whereas the 30-day mortality in the

© 2024 European Society of Cardiology.
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6 P. Ostadal et al.

ECMO-CS trial was 49% (and 47% in the meta-analysis),6,9 at
1 year, mortality increased to 68% with numerous deaths after
30 days. Of note, 91% of all deaths occurred within 90 days and
96% in 180 days; this observation may be useful for planning future
clinical trials focused on MCS in cardiogenic shock.

Current evidence regarding the long-term effect of MCS in
patients with cardiogenic shock from randomized controlled
trials is limited. Consistent with results from the present study,
Lackermair et al.,11 in the ECLS-SHOCK I trial, did not observe
significant difference in 1-year survival with and without ECMO.
However, long-term mortality in that trial was very low (19–38%)
compared to our study, as well as with the recent large trials in
cardiac arrest survivors, and even lower than the 30-day mortality
reported in other randomized trials with ECMO in cardiogenic
shock.6–8,11–13 On the other hand, the long-term mortality rate in
the present study (68%) is greater than that from the Hypothermia
During ECMO (HYPO-ECMO) trial14 and registries,15 indicating
that the ECMO-CS cohort was extremely sick, which can be
explained by the enrolment of subjects with cardiogenic shock of
various aetiologies including decompensated chronic heart failure
and therapy with higher doses of vasopressors that was required
for enrolment. Comparable long-term mortality to the ECMO-CS
trial was also observed in the recent Danish–German Cardiogenic
Shock (DanGer Shock) trial.16

In contrast to other three studies comparing ECMO and stan-
dard care, patients who underwent resuscitation for cardiac arrest
were not eligible for the ECMO-CS trial. The reason for exclusion
of cardiac arrest survivors in the ECMO-CS trial included differ-
ences in haemodynamic profile, guideline-recommended therapy
and, particularly, cause of death compared with other patients with
cardiogenic shock.17,18 Comatose cardiac arrest survivors were
also excluded in the DanGer Shock trial, currently the only study
that demonstrates benefit of MCS (Impella) in acute myocardial
infarction-related cardiogenic shock.16

In the ECMO-CS trial, downstream use of ECMO in the con-
servative arm was permitted in case of failure of conservative
therapy and further haemodynamic worsening defined per pro-
tocol as elevation of blood lactate level by 3mmol/L. In fact, a
substantial proportion of patients in the early conservative arm
(39%) received ECMO later in the course of the treatment. There-
fore, the results of the ECMO-CS trial should be interpreted
as a comparison of immediate ECMO with an early conserva-
tive strategy, not as a comparison of ECMO versus no ECMO.
It is noteworthy that despite the use of ECMO was not rec-
ommended in the conservative arms of the EURO SHOCK and
ECLS-SHOCK II trials, 6% and 12% of patients respectively, also
received ECMO in these studies and also other types of MCS in the
ECLS-SHOCK II trial.7,8

Subgroup analysis suggested a significant interaction between
treatment strategy and 1-year mortality in subgroups according
to baseline blood pressure. It is important to note that at the
time of baseline mean arterial pressure measurement, all patients
were already treated with inotropes and vasopressors based on the
inclusion criteria. Subjects with a baseline mean arterial pressure
<63mmHg had a better chance to benefit from an early ECMO
strategy compared to those with higher mean arterial pressure. ..

..
..
..
..
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..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
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..
..
..
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..
..
..
..
..
..
..
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..
..
.. Mean arterial pressure is significantly associated with severity of

shock and prognosis,19 implying that patients with more advanced
cardiogenic shock at presentation might benefit from early ECMO.
Moreover, a numerically higher vasoactive-inotropic score or
inotropic score in patients with lower mean arterial pressure indi-
cates that the reason for low blood pressure was not inadequate
conservative therapy. Based on this hypothesis-generated finding,
severe hypotension despite conservative therapy with inotropes
and vasopressors might help to identify patients who may bene-
fit from ECMO. This observation in the ECMO-CS study where
cardiac arrest survivors have been excluded may contrast with
the ECLS-SHOCK II population, where the majority of patients
suffered cardiac arrest before being diagnosed with cardiogenic
shock and therefore their hypotension might have been caused by
post-resuscitation syndrome, rather than primary cardiac dysfunc-
tion. And, consequently, a chance for ECMO to improve outcome
in post-resuscitation syndrome may substantially differ resulting in
no benefit in any of the subgroups in the ECLS-SHOCK II trial.8

On the other hand, Moller et al.16 in the DanGer Shock trial
report similar observation in subgroup analysis as in the present
study – benefit from Impella in patients with baseline mean arterial
pressure≤63mmHg and no benefit in subjects with mean arterial
pressure >63mmHg.

Our study had several limitations. First, all participants were
Caucasian, given that the trial recruited participants exclusively
in the Czech Republic, which may limit the generalizability of
our results to other racial or ethnic groups. There was also no
upper age limit for enrolment but exclusion criteria included life
expectancy <1 year. Second, the trial was designed and the sample
size was calculated to find a difference in a composite primary out-
come at 30 days. Therefore, all other results must be considered
exploratory, including analysis of secondary outcomes and, espe-
cially, the post-hoc subgroup analysis. Third, as mentioned above,
the trial did not compare ECMO with conservative therapy but
immediate ECMO with an early conservative strategy permitting
‘bailout’ ECMO implementation in case of failure of conserva-
tive treatment and further haemodynamic worsening. The results
should, therefore, be interpreted accordingly. Moreover, the base-
line arterial pressure and inotrope/vasopressor doses correspond
with the status at randomization. Unfortunately, the time from
onset of symptoms or onset of shock was not recorded and was
not included in the inclusion/exclusion criteria. The ECMO-CS trial
also randomized patients who were transferred from other hos-
pitals or departments because of cardiogenic shock. Therefore,
we cannot identify subjects where ECMO was used as ‘salvage’
therapy and ‘early implantation’ refers to the time from presenta-
tion. Fourth, the trial was unblinded and the endpoints were not
adjudicated. Finally, inclusion criteria were based on shock sever-
ity defined by intensity of vasoactive therapy, haemodynamic or
metabolic parameters, and the evidence of cardiac pump failure,
not on specific aetiologies. However, exclusion criteria included
several specific conditions that may cause or influence cardio-
genic shock, including high suspicion of pulmonary embolism, car-
diac tamponade, bradycardia, tachycardia, aortic regurgitation, or
obstructive hypertrophic cardiomyopathy. Moreover, as mentioned
above, those who survived cardiac arrest were also excluded.

© 2024 European Society of Cardiology.
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ECMO in cardiogenic shock 7

Therefore, our results cannot be generalized to all aetiologies of
shock and to all concomitant conditions.

In conclusion, among patients with severe or rapidly progressing
cardiogenic shock, immediate initiation of ECMO did not improve
clinical outcomes at 1 year compared with early conservative
strategy. However, an early ECMO strategy may be beneficial
in patients with severe shock despite conservative therapy with
inotropes and vasopressors.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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Abstract 

Background Randomized data evaluating the impact of the extracorporeal cardiopulmonary resuscitation (ECPR) 
approach on long-term clinical outcomes in patients with refractory out-of-hospital cardiac arrest (OHCA) are lacking. 
The objective of this follow-up study was to assess the long-term clinical outcomes of the ECPR-based versus CCPR 
approach.

Methods The Prague OHCA trial was a single-center, randomized, open-label trial. Patients with witnessed refrac-
tory OHCA of presumed cardiac origin, without return of spontaneous circulation, were randomized during ongoing 
resuscitation on scene to conventional CPR (CCPR) or an ECPR-based approach (intra-arrest transport, ECPR if ROSC 
is not achieved prehospital and immediate invasive assessment).

Results From March 2013 to October 2020, 264 patients were randomized during ongoing resuscitation on scene, 
and 256 patients were enrolled. Long-term follow-up was performed 5.3 (interquartile range 3.8–7.2) years after initial 
randomization and was completed in 255 of 256 patients (99.6%). In total, 34/123 (27.6%) patients in the ECPR-based 
group and 26/132 (19.7%) in the CCPR group were alive (log-rank P = 0.01). There were no significant differences 
between the treatment groups in the neurological outcome, survival after hospital discharge, risk of hospitalization, 
major cardiovascular events and quality of life. Of long-term survivors, 1/34 (2.9%) in the ECPR-based arm and 1/26 
(3.8%) in the CCPR arm had poor neurological outcome (both patients had a cerebral performance category score 
of 3).

Conclusions Among patients with refractory OHCA, the ECPR-based approach significantly improved long-term 
survival. There were no differences in the neurological outcome, major cardiovascular events and quality of life 
between the groups, but the trial was possibly underpowered to detect a clinically relevant difference in these 
outcomes.
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Background
Out-of-hospital cardiac arrest (OHCA) is a leading cause 
of death in Western countries. Despite extensive efforts 
to improve OHCA outcomes, the survival rate of hospital 
discharge remains low, averaging approximately 8% [1]. 
Most resuscitated OHCA patients do not respond to con-
ventional cardiopulmonary resuscitation (CCPR) and fail 
to achieve a return of spontaneous circulation (ROSC) [2, 
3]. In this context the use of veno-arterial extracorpor-
eal membrane oxygenation (VA ECMO) during ongoing 
resuscitation, a technique known as extracorporeal cardi-
opulmonary resuscitation (ECPR), could be a promising 
intervention in selected patients with refractory OHCA 
[2–5].

Two single-center, randomized trials (ARREST and 
Prague OHCA) have presented results suggesting the 
survival benefit of advanced logistics and ECPR over 
CCPR at 30 and 180  days [2, 3, 6, 7]. However, in the 
Prague OHCA trial, ECPR-based approach did not sig-
nificantly improve survival with neurologically favora-
ble outcome at 180  days compared with CCPR and the 
trial was possibly underpowered to detect a clinically 
relevant difference for this outcome [2]. A multicenter, 
randomized trial (INCEPTION) showed no survival dif-
ference between ECPR and CCPR approaches for refrac-
tory OHCA at 30 and 180  days post-cardiac arrest [8]. 
These divergent findings may be attributed to several 
factors, including variations in system organization, the 
presence or absence of standardized protocols, different 
intervals from cardiac arrest to ECPR, case volume and 
post-resuscitation care. Most importantly, they stress the 
need for further research as ECPR is resource-intensive, 
posing significant challenges for prehospital and hospital 
systems.

Evidence from observational retrospective studies 
suggests good long-term survival and encouraging but 
impaired quality of life (QoL) in ECPR patients [5, 9, 
10]. However, no randomized data are available on long-
term clinical outcomes of the ECPR-based approach in 
patients with refractory OHCA.

Therefore, we conducted a long-term follow-up of the 
Prague OHCA trial to assess differences in clinical out-
comes between the ECPR-based approach and CCPR and 
to analyze QoL in long-term survivors.

Methods
Study design
The Prague OHCA study was a single-center, prospec-
tive, open-label, randomized clinical trial that compared 
an ECPR-based approach (including early intra-arrest 
transport, ECPR if ROSC is not achieved prehospital and 
immediate invasive assessment and therapy) to a CCPR 
in patients with refractory OHCA: the trial design and 
results of up to 180  days after OHCA have been pub-
lished previously [2, 7, 11]. The long-term follow-up of 
patients was planned and prospectively conducted, but 
there was no prespecified follow-up statistical analysis 
plan in the original study protocol and present study is a 
secondary analysis of RCT [11].

The study was approved by the Institutional Review 
Board of the General University Hospital and First Fac-
ulty of Medicine, Charles University, Prague (192/11 
S-IV). Each participant’s legal representative was 
informed of the study enrollment and asked for written 
informed consent as soon as possible. All patients who 
regained normal neurological function were asked to 
provide written permission to use their data. Consent 
requirements were waived for patients who died at the 
scene and never reached the hospital and those without 
known legal representatives. Additional ethical approval 
was obtained for the long-term follow-up (100/21 S-IV). 
The trial complied with the Declaration of Helsinki and 
is registered at www. clini caltr ials. gov (ClinicalTrials.gov 
Identifier: NCT01511666).

Participants
Adults aged 18–65  years receiving ongoing resuscita-
tion for witnessed OHCA of presumed cardiac etiology 
were eligible for enrollment in the trial, given that they 
had received a minimum of 5  min of advanced cardiac 
life support without ROSC and when the ECPR team was 
available at the cardiac center. Patients who had unwit-
nessed cardiac arrest or presumed noncardiac cause, 
had suspected or confirmed pregnancy, attained ROSC 
within 5  min during initial resuscitation, regained con-
sciousness, had obvious lifelimiting comorbidities, bleed-
ing diathesis, known do-not resuscitate order, or known 
prearrest cerebral performance category (CPC) 3 or 
greater were excluded [2, 11, 12].

Trial registration ClinicalTrials.gov Identifier: NCT01511666, Registered 19 January 2012.

Keywords Out-of-hospital cardiac arrest, Extracorporeal membrane oxygenation, Extracorporeal cardiopulmonary 
resuscitation, Long-term, Quality of life
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Randomization and masking
Between March 1, 2013, and October 25, 2020, 264 
patients were randomized and 256 enrolled in the study 
to the ECPR-based arm or CCPR arm using a web-based 
secured randomization system that assigned patient 
numbers and intervention groups before hospitaliza-
tion during ongoing CPR in the field [2]. Randomiza-
tion into the standard strategy or invasive strategy group 
was based on 4 strata (men ≤ 45  years, men > 45  years, 
women ≤ 45 years, women > 45 years), with block size of 
8. The block size was not disclosed to research personnel 
[2]. Functional assessments during follow-up were con-
ducted by qualified evaluators who were blinded to group 
allocation.

Long‑term follow‑up
The follow-up of the present study includes all partici-
pants of the original study and initiates at the start of the 
index event (cardiac arrest) for all patients. All survivors 
of the index hospitalization were invited to the planned 
follow-up, including routine outpatient visits to the 
Heart Failure Center of the General University Hospi-
tal in Prague. The schedule for all visits at the outpatient 
clinic was initially set for 180 days after the index event 
and continued every six months thereafter. Additional 
visits were arranged as necessary, based on the patient’s 
clinical status. All-cause mortality and events were deter-
mined based on follow-up data and hospital records 
and confirmed by mortality data from the Czech Cen-
tral Insurance Database. Any clinical event was verified 
by hospital or general practitioner records. Long-term 
follow-up was performed by a cardiologist, a neurolo-
gist and a study nurse, either in the outpatient clinic or 
by telephone. Neurologic outcome during the follow-up 
was assessed by a neurologist masked to treatment allo-
cation using CPC scores [12]. The CPC scale ranges from 
1 to 5, with 1 representing good cerebral performance or 
minor disability, 2 moderate disability, 3 severe disability, 
4 coma or vegetative state and 5 brain death. In addition, 
a structured interview was done with a functional sta-
tus questionnaire (the EQ5D5L, www. euroq ol. org) and a 
modified Rankin scale (mRS) with a study nurse masked 
to treatment allocation. The modified Rankin scale 
ranges from 0 to 6, with 0 indicating no symptoms, 1 no 
clinically significant disability, 2 slight disability, 3 moder-
ate disability, 4 moderately severe disability, 5 severe dis-
ability and 6 death [13].

Intention‑to‑treat, crossovers, as‑treated, per protocol 
population
During the trial, crossovers from the CCPR strategy to 
the ECPR-based strategy (and vice versa) occurred [2]. 

In the CCPR to ECPR-based strategy, the decision was 
made based on the request of an emergency physician. 
At least two additional unsuccessful defibrillations were 
required after randomization before the cardiac center 
coordinator accepted a crossover. The crossover from 
ECPR to the CCPR strategy was accepted when continu-
ing care with invasive measures was deemed futile. All 
crossovers occurred during the initial CPR phase (no late 
crossovers transpired).

The primary analysis of the current study endpoints 
is done according to the randomization group, and data 
from patients who crossed over were analyzed by the 
original group assignment respecting the intention-
to-treat principle. The as-treated analysis is a post hoc 
analysis that pooled all randomized patients according 
to their treatment allocation after the accepted crosso-
ver. The per-protocol analysis is a post hoc analysis that 
includes only those patients who completed the treat-
ment originally allocated (excluding all crossovers). Some 
20/256 patients (7.8%) were crossed over (11 crossovers 
from the CCPR group to the ECPR-based group and 9 
from the ECPR-based group to the CCPR group). Details 
about crossovers appear in the original report [2].

Study endpoints
The primary outcome of the long-term follow-up was 
survival. The secondary outcome was neurological out-
come assessed by CPC [12] (a CPC of 1–2 was considered 
a good neurological outcome and a CPC of 3–5 a poor 
neurological outcome) and mRS scores (a mRS score 
of 0–3 was regarded as a good outcome and a score of 
4–6 a poor outcome) [13]. Further exploratory outcomes 
included the occurrence of major events after discharge 
(all-cause death, all-cause hospitalization, all-cause cardi-
ovascular hospitalization, myocardial infarction, stroke, 
hospitalization for heart failure and ventricular arrhyth-
mias), assessment of symptoms of heart failure using the 
New York Heart Association (NYHA) classification and 
QoL using the EQ5D5L (www. euroq ol. org) questionnaire 
and the EQ visual analog scale.

Statistical analysis
Data were analyzed according to the intention-to-treat 
principle, with an additional analysis according to the as-
treated and per-protocol principle for the primary and 
secondary outcome. All exploratory outcomes were ana-
lyzed according to the intention-to-treat principle only. 
Sample size determination of the original study was com-
puted for the 180-day outcomes [11]; there was no formal 
power analysis for the long-term follow-up. Differences 
in survival rates were assessed using the Kaplan–Meier 
estimator with the log-rank test. To compare the treat-
ment arms other endpoints were evaluated by the χ2test 
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or the exact Barnard method for binary endpoints. Dif-
ferences in EQ visual analogue scale were assessed using 
Welch’s t-test. For the construction of 95% confidence 
intervals and corresponding p-values of rehospitaliza-
tions, the test of relative risk was employed. A two-sided 
P < 0.05 was considered statistically significant. Statisti-
cal analyses were performed using the R (R Core Team, 
2021) software, version 4.2.3 [14].

Results
Patients and follow‑up
From March 2013 to October 2020, 264 patients were 
randomized during ongoing resuscitation on scene, and 
256 (97%) were eligible for the final analysis. Data on 
screening, randomization, crossovers, 30-day, 180-day, 
1-year, 2-year and long-term survival are displayed in 
Fig.  1. The median long-term follow-up was 5.3  years 

4345 Patients with out-of-hospital 
cardiac arrest assessed for eligibility 3987 Excluded

1601 Declared dead at scene before
randomization

1263 Return of spontaneous circulation    
before enrollment considered

677 Unwitnessed cardiac arrest 
363 Non cardiac cause
49 Age below 18 years 
34 Outcome data not available

264 Randomized

94 Excluded

36 Age known > 65-years old
29 Physician decision not to enroll
19 Referred to other institutions
4 ECLS or ICU bed capacity not available
4 Reason not known
1 Mechanical CPR device not functional
1 Polymorbid patient

358 Patients without return of 
spontaneous circulation 
assessed for inclusion

8 Excluded
7 Consent not obtained
1 Randomized after DSMB stopped the study

124 ECPR-based arm

115 Received allocated intervention 

9 Crossed over to CCPR

132 CCPR arm

121 Received allocated intervention 

11 Crossed over to ECPR-based

52 (41.9%) Survived 30-days

41 (33.1%) Survived 180-days

34 (27.6%) Survived long-term (median 5.3y)

1 Lost to follow-up

43 (32.6%) Survived 30-days

34 (25.8%) Survived 180-days

26 (19.7%) Survived long-term (median 5.3y)

39 (31.4%) Survived 1-year 32 (24.2%) Survived 1-year

31 (23.5%) Survived 2-year39 (31.4%) Survived 2-year

Fig. 1 Trial profile. CCPR conventional cardiopulmonary resuscitation, CPR cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary 
resuscitation
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(interquartile range, IQR 3.8–7.2 years) after initial ran-
domization and was completed in 255 of 256 patients 
(99.6%). The last follow-up visit was performed on 23 
May 2023, > 10 years after the randomization of the first 
patient on 12 May 2013.

Baseline and cardiac arrest characteristics
Baseline characteristics, published previously [2], were 
well balanced between treatment groups. The median age 
at randomization was 59 years (IQR 48–66) in the ECPR-
based group and 57  years (IQR 47–65) in the CCPR 
group; 82% of patients in the ECPR-based and 83% in the 
CCPR group were men. Ventricular fibrillation was the 
most common initial rhythm (72/124 patients (58%) in 
the ECPR group and 84/132 (64%) in the CCPR group) 
[2]. Patients were randomized during ongoing CPR after 
a median of 24  min (min) (IQR 21–30) in the ECPR-
based group and 26 min (IQR 19–31) in the CCPR strat-
egy group after the collapse [2].

Long‑term survival
In the intention-to-treat population, 34/123 patients 
(27.6%) in the ECPR-based group and 26/132 patients 
(19.7%) in the CCPR group were alive at the last follow-
up (log-rank P = 0.01) (Fig. 2A).

For the per-protocol population, 34/114 patients 
(29.8%) in the ECPR-based group and 22/121 patients 
(18.2%) in the CCPR group were alive at the last follow-
up (log-rank P = 0.008) (Fig. 2B).

For the as-treated population 38/125 patients (30.4%) 
in the ECPR-based group and 22/130 patients (16.9%) in 
the CCPR group were alive at the last follow-up (log-rank 
P < 0.001) (Fig. 2C).

Long‑term neurological outcome
In the intention-to-treat population, no significant dif-
ferences were observed between the treatment groups 
in the CPC and mRS categories (Table 1). A good neuro-
logical outcome (CPC 1 or 2) occurred in 33/123 patients 
(26.8%) in the ECPR-based group and 25/132 patients 
(18.9%) in the CCPR group (RR 0.90, CI 0.79–1.03, 

P = 0.13). Similar results were found for the mRS cat-
egory (Table 1).

Among long-term survivors, only 1/34 patients (2.9%) 
in the ECPR-based group and 1/26 patients (3.8%) in the 
CCPR group had a poor neurological outcome (both with 
CPC scores = 3) (Table 1). The evolution of neurological 
outcome results assessed by CPC between 30-day, 180-
day, and the last follow-up for ECPR-based and CCPR 
group is depicted in Fig. 3A–C. The numbers of patients 
in each CPC category at 30-day, 180-days, 1-year, 2-year, 
and the last follow-up are described in Additional file 1: 
Table S1.

For the per-protocol population, a good neurologi-
cal outcome (CPC 1 or 2) occurred in 33/114 patients 
(28.9%) in the ECPR-based group and 21/121 patients 
(17.4%) in the CCPR group (RR 0.86, CI 0.75–0.99, 
P = 0.035). Similar findings were observed for the mRS 
category (Additional file 1: Table S2).

In the as-treated population, a good neurological out-
come (CPC 1 or 2) occurred in 37/125 patients (29.6%) in 
the ECPR-based group and 21/130 patients (16.2%) in the 
CCPR group (RR 0.84, CI 0.73–0.96, P = 0.007). Similar 
findings were observed for the mRS category (Additional 
file 1: Table S3).

Long‑term risk of events and rehospitalization
During the follow-up, 39/123 patients (31.7%) in the 
ECPR-based group and 30/132 (22.7%) in the CCPR 
group were discharged from the hospital or long-term 
hospital facilities after the index event (P = 0.11) (median 
time to discharge 19.5 days, IQR 12.5–32 days). Of these, 
4/39 (10.3%) patients in the ECPR-based group and 6/30 
(20%) in the CCPR group died during the follow-up (rela-
tive risk 0.51 [0.16–1.66], P = 0.26). Detailed causes of 
death are provided in the Additional file 1: Table S4. At 
least one rehospitalization occurred in 30/39 patients 
(76.9%) in the ECPR-based group and 18/30 (60%) in the 
CCPR group (relative risk, RR 1.28 [95%CI 0.91–1.8], 
P = 0.15). At least one cardiovascular rehospitalization 
occurred in 25/39 patients (64.1%) in the ECPR-based 
group and 15/30 (50%) in the CCPR group (RR 1.28 

(See figure on next page.)
Fig. 2 A Kaplan–Meier plot showing cumulative patient survival from index cardiac arrest to last follow-up for the intention-to-treat population. 
CCPR conventional cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation. B Kaplan–Meier plot showing cumulative 
patient survival from index cardiac arrest to last follow-up for the per-protocol population. *The per-protocol analysis is a post hoc analysis 
that includes only those patients who completed the treatment originally allocated (excluding all crossovers, 20/256 patients (7.8%) were crossed 
over, 11 crossovers from the CCPR group to the ECPR-based group and 9 from the ECPR-based group to the CCPR group). CCPR conventional 
cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation. C Kaplan–Meier plot showing cumulative patient survival 
from index cardiac arrest to last follow-up for the as-treated population. *The as-treated analysis is a post hoc analysis that pooled all randomized 
patients according to their treatment allocation after the accepted crossover (20/256 patients (7.8%) were crossed over, 11 crossovers 
from the CCPR group to the ECPR-based group and 9 from the ECPR-based group to the CCPR group). CCPR conventional cardiopulmonary 
resuscitation, ECPR extracorporeal cardiopulmonary resuscitation
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Fig. 2 (See legend on previous page.)
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[95%CI 0.84–1.97], P = 0.26). The frequency of major car-
diovascular events, presented in Table 2, was low in both 
groups. Most of these rehospitalizations were attribut-
able to staged cardiovascular procedures, and details are 
provided in Additional file 1: Table S5.

Functional status and quality of life
Among long-term survivors, 57/60 (95%) were in NYHA 
class I or II (94.1% in the ECPR-based group and 96.1% 
in the CCPR group, P = 0.74). Details of the health pro-
file assessed by the EQ-5D-5L are summarized in Table 3. 
There were no significant differences in QoL between the 
two treatment groups. The mean EQ-VAS value was 71.0 
(± 19.9) in the ECPR-based group and 76.3 (± 18.3) in the 
CCPR group (P = 0.30).

Discussion
In this long-term follow-up to a randomized controlled 
trial, an ECPR-based approach to refractory OHCA was 
associated with a significant survival benefit compared 
to CCPR. The survival benefit was observed in the inten-
tion-to-treat, per-protocol and as-treated populations. 
The importance of this finding is underlined because 
most patients in this cohort are middle-aged adults (the 
median age in the ECPR-based group was 59 years) with 
prolonged resuscitations. Moreover, our data suggest 
that the ECPR-based approach as a resource-intensive 
method translates into long-term benefits.

In terms of neurological outcomes, in both the CPC 
and mRS assessments, our study did not identify a sig-
nificant difference between the study groups in the 
intention-to-treat analysis. This finding is consistent 
with the results observed at the 180-day mark [2]. How-
ever, it is important to note that the trial may have been 
underpowered to detect a clinically relevant difference. 
In contrast to the intention-to-treat analysis, both the 
per-protocol and as-treated analyses of neurological out-
comes demonstrated a benefit of the ECPR-based strat-
egy over CCPR. Nevertheless, these findings should be 
interpreted cautiously as they are hypothesis-generating 
only. A larger RCT to address neurological outcomes 
associated with the ECPR-based and CCPR strategies, 
including an assessment of minimal or no neurological 
impairment, is imperative.

Limited data are available on long-term outcomes in 
the refractory OHCA population [9, 10]. A retrospec-
tive observational analysis of patients who received ECPR 
for refractory ventricular fibrillation from Minnesota 
showed a 27% survival at 1 year, close to our results with 
a 1-year survival of 31% in the ECPR-based group [9]. 
Another retrospective analysis of the consecutive in-hos-
pital cardiac arrest and OHCA cases treated with ECPR 
from Germany also showed 31% survival at 1  year [10]. 
The Minnesota analysis focused on survival and com-
pared OHCA survivors to patients with heart failure who 
received heart transplantation or a left ventricular assist 
device and did not provide data on neurological outcome 
and QoL [9].

Another important finding is comparable survival 
between the ECPR-based and CCPR groups after dis-
charge home from the hospital or long-term hospital 
facilities. This finding aligns with data from a Danish ret-
rospective observational study showing similar survival 
rates between OHCA survivors treated with CCPR or 
mechanical circulatory support devices after hospital dis-
charge [15]. Findings from our and the Danish study also 
suggest that overall long-term survival after discharge 
(90% in our ECPR-based group and 89% in the Danish 
study) is comparable to that seen in patients with short 
time to ROSC, who have the highest chance of in-hospi-
tal survival.

An additional noteworthy result of this study is that 
only two long-term survivors exhibited advanced neu-
rological impairment with no difference between the 
ECPR-based and CCPR groups. However, these patients 
regained consciousness but remained dependent on 
long-term care. This result has several important impli-
cations. First, it suggests that severe neurological impair-
ment is rare in refractory OHCA survivors after 180 days. 
Secondly, it underscores the significance of long-term 
survival as a relevant endpoint for follow-up. Our results 

Table 1 Neurological outcome of patients assessed by CPC and 
mRS at the last follow-up (median 5.3 years, IQR 3.8–7.2 years), by 
treatment groups, intention-to-treat analysis

CCPR conventional cardiopulmonary resuscitation, CPC cerebral performance 
category, ECPR extracorporeal cardiopulmonary resuscitation, mRS modified 
Rankin scale

*The P-value testing was conducted for CPC 1–2 versus CPC 3–5 and mRS 0–3 
versus 4–6

CPC category ECPR‑based (n = 123) CCPR (n = 132) P value*

1 30 (24.4%) 25 (18.9%) 0.133

2 3 (2.4%) 0

3 1 (0.8%) 1 (0.8%)

4 0 0

5 89 (72.4%) 106 (80.3%)

mRS category P value*

0 2 (1.6%) 6 (4.5%) 0.133

1 17 (13.8%) 12 (9.1%)

2 12 (9.8%) 7 (5.3%)

3 2 (1.6%) 0

4 1 (0.8%) 0

5 0 1 (0.8%)

6 89 (72.4%) 106 (80.3%)
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are supported by observational studies [10, 15] and a ran-
domized trial [16] reporting good neurological outcomes 
in most OHCA survivors.

Contrary to these findings from European centers, an 
observational study from South Korea [17] reported a 
high proportion of severe neurological impairment in 
OHCA survivors treated with CCPR at 1  year (34% of 

patients with a CPC score of 3 or 4). These poor neuro-
logical outcomes in the South Korean study were prob-
ably caused by low rates (36%) of bystander CPR and an 
initial shockable rhythm (15%). Our results are derived 
from a selected refractory OHCA population with high 
rates of bystander CPR (99%) and initial shockable 
rhythms (60%) and are therefore not generalizable to 

Fig. 3 Neurological outcome results assessed by CPC at 30-day (A), 180-day (B) and the last-follow-up (median 5.3 years, IQR 3.8–7.2 years) (C) 
for CCPR group and ECPR-based group. CCPR conventional cardiopulmonary resuscitation, CPC cerebral performance category, ECPR extracorporeal 
cardiopulmonary resuscitation

Table 2 Clinical events after index hospitalization during follow-up among patients discharged home from the hospital or long-term 
facility, by treatment groups, intention-to-treat analysis

CCPR conventional cardiopulmonary resuscitation, ECPR extracorporeal cardiopulmonary resuscitation

Event ECPR‑based (n = 39) CCPR (n = 30) Relative risk (95% CI) P value

All-cause death 4 (10.3%) 6 (20%) 0.51 [0.16–1.66] 0.26

All-cause hospitalization 30 (76.9%) 18 (60%) 1.28 [0.91–1.8] 0.15

All-cause cardiovascular hospitalizations 25 (64.1%) 15 (50%) 1.28 [0.84–1.97] 0.26

Myocardial infarction 1 (2.6%) 1 (3.3%) NA 0.91

Stroke 0 1 (3.3%) NA 0.34

Heart failure hospitalization 2 (5.1%) 3 (10%) NA 0.57

Hospitalization for ventricular arrhythmia 1 (2.6%) 3 (10%) NA 0.22
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OHCA all-comers. Moreover, decisions regarding prog-
nostication and withdrawal of life-sustaining therapy in 
patients with severe neurological impairment may dif-
fer substantially between centers, countries and regions, 
which may influence these results.

Moreover, few studies with limited sample sizes pro-
vided insights into the long-term neurological outcome 
evolution after OHCA [17–19]. Significant changes in 
the neurological outcome were observed between 1 
and 6  months, with almost no changes occurring after 
6  months, except for death. Our study confirms these 
findings in a randomized refractory OHCA population. 

However, further research in a larger population is 
needed as neurological recovery and outcome evolution 
have important consequences for long-term care deci-
sions and outcome selection in future clinical studies. 
The commonly used 1-month outcomes in OHCA tri-
als are too short to assess the effects of interventions in 
this population and a longer primary follow-up is needed 
[17–19].

Long-term follow-up data on patients discharged home 
after the index event in our study revealed a high num-
ber of rehospitalizations. Although the total number of 
major adverse cardiovascular events was relatively low, 
the high number of hospitalizations following discharge 
deserves attention. We found no study focusing on the 
risk of cardiovascular events and admission to hospital in 
OHCA survivors. However, this finding is not surprising, 
given that many OHCA patients have comorbidities [2, 
20] and severe coronary artery disease as the underlying 
cause [21, 22]. Larger studies are needed to confirm our 
findings, but proper follow-up for this vulnerable patient 
cohort must be emphasized. A structured treatment pro-
gram is necessary after discharge to manage the long-
term sequelae of critical illness [9] and should be part of 
the standard care in all specialized OHCA centers.

A minority of studies reported QoL in the refractory 
OHCA population [10]. Our data show that a substantial 
proportion of patients who survived refractory OHCA 
experience difficulties in daily activities, but the overall 
QoL assessed by the EQ5D-5L and EQ-VAS show mod-
erate to good QoL in most survivors. Additionally, our 
results indicate similar QoL in refractory OHCA sur-
vivors regardless of the initial treatment strategy. The 
observational study from Germany also revealed encour-
aging but impaired QoL in a small group of ECPR recipi-
ents [10]. However, a meaningful comparison with our 
data are not possible as the German study used a differ-
ent measurement of QoL (i.e., the SF-36 health survey). 
Our results, with a mean EQ-VAS of 71.0 in the ECPR-
based group and 76.3 in the CCPR group, are similar to 
EQ-VAS results reported in a large TTM2 study (mean 
EQ-VAS was 74 in the hypothermia group and 75 in the 
normothermia group) [16].

The limitations of our analysis include those of the pri-
mary trial [2]. First, the study was performed in a single 
high-volume OHCA center experienced in ECMO and 
ECPR management, restricting the generalizability of 
our results. Second, the sample size was small, limiting 
its power. Third, the study design allowed for crossover, 
which, although occurring at a low rate of 7.5%, may have 
impacted the results. Fourth, the long-term follow-up has 
been prospectively conducted but statistical analysis plan 
was not predefined in the original study protocol, and 
this is a secondary analysis. Finally, the as-treated and 

Table 3 EQ-5D results, numbers and percentages of patients 
reporting problems in different dimensions at the last follow-up 
(median 5.3 years, IQR 3.8–7.2 years), by treatment groups, 
intention-to-treat analysis

CCPR conventional cardiopulmonary resuscitation, ECPR extracorporeal 
cardiopulmonary resuscitation

*The P-value testing was conducted for Level 1 + 2 versus Level 3 + 4 + 5

EQ5D dimension ECPR‑based (n = 34) CCPR (n = 26) P value*

Mobility

Level 1 21 (61.7%) 17 (65.4%)

Level 2 6 (17.6%) 3 (11.5%) 1

Level 3 4 (11.8%) 3 (11.5%)

Level 4 3 (8.8%) 3 (11.5%)

Level 5 0 0

Self-Care

Level 1 28 (82.3%) 21 (80.8%)

Level 2 3 (8.8%) 2 (7.7%) 0.79

Level 3 2 (5.9%) 2 (7.7%)

Level 4 1 (2.9%) 1 (3.8%)

Level 5 0 0

Usual activity

Level 1 25 (73.5%) 21 (80.8%)

Level 2 3 (8.8%) 0 0.96

Level 3 3 (8.8%) 4 (15.4%)

Level 4 3 (8.8%) 1 (3.8%)

Level 5 0 0

Pain/discomfort

Level 1 18 (52.9%) 17 (65.4%)

Level 2 10 (29.4%) 7 (26.9%) 0.34

Level 3 4 (11.8%) 2 (7.7%)

Level 4 2 (5.9%) 0

Level 5 0 0

Anxiety/depression

Level 1 24 (70.6%) 22 (84.6%)

Level 2 7 (20.6%) 2 (7.7%) 0.96

Level 3 3 (8.8%) 2 (7.7%)

Level 4 0 0

Level 5 0 0
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per-protocol analyses should be considered as hypothe-
sis-generating only.

Conclusions
Among patients with refractory OHCA, the ECPR-based 
approach significantly improved long-term survival. 
There were no differences in the neurological outcome, 
major cardiovascular events and quality of life between 
the groups but the trial was possibly underpowered to 
detect a clinically relevant difference in these outcomes. 
Only a small percentage of long-term survivors experi-
enced severe adverse neurological outcomes. In addi-
tion, details from the follow-up reveal many survivors 
are rehospitalized and encounter difficulties in daily life 
but their overall QoL is moderate to good. These results 
highlight the need for comprehensive follow-up for the 
refractory OHCA population.
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Aims While heart failure (HF) symptoms are associated with adverse prognosis after myocardial infarction (MI), they are not rou-
tinely used for patients’ stratification. The primary objective of this study was to develop and validate a score to predict 
mortality risk after MI, combining remotely recorded HF symptoms and clinical risk factors, and to compare it against 
the guideline-recommended Global Registry of Acute Coronary Events (GRACE) score.

Methods 
and results

A cohort study design using prospectively collected data from consecutive patients hospitalized for MI at a large tertiary heart 
centre between June 2017 and September 2022 was used. Data from 1135 patients (aged 64 ± 12 years, 26.7% women), 
were split into derivation (70%) and validation cohort (30%). Components of the 23-item Kansas City Cardiomyopathy 
Questionnaire and clinical variables were used as possible predictors. The best model included the following variables: 
age, HF history, admission creatinine and heart rate, ejection fraction at hospital discharge, and HF symptoms 1 month after 
discharge including walking impairment, leg swelling, and change in HF symptoms. Based on these variables, the PragueMi 
score was developed. In the validation cohort, the PragueMi score showed superior discrimination to the GRACE score 
for 6 months [the area under the receiver operating curve (AUC) 90.1, 95% confidence interval (CI) 81.8–98.4 vs. 77.4, 
95% CI 62.2–92.5, P = 0.04) and 1-year risk prediction (AUC 89.7, 95% CI 83.5–96.0 vs. 76.2, 95% CI 64.7–87.7, P = 0.004).

Conclusion The PragueMi score combining HF symptoms and clinical variables performs better than the currently recommended 
GRACE score.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -Lay summary • The prognosis of patients after myocardial infarction is heterogeneous. Thus, risk stratification is needed to identify and 
intervene patients at increased risk. While heart failure (HF) symptoms are associated with adverse prognosis, they are 
not used for patients’ stratification.

• We have developed and internally validated the PragueMi score, which integrates clinical risk factors at the time of hos-
pitalization and HF symptoms determined remotely by a questionnaire 1 month after hospital discharge.

• PragueMi score was able to better stratify patients’ risk as compared with the currently recommended Global Registry of 
Acute Coronary Events score.

* Corresponding author. Tel: +420 739 777 242, Email: wohlfp@gmail.com
© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.
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Graphical Abstract

Keywords Myocardial infarction • Heart failure • Symptoms • Risk prediction • Questionnaire • Mortality

Introduction
For optimal management of patients recovering from a myocardial 
infarction (MI), identification of individuals at increased risk of adverse 
outcomes is essential. This allows targeted proactive interventions in 
at-risk patients to improve their symptoms, function, and survival. 
The Global Registry of Acute Coronary Events (GRACE) score has 
been recommended by the guidelines to stratify patients’ risk after 
MI.1 However, discrimination of the GRACE model for 1-year mortality 
evaluated by the area under the receiver operating curve (AUC) is 
within the 0.82–0.89 range.2 Thus, a better performing model is of 
clinical need.

Heart failure (HF) is a common complication of MI, developing in up 
to 40% of patients and increasing total mortality risk by three-fold.3 The 
GRACE score evaluates HF using the Killip class. However, the Killip 
classification evaluates only pulmonary congestion, neglecting other 
HF symptoms. Furthermore, many patients develop HF symptoms 
early after hospital discharge. Interestingly, HF developing later after 
MI is associated with higher mortality risk as compared with HF devel-
oping at MI presentation.4 Thus, evaluation of HF symptoms and signs is 
an important goal of post-discharge visits.

For decades, clinicians have been using unstructured questions on HF 
symptoms. Nevertheless, unstructured questioning is time-consuming, 
influenced by the physician’s subjective interpretation, and may not be 
consistently done in all patients, and as such limits actionability. Our 
previous research showed that structured HF symptom evaluation 
using the Kansas City Cardiomyopathy Questionnaire (KCCQ) identi-
fies HF symptoms in two out of five patients after MI5 and identifies pa-
tients at increased mortality risk.6 We hypothesized that the integration 
of HF symptoms with clinical risk factors may provide superior risk pre-
diction after MI beyond the GRACE score. This may better define a 

high-risk group that may benefit from a more proactive approach 
and pharmacological and non-pharmacological therapy of HF.

The objectives of this study were as follows: (i) to select KCCQ items 
and clinical factors associated with total mortality risk after MI, (ii) to 
create a prognostic score (PragueMI score) based on identified vari-
ables in the derivation cohort, and (iii) to compare the predictive value 
of the PragueMi score against the GRACE score in the validation 
cohort.

Methods
Population
In this cohort design study, we have used data from the prospective 
Institute for Clinical and Experimental Medicine Acute Myocardial 
Infarction Registry (AMBITION registry).7 The registry collects clinical 
data and biospecimens from consecutive patients hospitalized for acute 
coronary syndrome since June 2017 at the Institute for Clinical and 
Experimental Medicine, Prague, Czech Republic, a tertiary heart centre 
with around-the-clock coronary intervention service. The Fourth 
Universal Definition of Myocardial Infarction has been used.8 Patients 
underwent a detailed interview during their hospital stay, and additional in-
formation was obtained from medical record abstraction and laboratory 
studies. One month after discharge, patients were asked to complete the 
23-item KCCQ. Because most patients did not have HF, in the question-
naire, we have replaced ‘heart failure’ with ‘heart disease’. The patients 
had a choice of completing the KCCQ through an online application or 
on a paper form returned by regular mail.

The inclusion criterion was hospitalization for MI between June 2017 and 
September 2022. Patients with missing KCCQ were excluded from this 
analysis. Death was ascertained through June 2023. Mortality data were 
provided by the Institute of Health Information and Statistics of the 
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Czech Republic (UZIS), which keeps a list of all deceased persons and dates 
of death in the Czech Republic by law. This study was approved by a local 
ethics committee and complies with the Declaration of Helsinki.

Primary outcome
The primary outcome of the analysis was all-cause mortality.

Global Registry of Acute Coronary Events 
score
The Eagle model estimates for death within 6 months after discharge was 
used.9 Variables included in the model were age, heart rate, systolic blood 
pressure, creatinine level, troponin elevation, ST segment depression on ini-
tial electrocardiogram (ECG), previous history of MI and HF, and percutan-
eous coronary intervention (PCI).

Statistical methods
Continuous variables are presented as mean and SDs or medians and inter-
quartile range (IQR). Nominal variables are shown as counts and percentages.

All consecutive patients hospitalized for MI between June 2017 and 
September 2022 were included in this analysis. No formal power calculation 
was performed.

To identify factors associated with mortality risk after MI, we have used 
restricted cubic splines adjusted for age. This allowed us to detect non- 
linear associations and to categorize continuous variables. We have used 
Cox regression with both forward and backward selection to identify fac-
tors independently associated with the mortality risk. Potential variables se-
lection was based on a literature search and included the following factors: 
age, admission heart rate, systolic blood pressure, creatinine level, fasting 
glycaemia, glycated haemoglobin, haemoglobin, maximal troponin level, 
ST segment depression on initial ECG, ST-elevation myocardial infarction 
(STEMI), previous history of MI, HF or PCI, ejection fraction at hospital dis-
charge, and KCCQ items. Variables independently associated with the mor-
tality risk in the derivation cohort were used for the PragueMi score 
creation. We have used regression coefficients to create relative weights 
for each category. To compare the performance of the PragueMi score 
as compared with the GRACE score, we have used the following methods: 
(i) assessment of the difference in the area under the receiver operating 
characteristic curve (AUC), (ii) the Brier score, and (iii) the continuous 
net reclassification improvement (NRI).

The AUC is an overall measure of model discrimination. It measures the 
model’s ability to distinguish between patients with and without events. The 
AUC ranges from 0 to 1, where 0.5 indicates a random classification and 1 
signifies a perfect classifier. To compare differences in AUC, we have used 
the Delong–Delong test using the R riskRegression package.10

The Brier score is a measure of model calibration. It is calculated as the 
mean squared difference between the predicted probability and the actual 
outcome. The Brier score for a perfectly calibrated model is 0.11 The 
riskRegression package was also used to calculate the Brier score at differ-
ent time points.10

The NRI quantifies how well a new model reclassifies subjects—either 
appropriately or inappropriately—as compared with an old model.12 We 
have used the R nricens package for continuous NRI calculation.

Statistical analyses were conducted with R statistical software version 
4.2.2 (R Foundation for Statistical Computing, Vienna, Austria), SPSS ver-
sion 25.0 (IBM Corporation, Armonk, NY, USA), and STATA version 17 
(StataCorp, College Station, TX, USA). All statistical tests and confidence 
intervals were two sided with a significance level of 0.05.

Results
Population
Between June 2017 and September 2022, 1769 patients were hospita-
lized for MI. Of these, 69 (3.9%) had missing KCCQ due to death within 
1 month after hospital discharge. In total, 1135 (66.8% of eligible) pa-
tients had available both clinical data and KCCQ that patients filled 1 
month after hospital discharge. A comparison of patients with available 
and missing KCCQ is shown in Supplementary material online, Table S1. 

Patients not included in this analysis due to missing KCCQ were slightly 
older and required more often cardiopulmonary resuscitation before 
hospital admission, while maximal troponin and mortality were similar 
in those included and not included in this analysis. The study 
CONSORT diagram is shown in Supplementary material online, 
Figure S1.

During a median follow-up of 46 months (IQR 29–61), 146 (12.9%) 
patients died. The study population was randomly split into derivation 
(70%, n = 795) and validation cohort (30%, n = 340).

Model development
Demographic characteristics of the 795 patients in the derivation co-
hort are shown in Table 1. Restricted cubic splines for age and 
age-adjusted continuous variables are shown in Figure 1. Based on cubic 
splines, categories of continuous variables were created and used in the 
multivariate Cox model. Forward and backward variable selection was 
used to create the final model. The final model included the following 
variables: age, HF history, admission creatinine and heart rate, ejection 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Characteristics of the derivation and 
validation cohort

Derivation 
cohort

Validation 
cohort

Total, No 795 340

Age, years 64.7 ± 11.5 63.7 ± 12.8
Female sex, n (%) 208 (26.2) 95 (27.9)

Risk factors
Current smoking, n (%) 331 (41.6) 126 (37.1)
Arterial hypertension, n (%) 507 (63.8) 208 (61.2)

Diabetes, n (%) 153 (19.2) 72 (21.2)

CVD history
Previous MI, n (%) 96 (12.1) 36 (10.6)

Heart failure history, n (%) 31 (3.9) 13 (3.8)

Previous PCI, n (%) 112 (14.1) 41 (12.1)
Previous CABG, n (%) 34 (4.3) 11 (3.2)

Previous stroke, n (%) 49 (6.2) 23 (6.8)

Clinical characteristics at MI presentation
STEMI, n (%) 471 (59.2) 211 (62.2)

Heart rate, b.p.m. 76 ± 18 77 ± 19

Systolic BP, mmHg 144 ± 26 146 ± 25
Cardiac arrest, n (%) 23 (2.9) 11 (3.2)

Killip class

I, n (%) 650 (81.8) 287 (84.4)
II, n (%) 115 (14.5) 42 (12.4)

III, n (%) 21 (2.6) 9 (2.6)

IV, n (%) 9 (1.1) 2 (0.6)
Creatinine, mmol/L 83.8 (71.5–100.5) 83.1 (70.5–100.6)

ST depression, n (%) 125 (15.7) 40 (11.8)

EF below 35%, n (%) 112 (14.1) 44 (12.9)
Outcomes
Primary composite outcome, 

n (%)
105 (13.2) 43 (12.6)

Death, n (%) 103 (13.0) 43 (12.6)

CABG, Coronary artery bypass grafting; STEMI, ST-elevation myocardial infarction; BP, 
blood pressure; EF, ejection fraction.
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fraction at hospital discharge, and HF symptoms evaluated by the 
KCCQ 1 month after discharge, which included walking impairment, 
leg swelling, and the change in heart disease symptoms over the last 
2 weeks. Based on the regression coefficients in the final model, the 
PragueMi score was developed (Table 2). In the derivation cohort, 
the PragueMi score showed superior discrimination and calibration as 
compared with the GRACE score (Table 3).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 PragueMi score

No. Variables Levels Score

1. Age, years ≤45 1

46–49 2
50–69 4

70–79 6

≥80 10
2. Creatinine, µmol/L <100 1

100–119 3

120–159 4
≥160 7

3. Heart rate, /min < 50 1

50–69 3
70–99 4

≥100 7

4. Discharge EF, % ≤35 3
>35 1

5. Heart failure history No 1

Yes 3
6. Walking 1 block on ground level

Extremely limited 4

Quite a bit limited 2
Moderately limited 2

Slightly limited 1

Not at all limited 1
Limited for other reasons 4

7. Compared with 2 weeks ago, have your symptoms of 
heart disease (shortness of breath, fatigue, or ankle 
swelling) changed? My symptoms have become

Much worse 3

Slightly worse 3
Not changed 2

Slightly better 2

Much better 1
I’ve had no symptoms 1

8. Over the past 2 weeks, how much has swelling in your 
feet, ankles, or legs bothered you? It has been

Extremely bothersome 3

Quite a bit bothersome 3

Moderately bothersome 1
Slightly bothersome 1

Not at all bothersome 1

I’ve had no swelling 1

Creatinine level and heart rate at hospital admission. 
Walking impairment, change in symptoms, and leg oedema evaluated at 1 month after 
hospital discharge.
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Model validation
The validation cohort included 340 patients. The PragueMi score 
showed superior discrimination and calibration as compared with the 

GRACE score (Table 3). Over several study time points, PragueMi im-
proved the continuous NRI, significantly improving both event and non- 
event NRI (Table 3). While the AUC and Brier scores were similar in 
the derivation and validation cohort, NRI was lower in the validation co-
hort probably due to lower statistical power in a smaller cohort.

Risk categories of the PragueMi score
Due to similar model performance in the derivation and validation co-
hort, we have combined them and created PragueMi risk categories 
based on observed risk. The Kaplan–Meier curves by PragueMi score 
categories are shown in Figure 2. The 196 patients (17.3% of the study 
cohort) with PragueMi score of <13 had excellent prognosis, with 
100% event-free survival at 2 years. On the other hand, event-free sur-
vival in patients with PragueMi > 21 (10% of the study cohort) was 
82.1% at 6 months and 77.8% at 1 year. The PragueMi score perform-
ance was consistent in different subgroups (Table 4).

Discussion
In this study, we show that HF symptoms evaluated remotely using a 
questionnaire possess an important prognostic value that adds to 
clinical risk factors. Our PragueMi score based on five clinical variables 
and three HF symptoms has superior discrimination, calibration, and 
risk reclassification properties as compared with the currently 
guideline-recommended GRACE score based only on clinical risk 
factors.

The prognosis of patients after MI is very heterogeneous.13 Thus, the 
identification of patients at increased mortality risk is of clinical need. 
This allows a personalized approach to secondary prevention with 
intervention targeted at individuals that benefit the most.

Until now, the prediction models after MI have been only based on 
clinical risk factors, neglecting patients’ symptoms. However, for 

Figure 2 Kaplan–Meier survival curves by PragueMi categories.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 PragueMi score performance in different 
subgroups

Variables AUC (95% CI) P

Sex

Male 0.87 (0.85–0.89) 0.41
Female 0.91 (0.87–0.94)

Age, years

≤60 0.94 (0.91–0.96) 0.19
>60 0.84 (0.81–0.87)

eGFR, mL/min/1.73 m2 

<60 0.83 (0.78–0.87) 0.87
≥60 0.84 (0.82–0.87)

Diabetes

No 0.89 (0.87–0.91) 0.63
Yes 0.86 (0.81–0.90)

Ejection fraction, %

>40 0.87 (0.84–0.89) 0.58
<40 0.89 (0.85–0.93)

MI type

Non-STEMI 0.86 (0.83–0.89) 0.41
STEMI 0.90 (0.88–0.92)

eGFR, estimated glomerular filtration rate; STEMI, ST-elevation myocardial infarction.
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decades, clinicians have been searching for HF symptoms in patients 
after MI to identify at-risk individuals and to modify treatment accord-
ingly.14 Yet, this approach is time-consuming, influenced by provider 
skills and subjective interpretation.15 Patient-reported outcomes 
coupled with modern telemedicine options allow the remote collection 
of patients’ symptoms and empower patients to become a valuable 
source of clinically important data, without increasing the burden on 
the provider.15

Several previous studies have shown the utility of the KCCQ to pre-
dict prognosis in patients after MI.6,16,17 No previous study evaluated 
the utility of combining patient-reported outcomes with clinical risk fac-
tors after MI. As KCCQ was developed for HF patients, not all items are 
relevant in patients after MI. In this study, we have identified that among 
the 23 KCCQ items, walking limitation, leg oedema, and change in heart 
disease symptoms over the last 2 weeks have the greatest predictive va-
lue among patients after MI.

In the present study, we have decided to evaluate HF symptoms 
1 month after hospital discharge instead of evaluating them during 
the hospital stay. This decision was based on the fact that in many pa-
tients, HF symptoms develop later after discharge due to left ventricular 
remodelling. Furthermore, functional requirements for everyday living 
are higher outside of the hospital; thus, the patient may not recognize 
the newly developed limitations during the hospital stay.

In clinical settings, the PragueMi score may be particularly useful 
during post-discharge outpatient visits and also for remote monitoring 
of patients after discharge to identify high-risk patients who may bene-
fit from closer follow-up and advanced therapies. As compared with 
other prediction scores that are based only on clinical variables, a po-
tential barrier of the PragueMi score is that it also requires patients’ 
symptoms evaluation. However, it includes only three easy-to-answer 
questions, which may also be answered remotely before the out-
patient visit using an online questionnaire or dedicated app, thus 
decreasing the burden on providers. Furthermore, identifying HF 
symptoms before the outpatient visit may help to streamline the visit 
to this important issue.

Among discharged patients, the PragueMi score > 21 identified 10% 
of the population as very high risk, with 18% 6-month and 22% 
12-month mortality rates, respectively. Timely identification of these 
patients followed by initiation or up-titration of HF pharmacotherapy 
and referral for advanced HF therapies such as heart transplant and 
left ventricular assist device has the potential to improve prognosis in 
these high-risk patients. Based on results of the STRONG-HF18 study 
with rapid up-titration of HF pharmacotherapy, a meta-analysis of so-
dium-glucose transport protein 2 inhibitors use in HF,19 and sacubi-
tril–valsartan studies results,20 we estimate that a multifactorial 
intervention targeted at these high-risk patients may decrease the mor-
tality risk by at least 20–30%. Future randomized studies will be needed 
to test whether clinical decision-making based on the PragueMi score 
will lead to an improvement in clinical outcomes.

Study limitations
First, this is a single-centre study; thus, the model performance was only 
internally validated. Because no previous study systematically collected 
KCCQ 1 month after hospital discharge, we were unable to externally 
validate our model. This may limit the generalizability of our findings. 
However, the characteristics of our cohort are very similar to other re-
cent cohorts of patients after MI.21 In the future, the performance of 
our model needs to be tested in other cohorts. Second, due to missing 
KCCQ in some patients, our results may be the subject of a selection 
bias. However, while there were some statistically significant differ-
ences between patients with and without KCCQ available, clinically 
these differences are negligible. Thus, we assume that these missing 
data do not affect the generalizability of our results. Furthermore, in 
this study, we have identified the three most predictive items of the 

KCCQ. This reduction in the number of questions may improve the re-
sponse rate in future studies. Third, data required for the PragueMi 
score were collected at different time points. Automated data collec-
tion of in-hospital data together with remote HF symptoms evaluation 
online or using an app may help to integrate PragueMi score into every-
day practice without additional burden on clinicians.

The strengths of our study include a well-defined systematically col-
lected cohort of consecutive MI patients with multiple clinical factors 
and remote HF symptoms evaluated as possible predictors of mortality 
risk.

Conclusion
Heart failure symptoms evaluated remotely using a questionnaire pos-
sess an important prognostic value that adds to clinical risk factors. The 
PragueMi risk score combines these predictors and has superior dis-
crimination, calibration, and risk reclassification properties compared 
with the guideline-recommended GRACE score. Future studies will 
have to address whether clinical decision-making based on the 
PragueMi score can significantly improve the care of patients after MI.
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ABSTRACT

BACKGROUND Stereotactic arrhythmia radiotherapy (STAR) has been proposed recently in patients with refractory

ventricular tachycardia (VT).

OBJECTIVES The purpose of this study was to describe the efficacy and safety of STAR in the Czech Republic.

METHODS VT patients were recruited in 2 expert centers after at least 1 previously failed catheter ablation (CA).

A precise strategy of target volume determination and CA was used in 17 patients treated from December 2018 until June

2022 (EFFICACY cohort). This group, together with an earlier series of 19 patients with less-defined treatment strategies,

composed the SAFETY cohort (n ¼ 36). A dose of 25 Gy was delivered.

RESULTS In the EFFICACY cohort, the burden of implantable cardioverter-defibrillator therapies decreased, and this

drop reached significance for direct current shocks (1.9 � 3.2 vs 0.1 � 0.2 per month; P ¼ 0.03). Eight patients (47%)

underwent repeated CA for recurrences of VT during 13.7 � 11.6 months. In the SAFETY cohort (32 procedures, follow-up

>6 months), 8 patients (25%) presented with a progression of mitral valve regurgitation, and 3 (9%) required inter-

vention (median follow-up of 33.5 months). Two cases of esophagitis (6%) were seen with 1 death caused by the

esophago-pericardial fistula (3%). A total of 18 patients (50%) died during the median follow-up of 26.9 months.

CONCLUSIONS Although STAR may not be very effective in preventing VT recurrences after failed CA in an expert

center, it can still modify the arrhythmogenic substrate, and when used with additional CA, reduce the number of

implantable cardioverter-defibrillator shocks. Potentially serious sides effects require close follow-up.

(J Am Coll Cardiol EP 2024;10:654–666) © 2024 The Authors. Published by Elsevier on behalf of the American College

of Cardiology Foundation. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
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C atheter ablation (CA) has become a strategy
of choice for the management of electrical
storm and/or recurrent ventricular tachycar-

dias (VTs) in patients with structural heart disease of
different etiology.1-3 However, the efficacy of CA
could be limited by the large size of the substrate
and/or by the inability to reach its critical region for
various reasons, such as deep intramyocardial loca-
tion, the presence of old thrombus, or adhesions
within the pericardial sac. Among alternative strate-
gies, stereotactic body radiotherapy (SBRT) or more
specifically, stereotactic arrhythmia radiotherapy
(STAR), has been employed. The first case reports
on the therapeutic use of STAR in cases of failed CA
were published <10 years ago.4,5 Since then, several
groups published their initial experience with this
strategy in relatively small clinical studies or case se-
ries.6-10 Since our first case report,4 the number of
STAR procedures performed by our consortium
increased. In the meantime, we have unified CA stra-
tegies and indicated to STAR only the patients who
had VT recurrences despite repeated ablations in 1
of the 2 expert centers. We also developed a repro-
ducible strategy of accurate image integration, ie,
merging data on substrate extent and location from
an electroanatomic mapping system with computed
tomography (CT) scans.11 This approach appeared
important for precise targeting of the critical region
of the substrate.12

The primary goal of this report is to describe the
efficacy of STAR in a subgroup of patients with failed
repeated CA in an expert center in whom the above-
sophisticated planning strategy was used (EFFICACY
cohort). The secondary goal is to evaluate the safety
of STAR in the entire Czech patient population
(SAFETY cohort).

METHODS

PATIENT POPULATION. In the EFFICACY cohort,
before STAR, patients underwent 2 or more CAs for
recurrent, scar-related VT in the 2 Czech expert cen-
ters, using the endocardial and/or epicardial
approach, and had subsequent VT recurrences. In
addition, the most accurate strategy of target volume
determination was used. This cohort consisted of 17
patients treated from December 2018 until June 2022.
The SAFETY cohort consisted of all cases from the
EFFICACY cohort and the early series of 19 patients
with a less stringent CA strategy and less exact
method of STAR target determination from January
2014 through December 2018. With the 3 patients who
had 2 STAR procedures, the total number of STAR

procedures in the SAFETY cohort reached 39.
Subjects with mechanical assist devices were
excluded. All subjects were provided infor-
mation about the potential benefits and risks
of the treatment by a team of electrophysi-
ologists who performed CA and radiation
oncologists responsible for radiation therapy.
The patients gave their written informed
consent, and the Ethics Committees of all
involved institutions approved the study
protocol.

ARRHYTHMOGENIC SUBSTRATE DETERMI-

NATION. In the EFFICACY cohort, regions of
the substrate responsible for inducible or spontane-
ously occurring VTs were defined based on an inte-
grated approach. An electroanatomic mapping system
(CARTO 3, Biosense Webster, Inc) was used. In brief,
3-dimensional (3D) electroanatomic bipolar voltage
maps of the left and/or right ventricles were con-
structed in sinus rhythm or during right ventricular
pacing. The scar was defined by bipolar
voltage <0.5 mV (normal tissue >1.5 mV). The dense
scar was defined as areas of noncapture at an output
of 10 mA and labeled in gray. Intracardiac echocar-
diography was used as a part of the ablation protocol
to define the extent and location of the scar. All late
and abnormal potentials were tagged in the maps. In
addition, pace mapping during sinus rhythm was
used to assess slow conduction channels and their
exits. In tolerated VTs, entrainment mapping was also
used to further specify the re-entrant circuit. Epicar-
dial mapping was employed when a critical part of the
substrate was suspected to be distant from the
endocardium or when electrocardiography suggested
epicardial origin. All the above information was used
to identify critical components of re-entry VTs. In
addition, the aortic arch was mapped with precise
tagging of the orifice of the left main coronary artery
as an anatomical landmark for CT image registration.
The right ventricular implantable cardioverter-
defibrillator (ICD) lead tip was annotated on the 3D
map for the same reason. Patients from the earlier
period had less uniform mapping and CA strategy and
fewer ablations before STAR.

CATHETER ABLATION. CA was performed with an
irrigated tip catheter (Thermocool or Thermocool
SmartTouch, Biosense Webster, Inc) using a SmartA-
blate generator (Biosense Webster, Inc) and power-
controlled mode (30-45 W and irrigation flow of
30 mL/min). The goal of CA was a complete modifi-
cation of the substrate and non-inducibility of VTs.
Eliminating late or fragmented potentials and

AB BR E V I A T I O N S

AND ACRONYM S

CA = catheter ablation

CT = computed tomography

CTV = clinical target volume

ICD = implantable

cardioverter-defibrillator

LV = left ventricular

PTV = planning target volume

STAR = stereotactic

arrhythmia radiotherapy

VT = ventricular tachycardia
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achieving local noncapture and/or core isolation of
the scar area were the main strategies of substrate
modification.

CLINICAL TARGET VOLUME DETERMINATION. Since
2014, 3 different strategies of clinical target volume
(CTV) determination have been used. In the initial
series of 15 patients, CTV was marked by a side-by-
side visual comparison of 3D electroanatomic maps
of the arrhythmogenic substrate with CT scans. In the
subsequent series of 6 patients, positron emission
tomography/CT and body surface mapping (Car-
dioInsight, Medtronic) during induced VTs were used
to approximate the CTV. Finally, a novel strategy of
co-registration of electroanatomic maps with pre-
procedural CT scans was used in 17 patients.11,12

STAR PLANNING. All patients underwent inspiratory
breath-hold CT scanning with intravenous contrast
enhancement before STAR. The internal target vol-
ume was calculated to account for heart contractions.
The existing ICD lead was used as a fiducial marker to
compensate for respiratory movements. No addi-
tional margin for planning target volume (PTV)
delineation was added to reduce radiation toxicity in
the initial series of 10 patients.8 Later, we added an
isometric margin of 3 mm in all patients. Since 2020
(last 10 patients), an additional 2 mm margin into the
left ventricular (LV) cavity or patient-specific motion
margin was employed.13 We used the MultiPlan
treatment planning system with sequential dose
optimization and the CyberKnife radiosurgery system
(both from Accuray, Inc). The metal deletion tech-
nique was used to evaluate how artifacts from leads
influenced dose distribution. Monte Carlo dose
calculation was applied to determine how proximity
to lung tissues affected the dose distribution.

STAR PROCEDURE. Radiotherapy was performed in a
single session without general anesthesia or sedation,
as previously described.8 The patient was placed on a
robotic couch and monitored for respiratory activity.
A correlation model was created between the spon-
taneous respiratory excursions and the movement of
the lead. This enabled tracking the target volume
without requiring the invasive placement of addi-
tional fiducial markers. During treatment, the
manipulator synchronized its movement with the
movement of the ICD lead and compensated for any
deviation of the electrode position from the reference
CT-scan position. In addition, x-rays were used at
least once every 60 seconds to adapt to possible
changes in respiratory movements. A dose of 25 Gy
was optimized to cover at least 95% of the PTV. In
case of conflict with dose-volume constraints for

Organs at Risk, the dose and/or coverage were
decreased. Irradiated ventricular segments were
classified according to the recommendation of the
American Heart Association.14 The cardiologist su-
pervised the entire procedure.

ASSESSMENT OF EFFICACY AND SAFETY. All pa-
tients were followed in the institutional outpatient
clinics. The patients were evaluated every 6 months
unless the clinical status changed. The follow-up
visits included ICD interrogation and echocardiogra-
phy. Chest x-ray was performed when clinically
indicated.

Study endpoints included the first ICD therapy af-
ter STAR, assessed separately for episodes of anti-
tachycardia pacing (ATP) and direct current (DC)
shocks, repeated CA or STAR, and all-cause death. No
blanking period was used. Arrhythmia burden
(assessed as the average number of ATP and DC
shocks per month) was investigated in 6-month pe-
riods starting 6 months before the index STAR. Acute
and late radiation-induced events were evaluated
using the Common Terminology Criteria for Adverse
Events (CTCAE) 5.0 scale.

STATISTICAL ANALYSIS. Continuous variables were
expressed as a mean � SD or median (IQR) for non-
normally distributed data, and compared by Wil-
coxon signed rank test for dependent samples and
Mann-Whitney U test for independent samples. Cat-
egorical variables were expressed as percentages and
compared by Fisher exact test. In the EFFICACY
cohort, Kaplan-Meier graphs were used to plot the
event-free survival for individual endpoints.
Arrhythmia burden was assessed in 6-month intervals
before and after STAR. In a considerable proportion
of patients, the duration of these periods was not
exactly 6 months because of variations in the sched-
uling of outpatient visits (with device memory check-
ups) in the COVID-19 period and caused by other
logistic or clinical reasons. Therefore, the rate of ICD
therapies was always related to the true duration of a
particular follow-up period. Analysis was performed
“per patient“ in the EFFICACY cohort and “per pro-
cedure“ in the SAFETY cohort. The assessment of the
risk for the progression of mitral valve disease asso-
ciated with irradiation of basal compared with the
remaining LV segments was logically the predefined
analysis. It appeared subsequently that irradiation of
basal inferior (and specifically basal inferolateral)
segments is associated with even higher risk. There-
fore, post hoc analysis was performed for the
segments comprising the corresponding half and one-
third of the perimitral area. A P value #0.05 was
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considered significant. All analyses were performed
using the STATISTICA Version 12 software (Statsoft
Inc).

RESULTS

PATIENT POPULATION. The clinical characteristics
of both patient cohorts are listed in Table 1. In the
EFFICACY cohort, dilated cardiomyopathy was the
underlying heart disease in 10 cases, followed by
ischemic cardiomyopathy in 5. One patient had large
cardiac fibroma, and another had burned-out hyper-
trophic cardiomyopathy. Before the STAR, patients
underwent a median of 2 (Q1, Q3: 2, 3) endocardial
ablations, and 10 of 17 had an epicardial approach.
Two of them already had 1 prior STAR session and had
VT recurrences. The SAFETY cohort consisted of 36
subjects with 3 repeated STAR procedures. The pro-
portion of ischemic cardiomyopathy was higher in
this group caused by their higher recruitment in the
early phase of our experience. All patients with heart
failure had optimized medical therapy before and
after STAR.

STAR PROCEDURE. As assessed in the SAFETY
cohort, the median procedure duration was 58 mi-
nutes (Q1, Q3: 50, 69 minutes; range 42-82 minutes).
The median of PTV was 39.4 mL (Q1, Q3: 22.2, 62.1 mL,
range 12.6-90.5 mL). The median of the isodose line
with the prescribed radiation dose was 78% (Q1, Q3:
76%, 82%; range 66% to 84%), the median of the
conformity index was 1.23 (Q1, Q3: 1.17, 1.31; range
1.11 to 1.78), and the median of homogeneity index
was 1.28 (Q1, Q3: 1.22, 1.32; range 1.19 to 1.52).

EFFICACY OF STAR. Figure 1 provides an overview of
all ablation procedures before or after the index STAR
for the EFFICACY cohort and also indicates the
follow-up duration until the last clinical visit or
death. All patients had at least 1 CA before STAR
(Figure 2). The mean follow-up period after STAR was
13.7 � 11.6 months. During this period, 8 patients
(47%) underwent at least 1 repeated CA for clinically
relevant recurrences of VT (including repeated STAR
in one) (Figure 3). At 1 year of follow-up, mortality
reached 47%, with the rate of redo ablations 67% in
surviving patients, and 50% when analyzing all sub-
jects. Two patients (#3 and #7) died very early after
STAR (within 3 months) without the indication for
redo CA and 3 others died (#1, #2, and #5) without
subsequent CA within 20 months (Figure 1). The lack
of ICD data between the last outpatient visit and
death in most deceased patients does not exclude VT
recurrences treated by ICD. Virtually all surviving
patients experienced some ICD therapies during the

follow-up (Figure 4). The rates of DC shock and ATP at
1 year were 80% and 100%, respectively. Notably, the
burden of ICD therapies decreased, and this drop
reached statistical significance for ICD shocks during
the follow-up (Figure 5, Table 2). However, only 10
patients survived beyond the onset of the efficacy
evaluation period (6-18 months after STAR), 9 of them
had analyzable data from ICD, and only 5 of them
were free from re-do CA by the time of the last visit or
death.

Substrate remapping and reablation were per-
formed at a mean interval of 8 months (Q1, Q3: 2,
10 months) after STAR in 8 subjects. A total of 23 and
27 distinct VT morphologies were inducible before
and after STAR, respectively. In total, 12 pairs of VTs
(44%) were identified that had identical morphology
before and after radiotherapy. The mean cycle length
of these VT pairs decreased from 392 � 98 ms to 456 �
73 ms (P ¼ 0.03) after STAR. The detailed analysis
goes beyond the scope of this paper.

SAFETY OF STAR. Acute adverse effects (CTCAE
version 5.0) were observed after 4 of 39 procedures
(10%) and consisted of nausea (Grade 2 radiation-
related toxicity). All of these patients responded
well to setron-based antiemetic drugs administered
for 3 days.

Long-term radiation-related side effects (CTCAE
version 5.0) were evaluated after 32 of 39 procedures
with a follow-up duration of at least 6 months. In this
subgroup, the median duration of follow-up was

TABLE 1 Baseline Characteristics of Patients

EFFICACY Cohort
(n ¼ 17)

SAFETY Cohort
(n ¼ 36)

Men 88 92

Age, y 65 � 11 66 � 10

Ischemic cardiomyopathy 29 56

Coronary artery bypass
grafting

24 38

Left ventricular ejection
fraction, %

30 � 10 31 � 9

NYHA functional class 2.2 � 0.5 2.4 � 0.6

Brain natriuretic
peptide, pg/mL

434 (204-820) 820 (390-2,540)

Diabetes mellitus 29 28

Chronic renal disease 47 28

Betablocker 94 97

Amiodarone 76 74

Sotalol 18 8

Number of prior endocardial
ablations

2.2 � 0.8 1.8 � 0.9

Number of prior epicardial
ablations

0.6 � 0.5 0.4 � 0.5

Values are %, mean � SD, or median (IQR). Characteristics are calculated “per
patient” in the EFFICACY cohort and “per procedure” in the SAFETY cohort.
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FIGURE 2 Flowchart of the EFFICACY Cohort

The diagram depicts the distribution of ablation procedures before and after the index stereotactic arrhythmia radiotherapy (STAR).

FIGURE 1 Time-Axis Plot With Historical and Follow-Up Ablation Procedures for 17 Consecutive Patients in the EFFICACY Cohort

Individual axes are centered according to the index stereotactic arrhythmia radiotherapy (STAR) (time ¼ 0). Red diamonds ¼ catheter ablations

(CAs); blue circles ¼ STAR; black diamonds ¼ death; green squares ¼ last outpatient visit.
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33.5 months (Q1, Q3: 18.0, 44.6 months; range
6.2-71.9 months). No significant change was observed
in LV ejection fraction within 6 months after STAR
(31% � 10% vs 31% � 10%; P ¼ 0.75).

Two patients had 2 STAR procedures and no long-
term side effects. Four patients (12%) presented
with radiological signs of lung fibrosis in a small area
at a close distance from the PTV. Importantly, adverse
effects potentially related to STAR occurred in 12% of
cases. Eight patients (25%) gradually developed pro-
gression of known mitral valve regurgitation after
STAR, and 3 (9%) of them had to undergo mitral valve
intervention (Grade 4 toxicity). Two patients had
transvenous edge-to-edge repair (22 and 49 months
after STAR), and 1 subject had mitral valve replace-
ment (33 months after STAR). Altogether, 7 patients
had a progression of restrictive changes on the pos-
terior leaflet; 1 had a progression of mitral annulus
dilatation. The grade of mitral regurgitation changed
from a pre-SBRT value of 1.6 � 0.5 to 3.4 � 0.5 at the
last assessment. The risk of mitral valve disease pro-
gression significantly increased when 1 of 3 basal
inferior LV segments was irradiated, and this risk was

even higher when either the basal inferior or infero-
lateral LV segment was targeted (Table 3). Papillary
muscles were part of the PTV in 14 of 32 patients with
follow-up longer than 6 months and did not play a
role in the progression of mitral regurgitation. Mitral
valve disease progressed in 4 of 14 (29%) with papil-
lary muscle in PTV which was comparable to 4 cases
of mitral valve disease in 18 (22%) patients with
papillary muscles outside the PTV (P ¼ 0.50).

One significant tricuspid regurgitation (Grade 3
toxicity) was most probably unrelated to STAR. Two
cases of esophagitis (6%) were seen with 1 (3%) radi-
ation toxicity-related death (Grade 5 toxicity) caused
by the unresectable esophago-pericardial fistula at
9 months after STAR.15 This patient had previous
bypass surgery using a gastroepiploic artery, which
could increase the vulnerability of the esophagus.

Importantly, no ICD generator or lead malfunction
was observed in our series of patients.

OVERALL MORTALITY. Of 36 patients who under-
went STAR for recurrent VTs, 18 (50%) died during
the median follow-up of 26.9 months (Q1, Q3: 8.6,

FIGURE 3 Kaplan-Meier Survival Curves After the Index STAR in the EFFICACY Cohort

The left panel is for all-cause death; the right panel is for reablation caused by recurrent ventricular tachycardia (VT). Actuarial overall survival

was 57% and 48% at 12 and 24 months, respectively. STAR ¼ stereotactic arrhythmia radiotherapy.
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43.1 months; range 0.9-71.9 months). The causes of
death were as follows: progression of heart failure in
12 patients, and sudden death during recurrence of
myocardial infarction, sudden unwitnessed death,
COVID-19 pneumonia, pneumonia after stroke, car-
cinoma, and bleeding caused by esophago-pericardial
fistula, each in 1 patient.

DISCUSSION

This observational study represents the third-largest
published series on the efficacy of STAR in man-
aging VT and the largest cohort on the long-term
safety of the procedure. The results can be summa-
rized as follows: 1) STAR by itself has uncertain effi-
cacy in the prevention of VT recurrences when
indicated as a bail-out procedure after previous CA
procedures in an expert center despite the use of a
high-accuracy method of CTV determination; 2) the
net treatment effect of STAR together with subse-
quent CA consisted of a significant decrease of ICD
shocks during the follow-up; 3) several adverse ef-
fects potentially linked to STAR were noted,
including 3 mitral valve interventions for progression

of mitral regurgitation and 1 STAR-related death
caused by esophago-pericardial fistula; and 4) the
mortality in the study population was relatively high
and reflected mainly the severity of the underlying
advanced heart disease (Central Illustration).

EFFICACY OF STAR. Several rather small clinical
studies reported on the early experience with STAR in
patients with VT who failed previous CA or who were
considered high-risk for CA. Our early experience
with 10 patients showed a significant reduction of VT
burden after STAR by 88%.8 However, during a me-
dian follow-up of 28 months, VT recurred in 8 of 10
patients. Patients in this early series had predomi-
nantly ischemic cardiomyopathy with less complex
substrates. In addition, the strategy of CA before
STAR was less comprehensive, and endpoints were
variably defined. In contrast, the EFFICACY cohort in
the current study had a higher proportion of patients
with nonischemic cardiomyopathy, and the CA strat-
egy was standardized in both centers, including the
procedural endpoints. These factors may explain
more optimistic results reported by our group
earlier.8

FIGURE 4 Kaplan-Meier Curves for ICD Therapy-Free Survival After the Index STAR in the EFFICACY Cohort

The left panel is for direct current (DC) shock; the right panel is for antitachycardia pacing (ATP). STAR ¼ stereotactic arrhythmia radiotherapy.
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The largest prospective study on 19 patients with
refractory VT and/or ventricular ectopy causing car-
diomyopathy (ENCORE VT [Electrophysiology-
Guided Noninvasive Cardiac Radioablation for Ven-
tricular Tachycardia] study) was published by Rob-
inson et al.7 Importantly, patients with more than 3
distinct clinical VT morphologies or more than 5
induced VT morphologies were not included in the
study. Three patients did not have previous CA for
various reasons. The majority of patients were on
more than 1 antiarrhythmic drug. High-dose amio-
darone (>300 mg daily) was used in 8 patients. Im-
aging strategies combined with body surface mapping
were used to define the STAR treatment volume. The
aim was to target all areas of ventricular scar,
approximating the VT exit site and harboring related
circuits using the TrueBeam or Edge (Varian) delivery
system. A significant reduction of VT episodes or
ectopic burden was observed in 17 of 18 patients
(94%) during the median follow-up of 13 months. In
16 VT patients, a 94% reduction of VT episodes was
observed outside of the 6-week blanking period. This
allowed a decrease in antiarrhythmic medication.

Despite the significant decrease in VT burden, many
patients (11 of 16, 69%) had recurrences of VT be-
tween the end of the 6-week blanking period and the
6-month visit. In contrast, all of our patients had at
least 1 previous CA performed in 2 expert centers, and
the antiarrhythmic medication consisted of amiodar-
one in a dose of 200 mg daily. Patients with multiple
morphologies of clinical or inducible VTs were not
excluded. We used a different delivery system:
CyberKnife. No blanking period was employed in our
study. All of these factors might contribute to the
differences in efficacy and the need for additional CA.
The threshold for redo CA in our centers is lower than
elsewhere, and CA as an established therapy is
preferred to the escalation of antiarrhythmic treat-
ment or redo STAR. Remapping data suggested
slowing of clinical VT after SBRT, which may explain
better efficacy of ATP and subsequent CA.

Other authors also reported their early experience
with STAR with variable results and usually short-
term follow-up. Although most of them observed a
significant reduction of VTs, the overall efficacy is not
very high. Lloyd et al9 found a significant reduction of

FIGURE 5 Reduction in ICD Therapies Burden After the Index STAR in the EFFICACY Cohort

The dotted magenta line indicates the time of the STAR. The left panel is for direct current (DC) shock; the right panel is for antitachycardia

pacing (ATP). Abbreviation as in Figures 1 and 2.
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VT episodes in a cohort of 10 patients with advanced
heart failure and VT over the mean follow-up of
176 days. However, 2 patients were placed in a hos-
pice, and 3 other subjects underwent a heart trans-
plant. Carbucicchio et al10 reported a significant
reduction of VT therapies after STAR in a group of 7
patients at 6 months of follow-up, although only 2
were free from recurrent VTs. Chin et al16 described
an apparent benefit of STAR (decrease of VT episodes
or their absence) in 33% of their 8-patient series.
However, even in patients who benefited from STAR,
there was a variable temporal pattern in response,
and most patients had recurrences of VT. Gianni
et al17 demonstrated VT recurrences in all 5 patients
who underwent STAR after failed CA. The first Asian
experience with 7 patients was published by Ho
et al.18 Again, 4 of 5 subjects with structural heart
disease had recurrences of VT after STAR. Another
report from Asia described STAR in 3 patients.19

During 13.5 � 2.8 months, patients had a signifi-
cantly lower burden, but they all had recurrences of
VT and died within this period. A study by Qian et al20

described the results of STAR in treating 6 patients

with VT and postinfarction cardiomyopathy. Besides
a reduction in device shocks, device-treated or sus-
tained VT episodes were not significantly decreased,
and 50% of subjects died within a follow-up period of
231 days. A recent study by Ninni et al21 reported on
clinical outcomes associated with STAR using the
CyberKnife system in 17 patients with refractory
electrical storm. In 5 patients with incessant VT, the
time to effectiveness ranged from 1 to 7 weeks after
STAR. Among the 12 remaining patients, early VT
recurrences occurred in 7. After a median of
12.5 months (Q1, Q3: 10.5, 17.8 months) of follow-up, a
significant reduction of the VT burden was observed
beyond 6 weeks. However, many patients had CA
shortly before STAR or were sedated and treated by
antiarrhythmic drugs.

Our data from the EFFICACY cohort with reason-
ably long follow-up correspond to the previously
mentioned experience and suggest that the efficacy of
STAR per se is rather low. Practically all studies
showed that STAR does not suppress all VTs and that
VT recurrences are common. However, reducing de-
vice shocks appears to be the most reproducible result

TABLE 2 Comparison of ICD Therapies in EFFICACY Cohort at Baseline and During the Follow-Up

Baseline Months 6-18

P ValueN Mean � SD N Mean � SD

Unpaired comparison

ATP/month 17 12.2 � 14.5 9 10.2 � 22.4 0.13

DC shock/month 17 2.5 � 3.9 9 0.1 � 0.2 0.005

ATP + DC shock/month 17 14.8 � 16.2 9 10.3 � 22.4 0.07

Paired comparison

ATP/month 9 19.9 � 16.6 9 10.2 � 22.4 0.17

DC shock/month 9 1.9 � 3.2 9 0.1 � 0.2 0.03

ATP + DC shock/month 9 21.9 � 19.2 9 10.3 � 22.4 0.11

Analysis was performed for all available data (unpaired comparison) and in a pairwise fashion that included only patients who survived >6 months. P-values are either Mann-
Whitney U test, or Wilcoxon signed rank test, as appropriate.

ATP ¼ antitachycardia pacing; DC ¼ direct current.

TABLE 3 Relationship Between Irradiated Myocardial Segments and the Progression of Mitral Valve Disease

Segments Risk (%) Irradiated Region

Irradiated Region Risk of Significant Mitral Valve Regurgitation (n ¼ 32) Risk (%) P Value

Basal segments # 1-6 7/19 (37) Rest of segments 1/13 (8) 0.07

Basal inferior segments # 3-5 6/12 (50) Rest of segments 2/20 (10) 0.02

Basal inferolateral segments # 4-5 6/10 (60) Rest of segments 2/22 (10) 0.005

Risk of Significant Mitral Valve Regurgitation Requiring Valve
Intervention (n ¼ 32)

Basal segments # 1-6 3/19 (16) Rest of segments 0/13 (0) 0.20

Basal inferior segments # 3-5 3/12 (25) Rest of segments 0/20 (0) 0.04

Basal inferolateral segments # 4-5 3/10 (30) Rest of segments 0/22 (0) 0.02

Left ventricular segments are numbered according to the recommendation of the American Heart Association expert document.14 P values are single-sided Fisher exact test.
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of STAR for recurrent VT after previous CA. In this
context, it is important to emphasize that such an
effect was obtained in almost all patients on top of
previous CA procedures. Not only that, at the time
when we observed a significant reduction of ICD
shocks, a large proportion of patients had already
received subsequent CA for clinically significant re-
currences of VT, which precluded any meaningful

statistical analysis of the effect of standalone STAR.
This observation supports the view that STAR may
rather have an adjuvant role to CA than become the
first-line therapy managing VT in structural heart
disease. Failure of repeated CA in an expert center
appears to select patients who probably have more
diffuse substrates or more advanced heart disease.
Without a head-to-head randomized comparison of

CENTRAL ILLUSTRATION The Main Results of the Study in the EFFICACY and SAFETY Cohorts

Ha�sková J, et al. J Am Coll Cardiol EP. 2024;10(4):654–666.

The upper panel shows a time-axis plot with historical and follow-up ablation procedures in the EFFICACY cohort and reduction in ICD therapies burden

after the index STAR. The lower panel summarizes the rate of adverse events grade IV-V (Common Terminology Criteria for Adverse Events) and the

relationship of STAR segments #4 and #5 to adverse events. ICD ¼ implantable cardioverter-defibrillator; STAR ¼ stereotactic arrhythmia radiotherapy;

VT ¼ ventricular tachycardia.
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both strategies, ideally in a less diseased population,
it would be impossible to evaluate the true efficacy of
standalone STAR.

SAFETY OF STAR. The main strength of our study is
the analysis of the long-term side effects of STAR. The
most frequently observed side effect in our series was
a significant progression of mitral valve regurgitation.
A detailed analysis of the relationship between the
irradiated regions and the risk of mitral valve disease
progression showed that STAR targeting the basal
inferior and inferolateral segment of the LV signifi-
cantly increased this risk. We revealed that further
restriction of the posterior leaflet was primarily
responsible for the progression of mitral regurgitation
(Supplemental Table 1). The most serious complica-
tion in our series was death caused by esophago-
pericardial fistula.15 The patient had irradiation of
the basal LV segments, and previous coronary artery
bypass grafting using a gastroepiploic artery could
increase tissue vulnerability in this region. Interest-
ingly, another case of gastro-pericardial fistula
requiring surgical repair was reported (in abstract
form only) 2.4 years after STAR.22 Other groups re-
ported rather less-severe cases of toxicity, such as
pericardial effusions. However, the follow-up was
relatively short.

Our observations open the question of the risks
and benefits of STAR. Considering that none of the
previously published series reports on a median
follow-up longer than 12 months, we feel that the risk
of late adverse effects could be significantly under-
reported. Longer vigilant follow-up is necessary to
describe the actual safety profile of STAR for VT. Due
to this uncertainty about safety, STAR should not be
performed outside of clinical studies on the man-
agement of intractable VTs.

MORTALITY AFTER STAR. Because STAR is often
indicated in a population of patients in the terminal
phase of heart failure, long-term survival is limited.
Robinson et al22 presented preliminary follow-up data
from the ENCORE study. The 1- and 2-year overall
survival rates were 72% and 58%, with 8 deaths being
recorded. Regarding their relation to STAR, 4 had a
possible relationship (2 heart failure, 2 VT re-
currences). Chin et al16 reported 3 deaths out of 8
patients, and Gianni et al17 reported 2 deaths from
heart failure out of 5 patients. Carbucicchio et al10

observed 3 deaths in a series of 7 patients; 1 of them
was unexplained. In the Taiwanese experience with 3
cases of STAR, all patients died (within 14 months).18

Another center from Taiwan reported on 3 patients,
and all died during 13.5 � 2.8 months.19 Similarly, in a
study by Qian et al,20 3 of 6 patients died.

Our data from the SAFETY cohort with a median
follow-up of 26.9 months align with these reports. We
report 50% mortality, mainly from nonarrhythmic
causes. The fact that there was no significant differ-
ence in LV ejection fraction after STAR does not
indicate the worsening of heart failure caused by
radiotherapy. Rather, this implies that STAR could be
employed as adjuvant therapy for patients with VTs
and comorbidities when CA fails, is impossible
because of access issues, or is considered technically
demanding and associated with a substantial risk of
failure or complications. In patients with less
advanced heart failure or with fewer comorbidities,
other treatment modalities such as LV assist device
implant or heart transplant should be considered af-
ter failed repeated CA instead of STAR.
STUDY LIMITATIONS. The evaluation of STAR effi-
cacy was limited not only by a relatively small sample
size but also by a high mortality rate and shorter
follow-up compared with the SAFETY cohort. The
lack of a control group does not allow assessment of
the causal effect of STAR (plus CA) on the decrease
of ICD therapies. Because a substantial proportion of
patients had another CA for VT recurrences after
STAR, we can only speculate that the therapeutic ef-
fect is caused by the synergism of both modalities.
The absence of data on ICD therapies between the last
outpatient visit and death in most deceased patients
might partly contribute to lower arrhythmic burden
after STAR. Other bias-introducing factors that favor a
decrease in arrhythmia burden may include selection
bias caused by patient enrollment in the period of
frequent ventricular arrhythmias, changes in anti-
tachycardia function programming during the follow-
up, and relatively high mortality of the sicker patient
cohort. Furthermore, it is important to emphasize
that the strategy of CA, as well as the technique of
CTV determination, developed significantly between
2014 and 2020. A higher number of previous CA pro-
cedures and more nonischemic patients compared
with the historical cohort of our first 10 cases suggest
that our EFFICACY cohort consists of patients who are
truly resistant to CA in the expert center with access
to all contemporary technologies for CA. This was the
reason why we separately analyzed efficacy in the
most homogeneous cohort and safety in the entire
patient population.

It is also important to mention that STAR in our
cohort was not delivered by the C-arm technology,
which differs from robotic linear accelerators. How-
ever, there is no data that either technology has
different clinical efficacy or is more prone to
toxicity.23 We are also aware of some targeting inac-
curacies when using the ICD lead to track respiratory
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movements. Therefore, we use safety margins as
published recently.13

CONCLUSIONS

STAR per se has limited efficacy in highly selected
patients with structural heart disease and recurrent
VT after previous CA in an expert center. Because
many patients required another CA early during the
follow-up after STAR to treat the VT recurrences, our
study suggests that the decreased number of ICD
shocks was caused by the synergistic effect of STAR
and follow-up CA. The long-term safety of STAR is
still unknown, and observed delayed side effects
may limit its use. At present, STAR should be offered
only as a bail-out strategy for patients with VTs and
comorbidities when CA fails or is not feasible.
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COMPETENCY IN PATIENT CARE AND PROCEDURAL

SKILLS: Patients with structural heart disease and VT recurrent

after CA in an expert center may benefit from targeted STAR of

the myocardial substrate and better quality of life because of

fewer device shocks. However, the risk of adverse effects has to

be considered.

TRANSLATIONAL OUTLOOK: More information is needed

about the effects of STAR on the myocardial substrate and the

optimal dose to improve efficacy and minimize the risk of serious

side effects.
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Aims A pulsed electric field (PF) energy source is a novel potential option for catheter ablation of ventricular arrhythmias (VAs) as 
it can create deeper lesions, particularly in scarred tissue. However, very limited data exist on its efficacy and safety. This 
prospective observational study reports the initial experience with VA ablation using focal PF.

Methods 
and results

The study population consisted of 44 patients (16 women, aged 61 ± 14years) with either frequent ventricular premature 
complexes (VPCs, 48%) or scar-related ventricular tachycardia (VT, 52%). Ablation was performed using an irrigated 4 mm 
tip catheter and a commercially available PF generator. On average, 16 ± 15 PF applications (25 A) were delivered per pa-
tient. Acute success was achieved in 84% of patients as assessed by elimination of VPC or reaching non-inducibility of VT. In 
three cases (7%), a transient conduction system block was observed during PF applications remotely from the septum. Root 
analysis revealed that this event was caused by current leakage from the proximal shaft electrodes in contact with the basal 
interventricular septum. Acute elimination of VPC was achieved in 81% patients and non-inducibility of VT in 83% patients. 
At the 3-month follow-up, persistent suppression of the VPC was confirmed on Holter monitoring in 81% patients. In the 
VT group, the mean follow-up was 116 ± 75 days and a total of 52% patients remained free of any VA.

Conclusion Pulsed electric field catheter ablation of a broad spectrum of VA is feasible with acute high efficacy; however, the short-term 
follow-up is less satisfactory for patients with scar-related VT.

* Corresponding author. Tel: +420 26136 5006. E-mail address: petr.peichl@ikem.cz
© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.
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Graphical Abstract

Efficacy and safety of focal pulsed-field ablation for ventricular arrhythmia: two-centre experience
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In 3 patients (7%) transient conduction
system damage occurred during PF
applications due to current leakage from
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What’s new?

• Ablation of ventricular arrhythmia using pulsed electric field (PF) de-
livered from a solid-tip 4 mm catheter is feasible with a high acute 
efficacy; however, despite favourable acute results, the recurrences 
are common in the ventricular tachycardia group and acute non- 
inducibility may not be the optimal endpoint.

• Compared to radiofrequency energy, focal PF ablation within the 
great cardiac vein was not limited by a high impedance or poor 
catheter-tip cooling and was not associated with coronary artery 
spasm.

• Unexpected conduction system block was observed during retro-
grade catheter ablation in the left ventricle due to current leakage 
from the proximal, shaft-visualizing electrodes of the ablation 
catheter.

Introduction
Catheter ablation (CA) is a well-established treatment of ventricular 
arrhythmias (VAs).1 In patients with frequent ventricular premature 
complexes (VPCs), eliminating ectopic focus may improve symptoms 
or lead to normalization of left ventricular (LV) ejection fraction in 
case of arrhythmia-induced cardiomyopathy. In patients with sustained 
scar-related ventricular tachycardias (VTs), CA decreases the number 
of therapies from the implantable cardioverter-defibrillator (ICD) and 
VA-related hospitalizations2 and may improve prognosis.3 Until now, 
radiofrequency (RF) current has been the primary energy source em-
ployed for these procedures. However, the creation of deep lesions 
by RF ablation might be compromised in scar regions and associated 

with the risk of tissue overheating and steam pop.4 A pulsed electric 
field (PF) is a novel energy source that enables fast creation of non- 
thermal lesions and may overcome some of the limitations of RF 
energy.

Currently, multiple systems allowing VA ablation by PF are in the 
phase of preclinical or early clinical evaluation.5–7 The CENTAURI sys-
tem (CardioFocus) is a novel PF generator that enables PF ablation 
using different commercially available catheters. The system delivers a 
biphasic, monopolar pulsed field at three selectable energy settings 
(19, 22, and 25 A) that is synchronized to the R-wave. Its safety and ef-
ficacy were evaluated for ablation of atrial fibrillation.8 Anecdotally, this 
generator has been used for VA ablation, but so far, data on efficacy and 
safety are limited to the case reports and small case series.9–11 Our 
study aimed to analyse the safety and efficacy of VA ablation using focal 
PF delivered by the CENTAURI generator coupled with a contact 
force-sensing ablation catheter and a 3D electroanatomical mapping 
system in a broad population of patients with frequent VPC or scar- 
related VT.

Methods
Study population and study design
This two-centre study included consecutive patients who underwent CA 
for VA between May 2023 and January 2024 using the CENTAURI gener-
ator. Initially, patients with VPC from the right ventricular (RV) outflow 
tract were included to assess the feasibility of PF ablation. However, after 
seven uneventful cases, the inclusion criteria expanded to patients with 
other VA that failed previous RF ablation (both during the same or the pre-
vious procedure). The patient was considered non-eligible for PF ablation if 
the VA originated from the vicinity of the AV node or proximal conduction 
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system. All patients signed informed consent with the procedure. The insti-
tutional Ethics Committee approved the study.

Catheter ablation procedure
The procedures were performed under conscious sedation with fentanyl 
and midazolam, or on propofol. After obtaining vascular access, unfractio-
nated heparin was administered as an initial bolus, and further doses were 
adjusted to maintain the activated clotting time between 300 and 350 s. The 
LV was accessed either transseptally or retrogradely, depending on the VA 
origin, the actual INR level, the presence of peripheral arterial disease, and/ 
or mechanical valve prosthesis. Procedures were navigated using a 3D elec-
troanatomic mapping system (CARTO 3, Biosense Webster) and guided by 
intracardiac echocardiography (ICE; AcuNav, Siemens Medical Solutions). 
For mapping and ablation, a 3.5 mm irrigated-tip catheter (ThermoCool 
SmartTouch™, Biosense Webster) was used. Radiofrequency energy was 
delivered by SMARTABLATE (Biosense Webster) set to an output of 
30–40 W for up to 60 s and titrated to reach an impedance drop of 
10–15 Ohms. When PF was used, 25 A applications were delivered using 
the CENTAURI generator and repeated at each target site up to three times 
to maximize the lesion size. In the VPC group, these additional applications 
were delivered, only when the ectopy was eliminated by the initial pulse. In 
the VT group, repeated applications were delivered to each targeted site 
and inducibility was assessed only after delivering the planned lesion set.

For patients with frequent VPC, activation mapping was used as the pri-
mary mapping strategy, complemented by pacemapping. Catheter ablation 
targeted the site of the earliest activity during VPC. The procedure was con-
sidered acutely successful if the clinical VPC was eliminated despite the iso-
proterenol challenge.

For patients with scar-related VT, mapping and ablation strategy was de-
scribed previously.12 Briefly, one quadripolar catheter was inserted into the 
right ventricle for pacing. At baseline, programmed ventricular stimulation 
from the RV apex was performed at two drive trains (600 and 400 ms) 
and up to three extrastimuli. Substrate mapping was performed primarily 
during spontaneous rhythm or RV pacing using an integrated approach. 
Bipolar voltage maps (the lower threshold of 0.5 mV) were constructed 
and fragmented or late potentials were tagged. Zones of slow conduction 
were identified by the stimulus-to-QRS onset interval longer than 40 ms. 
The paced QRS morphology during sinus rhythm was used to match the 
exit sites of induced VTs. Activation and entrainment mapping were used 
for well-tolerated VT. The goal of subsequent CA was to abolish all abnor-
mal signals or late potentials, often reaching isolation of the segment of the 
scar with no capture. In the case of tolerated VT, CA aimed to terminate 
the arrhythmia. The procedure was considered acutely successful when 
non-inducibility of any VT was achieved.

Whenever PF was applied within the great cardiac vein, coronary angiog-
raphy was performed before and after the PF energy delivery to rule out 
spasms of the coronary arteries. The distance between the tip of ablation 
catheter and the coronary artery was measured (contour to contour) at 

the PF application site. No nitrates were applied prophylactically prior to 
PF applications.

In one of the centres, peripheral venous blood samples for the assess-
ment of the serum levels of high-sensitivity troponin T (hsTnT) were ob-
tained the next day (usually 18–24 h after the CA).

Clinical follow-up
Following CA, patients were evaluated in the outpatient clinic in 3-month 
intervals. Those with frequent VPC underwent 24-h Holter monitoring 
and CA were considered successful if the clinical VPC burden was signifi-
cantly decreased (<20% of the pre-ablation level). Patients with scar-related 
VT were seen regularly in 3- or 6-month intervals, and the recurrence of VT 
was assessed by clinical history and ICD interrogation.

Statistical analysis
Continuous variables were expressed as means with standard deviations 
and compared with Student’s t-test. Categorical variables were expressed 
as percentages and compared by Fisher’s exact test. A P < 0.05 was consid-
ered significant.

Results
The population consists of 44 patients recruited in the two centres. A to-
tal of 57% of patients had previously failed RF ablation procedure(s) for 
VA. Twenty-one (48%) patients had frequent VPC with a mean burden 
of 27 ± 12% on a 24-h Holter monitoring. Twenty-three (52%) patients 
had scar-related VT. Baseline characteristics are displayed in Table 1.

In the VPC group, ectopy originated from the LV outflow tract, RV 
outflow tract, posteromedial LV papillary muscle, and posterobasal LV 
region in 52, 33, 10, and 5%, respectively. In the VT group, the ablation 
was performed in the lateral LV, LV outflow tract/great cardiac vein, an-
terior LV wall, lateral RV wall, inferior LV wall, LV papillary muscle, and 
RV outflow tract in 35, 26, 13, 9, 9, 4, and 4%, respectively.

The mean procedural duration was 113 ± 46 min, and the fluoros-
copy time reached 6.9 ± 4.3 min with a radiation dose of 8521 ±  
12 393 mGy/cm2 (Table 2). On average, 16 ± 15 PF applications (25 A) 
were delivered per patient. The PFs were well tolerated in analgosedation, 
and no generalized muscle contractions that would affect the alignment of 
electroanatomical maps were observed. Importantly, PF deliveries did not 
induce sustained VT or ventricular fibrillation in any of the patients. In nine 
patients (20%), RF delivery was attempted and failed prior PF applications 
(2 ± 7 applications per patient).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics

All patients Patients with VPCs Patients with VT P-value
n = 44 n = 21 n = 23

Male sex (%) 64 47 78 0.06

Age (years) 61 ± 14 56 ± 13 63 ± 15 0.18

Body mass index (kg/m2) 31 ± 5 30 ± 5 31 ± 5 0.62

Diabetes mellitus (%) 23 19 26 0.72

Arterial hypertension (%) 73 62 83 0.18

Structural heart disease (%) 55 4 96 <0.001

Mean LV ejection fraction (%) 45 ± 16 58 ± 9 33 ± 10 <0.001

Previous unsuccessful RF ablation (%) 57 38 74 <0.01

LV, left ventricular; RF, radio frequency ablation; VPC, ventricular premature contraction; VT, ventricular tachycardia.
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Pulsed electric field ablation in the great 
cardiac vein
In 11 cases (8 and 3 in the VPC and VT groups, respectively), PF energy 
was applied in the great cardiac vein up to 2 mm from the coronary ar-
tery (mean distance of 5 ± 2 mm). No electrocardiogram changes at-
tributable to ischaemia were noted after the PF applications, and 
subsequent coronary angiography did not reveal any abnormality/ 
spasm in any of these patients (Figure 1). In 7 of 11 patients (63%), PF 
ablation led to acute suppression of VA. The mean prematurity during 
VPC/VT in patients was higher in those with acutely successful ablation 
compared to those where no acute effect was seen (31 ± 8 ms vs. 18 ± 5 ms, 
P = 0.08).

Conduction system block during pulsed 
electric field applications
Transient conduction system block occurred in three cases (7%) during 
PF application on the lateral LV wall remotely from the conduction sys-
tem. It consisted of complete AV block in one and left bundle branch 
block in two patients. Conduction blocks resolved in all cases within 
1 h. Root analysis revealed that these events occurred during the retro-
grade approach to the LV. In such cases, the proximal shaft-visualizing 
electrodes of the ablation catheter were located close to the proximal 
portion of the conduction system at the LV aspect of the interventricu-
lar septum (Figure 2). Intracardiac echocardiography monitoring re-
vealed that these unexpected adverse events were accompanied by 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Procedural characteristics and outcome

All patients Patients with VPCs Patients with VT P-value
n = 44 n = 21 n = 23

Procedural duration (min) 113 ± 46 84 ± 41 139 ± 33 <0.001

Fluoroscopy time (min) 6.9 ± 4.3 7 ± 4 7 ± 4 0.77

Fluoroscopy dose (mGy/cm2) 8521 ± 12 393 8226 ± 10 657 8791 ± 14 030 0.88

PF applications per patient (n) 16 ± 15 7 ± 4 24 ± 16 <0.001

Acute success (%) 82 81 83 1.0

Absence of recurrences during follow-up (%) 66 81 52 0.06

PF, pulsed field; VPC, ventricular premature complex; VT, ventricular tachycardia.
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Figure 1 An illustrative case of ablation in the great cardiac vein in a patient with non-ischaemic cardiomyopathy and scar-related VT from the LV 
summit. (A) shows prematurity (−40 ms) and fragmentation during the VPC in the decapolar catheter positioned close to the substrate in the great 
cardiac vein (CS 3.4). Note relatively late activation in the ablation catheter positioned on the endocardium of the LV outflow tract. (B) shows the 
corresponding pace map with a long stimulus-to-QRS delay. (C ) depicts angiography of the left coronary artery position prior to ablation. No spasm 
(D) was noted after four PF applications in the great cardiac vein. (E and F ) display electroanatomical maps in anteroposterior (E) and modified cranial 
view (F). Ao, aorta; ABL, electrograms from ablation catheter; CS, coronary sinus; GCS, great cardiac vein; LV, left ventricular; PF, pulsed field; RV, right 
ventricle; VPC, ventricular premature complex. 
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the emission of microbubbles from these electrodes during PF energy 
delivery, suggesting the leakage of the current (see Supplementary 
material online, Video S1). Formation of the microbubbles could easily 
be prevented by covering the shaft electrodes with the sheath.

Acute elimination of VPC was achieved in 17/21 (81%) patients and 
non-inducibility in 19/23 (83%) patients with VT. At the 3-month 
follow-up, persistent suppression of the VPCs was confirmed on 
Holter monitoring in 17/21 (81%) patients. The mean VPC burden 
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Figure 2 (A) shows the occurrence of complete AV block after PF ablation in a patient with non-ischaemic cardiomyopathy. (B) depicts an electroana-
tomical voltage map. The distance between the site of the application leading to the AV block and the location of His bundle recordings was 4 cm. 
(C) displays the fluoroscopic position of the ablation catheter. Note that the location of the proximal ring electrode on the catheter shaft is at the His 
bundle area (see text for further explanation). A, amper; AVB, AV block; His, his bundle recording site; LAO, left anterior oblique view; PF, pulsed field. 
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Figure 3 Kaplan–Meier curve of sustained VT-free survival after PF ablation. PF, pulsed field; VT, ventricular tachycardia. 
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decreased from 27 ± 12 to 7 ± 13% (reduction by 73 ± 51%, P < 
0.001). In one patient with ectopy from posteromedial papillary muscle, 
acute suppression was achieved; however, the late recurrence of the 
same VPC morphology was observed at 3 months. On the other 
hand, in one patient who had acutely unsuccessful ablation, VPC disap-
peared during follow-up. In the group of patients with scar-related VT, 
the mean follow-up was 116 ± 75 days and 12/23 (52%) of patients re-
mained free of any VT (Figure 3).

Myocardial lesion size
Levels of hsTnT were assessed in 43% of patients before and after ablation 
and increased from 19 ± 12 to 600 ± 425 ng/L (P < 0.001). The increase 
was higher in patients with VT compared to those with VPC, but the dif-
ference was not significant (623 ± 446 ng/L vs. 323 ± 238 ng/L, P = 0.22).

Discussion
The main findings of this study can be summarized as follows: (i) abla-
tion of VA using PF delivered from a solid-tip 4 mm catheter is feasible 
with a high acute efficacy; (ii) despite favourable acute results, the recur-
rences are common in the VT group and acute non-inducibility may not 
be the optimal endpoint; (iii) compared to RF energy, focal PF ablation 
within the great cardiac vein was not limited by a high impedance or 
poor catheter-tip cooling and was not associated with coronary artery 
spasm; (iv) unexpected conduction system block was observed during 
retrograde CA in the LV due to current leakage from the proximal, 
shaft-visualizing electrodes of the ablation catheter; and (v) focal PF ab-
lation was not associated with excessive myocardial damage as assessed 
by troponin levels post-ablation.

Compared to RF ablation of VA, PF energy offers several potential 
benefits. First, due to the non-thermal nature of PF, tissue overheating 
with a risk of steam pop is highly unlikely. Second, several preclinical 
studies suggested that PF can penetrate better into the scar tissue,5,13,14

which is particularly important in patients with scar-related VT. Third, 
PF applications are much shorter compared to RF and, thus, might be 
advantageous in some locations, where the stability of the catheter is 
challenging (e.g. on papillary muscle).15 This may also result in more fa-
vourable procedural times.

Acute and short-term follow-up
While the focal PF ablation was quite successful (as assessed by acute sup-
pression of the VPC or VT inducibility) in both groups, the short-term 
outcome in patients with VT was far less satisfactory. This may not be sur-
prising, since the nature of VA is quite different in these patient cohorts. In 
the case of VPC, localized PF ablation has a higher chance of abolishing the 
focal source. On the other hand, the ablation target is far more extensive 
in scar-related VT, potentially also located more in-depth of the myocar-
dial wall. In such a scenario, the studied PF energy delivery might not be 
effective enough and more pulses and/or higher energy deliveries were 
needed. However, this study reports one of the first larger experiences 
with PF ablation of VPC/VT that aimed at patients who failed RF ablation 
and safety was the primary interest. In addition, the pulse configuration 
used by the studied generator might not be ideal for VA ablation and could 
be further studied and optimized. Unfortunately, once PF ablation is de-
livered, local electrograms are instantaneously abolished and there is 
not much left, how to learn about the quality and durability of the created 
lesion. Finally, the explanation for the different efficacy of PF ablation in 
both groups might be a selection bias with more patients in the VT group 
having already previously unsuccessful RF ablation.

Regarding the assessment of the acute effect of PF ablation in scar- 
related VT, a new paradigm shift can be observed. In contrast to RF 
ablation, where the abolition of local abnormal electrograms was con-
sidered a reasonable endpoint of the substrate modification, PF delivery 

results in acute disappearance of the local electrograms, which may not 
reflect the creation of durable lesions. Acute lesions by PF compared to 
RF are known to have a much larger zone of reversible injury.16 This 
may also affect inducibility of VA at the end of the procedure. Thus, 
acute non-inducibility of VT after PF ablation might not be the optimal 
endpoint of the procedure. Whether the use of non-invasive pro-
grammed ventricular stimulation17 performed remotely from the 
ablation procedure could better assess the acute effect of ablation 
is to be investigated.

Pulsed electric field delivery in the great 
cardiac vein
Application of RF energy in the great cardiac vein is often limited by the 
high impedance and temperature rise.18 Thus, alternative approaches, 
including alcohol venous injection,19 and bipolar ablation20 have been 
proposed. Pulsed electric field may pose another option for VPC origin-
ating in the LV summit, and experimental data have shown that PF is 
feasible in this scenario.21 Pulsed electric field ablation in the great car-
diac vein has been also described in a clinical setting.10 Our current ex-
perience supports these observations. Based on clinical observations of 
coronary spasms, obtained with multielectrode PF delivery in the vicin-
ity of the right coronary artery,22 the safety of PF ablation within the 
great cardiac vein is important. In this respect, we performed coronary 
angiography before and after PF delivery at a distance up to 2 mm 
(mean of 5 mm) to the coronary artery with no spasms noted. We 
can speculate that the lack of observed coronary spasms in our cohort 
could be due to the catheter design (4 mm tip vs. multispline catheter). 
Similarly to our experience, Brešković et al.23 have used a focal PF cath-
eter within the coronary sinus for left-sided accessory pathways, and no 
clinically relevant spasms were reported. Nevertheless, our patient co-
hort was very small and the ablation catheter did not touch directly the 
coronary artery during any PF application. Thus, more data on the 
safety of this approach are still needed.

Conduction system damage during pulsed 
electric field applications
The observations of transient conduction system blocks prompted us 
to evaluate the root cause of this phenomenon. Our explanation of 
these adverse events by leakage of the current through the proximal 
shaft-visualizing electrodes of the ablation catheter was confirmed by 
information obtained from the CENTAURI manufacturer. Because 
the high-voltage pulses are delivered to the tip of the ablation catheter 
during PF application, considerably high-voltage pulses are also syn-
chronously delivered to proximal shaft-visualizing electrodes to pre-
vent sparking and shortcutting between the wires within the catheter 
shaft. When these electrodes are in close proximity to the conduction 
system (such as during the retrograde access to the LV), the PF delivery 
may cause a transient conduction block. This explanation is supported 
by the preclinical studies that have described the high sensitivity of the 
conduction system to PF energy.7 Of note, this mechanism is specific 
only to the use of the SmartTouch ThermoCool™ catheter. The other 
catheters approved for the CENTAURI generator (i.e. TactiCath SE, 
Abbott and STABLEPOINT, Boston Scientific) do not have such elec-
trodes on the shaft. But even for the SmartTouch catheter, the inad-
vertent damage of the conduction system could be prevented by 
covering and isolating these electrodes with the long sheath or by pre-
ferring the transseptal access to LV, which makes this adverse event 
unlikely.

Myocardial damage
Pulsed electric field ablation leads to only moderate myocardial damage 
as assessed by troponin post-ablation increase. Studies assessing the 
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troponin T dynamics in patients undergoing PF ablation of atrial fibrilla-
tion with a multielectrode catheter have reported much higher values 
(up to three times).24,25 Our observation is reassuring, since extensive 
myocardial damage in patients with scar-related VT and impaired LV 
ejection fraction may result in pump failure. On the other hand, PF 
may acutely affect a much larger area and this reversible zone of 
stunned ventricular myocardium may cause acute haemodynamic de-
compensation. Further studies are needed to clarify the haemodynamic 
risks associated with more extensive PF ablation in the ventricle.

Study limitations
This was a prospective observational study aiming to describe the effi-
cacy and safety of VA ablation by focal PF delivery in a spectrum of dif-
ferent VA. Thus, the small sample size may limit the validity of our 
observations, and additional studies with larger patient cohorts are 
needed to further explore the specific aspects and risks of focal PF ab-
lation of VA in various patient populations. In addition, patients with ar-
rhythmias in the vicinity of the proximal conduction system were on 
purpose not included in this study and no statement regarding safety/ 
efficacy can be made in this respect. Finally, the observations made 
with the studied combination of the specific PF generator and ablation 
catheter cannot be extrapolated to other PF ablation technologies.

Conclusions
Initial experience with the focal PF ablation of VA demonstrated high 
acute efficacy in ablation of both VPC and scar-related VT. However, 
the short-term success rate was more satisfactory in VPC patients, 
which reflects the size and complexity of the arrhythmogenic substrate 
and uncertainty about the endpoint of PF CA in scar-related VT. Pulsed 
electric field ablation was found particularly useful for ablation within 
the great cardiac vein.
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Supplementary material is available at Europace online.
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Aims Catheter ablation is an effective treatment method for recurrent ventricular tachycardias (VTs). However, at least in part, 
procedural and clinical outcomes are limited by challenges in generating an adequate lesion size in the ventricular myocar-
dium. We investigated procedural and clinical outcomes of VT ablation using a novel ‘large-footprint’ catheter that allows the 
creation of larger lesions either by radiofrequency (RF) or by pulsed field (PF) energy.

Methods 
and results

In prospectively collected case series, we describe our initial experience with VT ablation using a lattice-tip, dual-energy cath-
eter (Sphere-9, Medtronic), and a compatible proprietary electroanatomical mapping system (Affera, Medtronic). The study 
population consisted of 18 patients (aged 55 ± 15 years, one woman, structural heart disease: 94%, ischaemic heart disease: 
56%, left ventricular ejection fraction: 34 ± 10%, electrical storm: 22%) with recurrent sustained VTs and ≥1 previously 
failed endocardial RF ablation with conventional irrigated-tip catheter in 66% of patients. On average, 12 ± 7 RF and 
8 ± 9 PF applications were delivered per patient. In three-fourths of patients undergoing percutaneous epicardial ablation, 
spasms in coronary angiography were observed after PF applications. All resolved after intracoronary administration of 
nitrates. No acute phrenic nerve palsy was noted. One patient suffered from a stroke that resolved without sequelae. 
Post-ablation non-inducibility of VT was achieved in 89% of patients. Ventricular-arrhythmia-free survival at three months 
was 78%.

Conclusion VT ablation using a dual-energy lattice-tip catheter and a novel electroanatomical mapping system is feasible. It allows rapid 
mapping and effective substrate modification with good outcomes during short-term follow-up.

* Corresponding author. Tel: +420 261 365 006; fax: +420 236 052 985. E-mail address: pepi@ikem.cz
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Graphical Abstract

Mapping and ablation of ventricular tachycardia using dual-energy
lattice-tip focal catheter: early feasibility and safety study

Prospective observational case
series of 18 patients with VTs

- all but one with SHD
- mean LVEF 34 ��10%
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What’s new?

• Lattice-tip catheter in combination with electroanatomical mapping 
system allows rapid high-density mapping of VTs and arrhythmo-
genic substrate.

• Ablation results in effective substrate modification without exces-
sive troponin release with good outcomes during short-term 
follow-up.

• Pulsed field applications in epicardial space were commonly asso-
ciated with spasms of coronary arteries but not phrenic nerve palsy.

Introduction
Catheter ablation (CA) is a well-established treatment of ventricular 
arrhythmias.1,2 In patients with structural heart disease (SHD) and sus-
tained ventricular tachycardias (VTs), CA has been shown to decrease 
the risk of shocks of implantable cardioverter-defibrillator (ICD), 
ventricular-arrhythmia-related hospitalizations3 and possibly to im-
prove prognosis.4 However, the creation of deep lesions by radiofre-
quency (RF) ablation might be compromised in regions of fat and 
pre-existing scar, and risk collateral damage to coronary arteries and 
phrenic nerve. A lattice-tip catheter is a novel large-footprint map-
ping/ablation catheter (Sphere-9, Medtronic, Minneapolis, MN) that 
allows the application of both high-energy RF and pulsed field (PF) en-
ergy, using a compatible proprietary electroanatomical mapping system 
and generator (Affera, Medtronic, Minneapolis, MN).

The effectiveness and safety of the above system have been previously 
clinically validated for the treatment of atrial fibrillation (AF).5 The poten-
tial application of the system for lesion creation in ventricular myocar-
dium has been studied extensively in experiment.6–8 However, the 

clinical use of a lattice-tip catheter for VT ablation has been reported 
only in case reports and small case series.9,10

We aimed to analyse the early-experience safety and efficacy of VT 
ablation using a lattice-tip catheter in patients with different clinical 
types of VT.

Methods
Study population and study design
This series included consecutive patients who underwent CA for VT be-
tween January and June 2024 using the Affera system. Patients were in-
cluded when presented either with (i) SHD VTs or (ii) had a history of 
previously failed CA for VT. Patients with idiopathic VTs originating from 
typical regions like outflow tracts were not considered. All patients pro-
vided informed consent with the procedure. The institutional review board 
approved the study.

Catheter ablation procedure
The procedures were performed under general anaesthesia in all cases. After 
obtaining vascular access, procedures were navigated using a three- 
dimensional electroanatomic mapping system (Affera, Medtronic) and guided 
by intracardiac echocardiography (AcuNav, Siemens Medical Solutions). A 
9 mm lattice-tip catheter (Sphere-9, Medtronic) was used for mapping and 
ablation. If needed, epicardial access was obtained using the Sosa technique.11

The Affera mapping and ablation system has been described earlier.6

Briefly, the lattice-tip catheter contains a magnetic sensor and nine micro-
electrodes on the surface of the collapsible frame that collect near-field 
unipolar electrograms against the central indifferent electrode. The electro-
anatomical map is acquired rapidly by simultaneous recordings from all mi-
croelectrodes. At the same time, a dedicated algorithm automatically 
annotates local electrograms from each microelectrode. The mapping 
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time was defined as the time interval between the first and last acquired 
point of the voltage map of the targeted chamber.

At the beginning of the procedure, unfractionated heparin was adminis-
tered as an initial bolus, and further doses were adjusted to maintain the ac-
tivated clotting time between 300 and 350 s. Depending on the substrate 
location and/or the presence of peripheral arterial disease, the left ventricle 
(LV) was accessed either transseptally or retrogradely.

Our mapping and ablation strategy was described previously.12 Briefly, 
one quadripolar catheter was inserted into the right ventricle (RV) for pa-
cing. At baseline, programmed ventricular stimulation from the ventricular 
apex was performed at two drive trains (600 and 400 ms) and up to three 
extrastimuli. Activation and entrainment mapping were used for well- 
tolerated VTs. Substrate mapping/ablation was performed primarily during 
spontaneous rhythm or RV pacing. Bipolar voltage maps (the lower thresh-
old of 0.5 mV) were constructed and fragmented or late potentials were 
tagged. Zones of slow conduction were identified by stimulus-to-QRS on-
set intervals longer than 40 ms. The paced QRS morphology during sinus 
rhythm was used to match the exit sites of induced VTs. An increase in elec-
trode temperature during RF/PF applications was used as a surrogate for 
tissue contact. The exact position and contact of the lattice-tip catheter 
with the tissue was confirmed by intracardiac echocardiography.

The primary strategy was high-energy RF ablation.13 If RF ablation alone 
could not achieve VT suppression or adequate substrate modification, PF 
applications were added to consolidate the lesions further. Pulsed field 
was not used in close vicinity to the proximal ventricular conduction sys-
tem. On the other hand, only PF energy was used in epicardial space. 
When RF energy was used for endocardial lesions, ablations were delivered 
for 30 s per lesion. For PF ablations, 5 s applications were delivered and re-
peated at each target site up to three times to maximize the lesion size.

The goal of CA was to abolish all abnormal signals or late potentials, often 
achieving electrical isolation of the scarred segment. The procedure was 
considered acutely successful in case of non-inducibility of any sustained 
VT using the same stimulation protocol as for induction.

Coronary angiography was performed before and after the epicardial PF 
energy delivery to identify the presence of potential coronary artery 
spasms. No nitrates were given prophylactically before PF applications. 
The phrenic nerve function after epicardial ablation was assessed by either 
(i) direct pacing of the phrenic nerve or (ii) observation of diaphragm mo-
tion on fluoroscopy.

Peripheral venous blood samples were obtained the next day (usually 
18–24 h after the CA) to assess the serum levels of high-sensitivity troponin 
T (hsTnT).

Clinical follow-up
Following the CA, patients were seen in the outpatient clinic 3 months after 
the ablation. The recurrence of VT was assessed by clinical history and ICD 
interrogation. ICD programming was individualized according to the cycle 
lengths of clinical VTs.

Statistical analysis
Continuous variables were expressed as means with standard deviations 
and compared with the Student’s t-test. Categorical variables were ex-
pressed as percentages and compared using the Wilcoxon paired test. A 
P-value of <0.05 was considered significant.

Results
The case series comprises 18 patients (aged 55 ± 15 years, one woman) 
with recurrent VTs. One patient had idiopathic focal VT from the crux 
of the heart; the others had SHD-related VT (94%). The underlying 
SHD was coronary artery disease (53%), non-ischaemic cardiomyop-
athy (35%), congenital heart disease (6%), and hypertrophic cardiomy-
opathy (6%). A total of 66% of patients were after ≥1 previously failed 
RF ablation procedure(s) (range 1–3), and 22% were in the electric 
storm at the time of ablation. Baseline characteristics are displayed 
in Table 1.

Electroanatomic mapping
An average of 4452 ± 1724 and 4581 ± 2095 points was collected for 
the RV and LV voltage maps, respectively. The mean mapping time was 
18.3 ± 9.6 min for RV and 18.7 ± 6.6 min for LV. The mapping was per-
ceived as easy. However, in certain regions, such as perimitral or peri-
tricuspid areas, navigation with intracardiac echocardiography had to be 
used to place the catheter correctly.

The arrhythmogenic substrate was identified on the anterior/antero-
septal LV wall (28%), inferior LV wall (28%), lateral LV wall (22%), within 
RV (17%), and in periaortic region (6%).

Radiofrequency or pulsed field delivery
Compared to our previous experience with a 4 mm-tip catheter, myo-
cardial capture during pacemapping/entrainment was more difficult and 
sometimes impossible to achieve with the lattice-tip catheter. This 
could be explained by the smaller pacing electrodes on the surface of 
the catheter tip. Due to this limitation in pacemapping or entrainment 
mapping, we preferred to start ablation with high-energy RF to see 
changes in electrograms, which may promptly disappear when PF is 
used for the initial lesion. Pulsed field was delivered later to consolidate 
previous RF lesions.

On average, 12 ± 7 RF and 8 ± 9 PF applications were delivered per 
patient. In the presence of an extensive substrate, the ablation strategy 
most commonly comprised scar homogenization or core scar isolation 
(Figure 1). Epicardial PF ablations did not lead to transmural lesions as 
assessed by corresponding endocardial signals (Figure 2). The applica-
tions of PF energy did not induce ventricular fibrillation or sustained 
VT in any of the patients; however, myocardial capture was commonly 
observed during PF applications (Figure 3). This myocardial capture 
could result in non-specific VT termination when PF was applied during 
ongoing VT.

The mean procedural duration was 157 ± 31 min, with a fluoros-
copy time of 5.2 ± 4.0 min (Table 2).

Acute ablation outcome
The ablation resulted in acute non-inducibility in 16/18 (89%) patients. In 
one case, the patient was after previous surgical repair of the postinfarc-
tion ventricular septal defect, and a pericardial patch covered a portion of 
the septum. Despite extensive RF and PF ablations close to the presumed 
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Table 1 Baseline characteristics

N = 18

Male sex (%) 94

Age (years) 55 ± 15

Body mass index (kg/m2) 29 ± 4
Diabetes mellitus (%) 28

Arterial hypertension (%) 67

History of atrial fibrillation (%) 44

Structural heart disease (%) 94

Coronary artery disease (%) 56

Left ventricular ejection fraction (%) 34 ± 10

Previous unsuccessful ablation (%) 67

Electric storm at the time of ablation (%) 22

Implantable cardioverter-defibrillator (%) 94
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exit VT site, arrhythmia inducibility could not be suppressed. The patient 
subsequently underwent stereotactic radiotherapy. In the other patient, 
the ablation of the arrhythmogenic substrate on the lateral LV wall failed 
due to the inaccessible epicardial location of the VT circuit because of the 
presence of adhesions.

Complications
Coronary angiography performed after epicardial PF applications 
showed spasms of the adjacent coronary artery (Figure 4) in three 
out of four patients undergoing epicardial ablation. Interestingly, ECG 
changes attributable to ischaemia were noted only in one patient. 
When spasm was observed, intracoronary nitroglycerine was adminis-
tered (starting at a dose of 0.5 mg and reaching up to 2–3 mg until reso-
lution of spasm or systemic hypotension was seen). For cases with 
observed coronary spasm, the mean distance from the coronary artery 
and the centre of the lattice-tip catheter was 7 ± 3 mm. No spasm was 
seen in a patient, where the distance was 21 mm. In all cases, the spasm 
resolved after the intracoronary application of nitrates. On the other 
hand, no phrenic nerve palsy was observed in three patients, where 
PF applications were delivered in epicardial space in the vicinity of the 
phrenic nerve (in one case directly on site with phrenic nerve capture; 
in two cases within the distance of 1–2 cm). One patient suffered 
from a stroke, which resolved within one month without any seque-
lae. This was a patient with hypertrophic cardiomyopathy and a his-
tory of pre-existing thrombus in the LV aneurysm. Preprocedural 
imaging using transthoracic echocardiography with echocontrast re-
vealed no thrombus, and the activated clotting time was maintained 
above 300 s. The source of the presumed embolism causing the 
stroke is, therefore, unknown.

The extent of myocardial damage
As a surrogate for myocardial damage, levels of hsTnT were assessed be-
fore and after ablation, and increased from 36 ± 26 ng/L to 995 ± 580 ng/L 
(P < 0.01).

Short-term follow-up
The VT recurred in two patients with procedural failure. In two add-
itional patients, recurrences were seen during a short-term follow-up 
of 3 months. One patient had one episode of VT treated by anti- 
tachycardia pacing. The other case was a patient with non-ischaemic 
cardiomyopathy who had a recurrence of incessant slow VT from 
the RV inferior basal region despite previous endo-epicardial RF/PF 
ablation. This VT had been successfully treated with a 4 mm-tip cath-
eter inserted underneath the inferior tricuspid leaflet. The most plaus-
ible interpretation is that with a large-tip catheter design, we failed 
to map/ablate the sharp angle between the myocardial wall and the 
posterior leaflet of the tricuspid valve (Figure 5).

Discussion
The main findings of this study can be summarized as follows: (i) elec-
troanatomical mapping with the novel system was rapid and reliable; 
however, pacemapping or entrainment mapping was limited by fre-
quent non-capture; (ii) ablation using a large-footprint catheter, enab-
ling both RF and PF, is feasible and effective for rapid modification of 
the arrhythmogenic substrate; (iii) reachability of some narrow regions 
by the large tip might be limited compared to the 4 mm-tip, and intra-
procedural imaging with intracardiac echocardiography might be 

Voltage map prior ablation Voltage remap after ablationAblation strategy

Voltage map prior ablation Voltage remap after ablationAblation strategy

A B C

D E F

Figure 1 Examples of substrate modification in patients with VTs after previous myocardial infarction. Panels A to C show LV voltage maps in the right 
anterior oblique view in a patient with an extensive anteroseptal scar. Panels D to F depict LV voltage maps in posterior view in a patient after infer-
olateral myocardial infarction. Note the elimination of local voltage within the ablated zone after either core scar isolation (panel B) or substrate hom-
ogenization (panel E).
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helpful; (iv) ablation did not result in excessive myocardial damage; 
(v) epicardial PF ablation adjacent to the phrenic nerve did not result 
in acute palsy; and (vi) PF ablation close to the coronary artery induced 
subclinical spasms.

Radiofrequency vs. pulsed field efficacy 
considerations
The current study used RF energy as the primary energy source for ab-
lation. First, this decision was backed by historical experience with this 
energy source. Secondly, experimental studies have shown that RF cur-
rent can create larger lesions than PF.14 Thirdly, unlike PF, the change in 
local electrograms caused by ablation can be assessed after RF delivery. 
On the other hand, PF may provide several potential advantages over 
RF. Most importantly, several preclinical studies suggested that PF can 
penetrate better both healthy and scar/fatty tissue.15–17 This is particular-
ly important in patients with SHD or those undergoing repeated ablation 
procedures. However, acute lesions by PF compared to RF are known to 
have a much larger zone of reversible injury.18 Our previous experience 
with PF ablation of SHD VTs using a solid-tip catheter19 has shown that 
PF delivery resulted in more likely temporary suppression of VT induci-
bility with a higher recurrence during follow-up. Lastly, PF applications 
were commonly associated with local myocardial capture. Thus, when 
ongoing VT terminated during PF energy delivery, it was unclear whether 
it was due to the successful elimination of the culprit isthmus of slow con-
duction or due to overdrive pace termination by PF.

Radiofrequency vs. pulsed field safety 
considerations
Both energy sources differ concerning the risk of collateral damage. 
First, due to the non-thermal nature of PF, tissue overheating with a 
risk of steam pop is highly unlikely. Similarly, PF is known to spare gan-
glionic plexi and nerves.20 In the recent analysis of 17 k patients under-
going AF ablation, the incidence of phrenic nerve injury by PF was 
0.06%.21 Our current experience with epicardial delivery of PF is in 
line with the above observations and suggests the relative safety of 
PF applications near the phrenic nerve.

In addition, Reddy et al.22 have shown that using PF energy in the 
vicinity of the coronary arteries often resulted in their spasms, and pre- 
treatment with nitrates could effectively prevent them. In this respect, 
coronary angiography in our study showed acute spasms in most of the 
patients with PF epicardial ablation. In some experimental studies,23 PF 
application on the coronary artery led to acute spasm that was followed 
by chronic mild stenosis via neointimal neoplasia. On the other hand, RF 
application on the top of the coronary artery might lead to thrombotic 
occlusion. Thus, due to the non-thermal mechanism of action, it is rea-
sonable to anticipate that the incidence of coronary artery stenosis will 
be lower for PF compared to the thermal alternatives. Due to this dif-
ference, PF may enable epicardial ablation of the substrate very close to 
the coronary artery. Nevertheless, before more data are available, it 
seems advisable to perform coronary angiography before and after epi-
cardial PF delivery. Such a strategy will also allow immediate intracoron-
ary administration of nitrates when spam is observed.

A B

C D

Figure 2 Panel A depicts epicardial (left) and endocardial (right) voltage map in the left lateral view in a patient with non-ischaemic cardiomyopathy. 
Panel B shows an epicardial activation map during sinus rhythm with delayed activation on the basal lateral wall (violet colour) with marked PF ablation 
tags (green). Note that the late potentials on both epicardial and endocardial local electrograms were eliminated by PF epicardial ablation. At the same 
time, the endocardial voltage was not affected. Panel C depicts mid-diastolic potentials in epicardium during inducible VT. Panel D shows the termination 
of VT during epicardial PF ablation. During PF application, note the myocardial capture (visible on ECG and arterial pressure tracing).
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Large-footprint-tip vs. 4 mm-tip focal 
catheter
Large-footprint lattice-tip catheter allowed rapid modification of exten-
sive arrhythmogenic substrate either in the form of scar homogeniza-
tion24 or core scar isolation.25 Although the concept of creating large 
lesions by the large-tip catheter is attractive for targeting the intramural 
substrate, different designs of ablation catheters might also have poten-
tial shortcomings. Some narrow areas (e.g. space between AV valves 

and myocardial wall, excavations within the endocardial surface, and 
base of the papillary muscles) might be more challenging to reach 
even with real-time imaging (Figure 5). This underscores the role of in-
tracardiac echocardiography, which enables precise visualization of the 
lattice tip and its tailored placement. Theoretically, if prominent trabe-
culation is observed in the region of interest and ablation by the lattice- 
tip cannot eliminate the VT, complimentary use of a 4 mm-tip ablation 
catheter might be considered. Notably, scarring and remodelling after 
myocardial infarction lead mostly to thinning and smoothing of the 
myocardial wall and facilitate mapping and ablation with the lattice-tip 
catheter. Patients with non-ischaemic cardiomyopathy differ since their 
endocardial surface may have prominent trabeculations and variable 
thickness. The critical components of the substrate may be localized 
intramurally and may be more challenging to be recognized and ablated. 
However, it is yet to be determined, for which substrates this will be 
relevant and to what degree it will impact clinical outcomes.

The extent of myocardial damage
Studies assessing the troponin T dynamics in patients undergoing AF ab-
lation have reported relatively high values of this biomarker.26,27

Therefore, there was uncertainty about the extent of myocardial dam-
age using PF on the ventricular level. Our data on the combined use of 
RF and PF for VT ablation suggest that myocardial damage was relatively 
moderate (about three times lower). This reflects a much lower num-
ber of PF deliveries compared to the average PF ablation for AF as well 
as targeting mainly scar tissue. The absence of excessive troponin is re-
assuring because, in patients with pre-existing SHD and impaired LV 
ejection fraction, extensive damage might lead to pump failure.
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Figure 3 Panel A depicts a 12-lead ECG during VT in a patient with grown-up congenital heart disease after repeated surgical correction procedures 
and implantation of a balloon-expandable pulmonary stent valve. Panel B shows a voltage map of the RV with prominent scarring in the lateral RV out-
flow tract. Panel C shows the activation map during VT. The arrhythmia was successfully abolished by both radiofrequency (red tags) and pulsed field 
(green tags) ablation between the pulmonary valve stent and scarring on the RV lateral wall.
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Table 2 Procedural characteristics and outcome

N = 18

Epicardial access (%) 22

Number of inducible ventricular tachycardia  
morphologies (n)

1.4 ± 1.3

Procedural duration (min) 157 ± 31

Fluoroscopy time (min) 5.2 ± 4.0

Fluoroscopy dose (µGy m2) 4627 ± 9557

RF applications (n) 12 ± 7
PF applications (n) 8 ± 9
Post-ablation ventricular arrhythmia non-inducibility (%) 89

Ventricular-arrhythmia-free survival at 3 months (%) 78
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Prior epi PF ablation Spasm after PF application Resolution after nitrates

A B C

Figure 4 Example of coronary spasm induced by epicardial ablation on the lateral LV wall in vicinity of the marginal branch. Panel A shows preablation 
coronary angiography, panel B depicts the spasm of the marginal branch, and panel C shows the resolution of the spasm after intracoronary nitrate 
administration. Interestingly, no ECG changes were seen.
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A

Figure 5 Panel A shows a 12-lead ECG of slow VT in a patient with non-ischaemic cardiomyopathy. Panel B shows an activation map during VT 
originating from RV inferoseptal processus. Despite extensive ablation, including the epicardial approach, VT recurred. During the re-ablation session, 
VT was successfully abolished by a conventional 4 mm irrigated-tip catheter inserted under the inferior leaflet of the tricuspid valve. Due to the larger 
size of the lattice tip, the catheter likely did not fit into the narrow space under the tricuspid valve, which could be then successfully cannulated and 
ablated with a 4 mm-tip catheter. Panels C and D show intracardiac echocardiography images with the position of the lattice-tip and 4 mm-tip close 
to the tricuspid annulus from the corresponding ablation sessions.
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Study limitations
This prospective observational study described the initial experience 
with the novel electroanatomic mapping and ablation system in VT ab-
lation. Therefore, we inherently investigated and ablated a broad spec-
trum of different VT substrates. Another limitation may be the 
combined use of high-energy RF and PF in most patients. A small num-
ber of patients may limit the validity of our observations. No nitrates 
were administered prophylactically before PF application in the epicar-
dial space; thus, it is unknown whether such a strategy could prevent 
the occurrence of PF-induced spasms.

Conclusions
VT ablation using a dual-energy lattice-tip catheter and a novel electro-
anatomical mapping system is feasible and allows rapid mapping and ef-
fective substrate modification with good outcomes during short-term 
follow-up. Pulsed field applications in epicardial space were commonly 
associated with spasms of coronary arteries but not phrenic nerve 
palsy. Despite effective ablation, lesions did not result in excessive 
troponin release.
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Aims Patients with structural heart disease (SHD) undergoing catheter ablation (CA) for ventricular tachycardia (VT) are at con-
siderable risk of periprocedural complications, including acute haemodynamic decompensation (AHD). The PAINESD score
was proposed to predict the risk of AHD. The goal of this study was to validate the PAINESD score using the retrospective
analysis of data from a large-volume heart centre.

Methods
and results

Patients who had their first radiofrequency CA for SHD-related VT between August 2006 and December 2020 were in-
cluded in the study. Procedures were mainly performed under conscious sedation. Substrate mapping/ablation was per-
formed primarily during spontaneous rhythm or right ventricular pacing. A purposely established institutional registry for
complications of invasive procedures was used to collect all periprocedural complications that were subsequently adjudi-
cated using the source medical records. Acute haemodynamic decompensation triggered by CA procedure was defined
as intraprocedural or early post-procedural (<12 h) development of acute pulmonary oedema or refractory hypotension
requiring urgent intervention. The study cohort consisted of 1124 patients (age, 63 ± 13 years; males, 87%; ischaemic car-
diomyopathy, 67%; electrical storm, 25%; New York Heart Association Class, 2.0 ± 1.0; left ventricular ejection fraction, 34
± 12%; diabetes mellitus, 31%; chronic obstructive pulmonary disease, 12%). Their PAINESD score was 11.4 ± 6.6 (median,
12; interquartile range, 6–17). Acute haemodynamic decompensation complicated the CA procedure in 13/1124 = 1.2%
patients and was not predicted by PAINESD score with AHD rates of 0.3, 1.8, and 1.1% in subgroups by previously published
PAINESD terciles (<9, 9–14, and >14). However, the PAINESD score strongly predicted mortality during the follow-up.

Conclusion Primarily substrate-based CA of SHD-related VT performed under conscious sedation is associated with a substantially low-
er rate of AHD than previously reported. The PAINESD score did not predict these events. The application of the PAINESD
score to the selection of patients for pre-emptive mechanical circulatory support should be reconsidered.
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distribution, and reproduction in any medium, provided the original work is properly cited.
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What’s new?

• We observed a substantially lower rate (1.2%) of acute haemo-
dynamic decompensation during catheter ablation (CA) of struc-
tural heart disease–related ventricular tachycardia (VT) than
previously reported (up to 11%), and they were not predicted by
the PAINESD score.

• This observation may be explained by predominant substrate-based
CA under conscious sedation that prevents prolonged low cardiac
output state related to general anaesthesia–induced hypotension
and repeated VT induction and mapping during VT.

• The application of the PAINESD score to the selection of
patients for pre-emptive mechanical circulatory support should be
reconsidered.

Introduction
Radiofrequency catheter ablation (CA) is an established treatment meth-
od for the management of ventricular tachycardias (VTs) in patients with
structural heart disease (SHD).1,2 Previous studies demonstrated the
superiority of CA, compared with conventional treatment in managing
the electrical storm,3–5 improving quality of life,6 and reducing VT recur-
rences and related hospitalizations.6,7 However, due to underlying SHD,
concomitant heart failure, and a high burden of comorbidities, patients
undergoing CA for VT are at considerable risk of periprocedural compli-
cations, including acute haemodynamic decompensation (AHD) with a re-
ported rate of up to 11%.8 The PAINESD score was proposed to predict
the risk of AHD and identify the patients who may benefit from pre-
emptive use of mechanical circulatory support (MCS) devices.8–10 It is cal-
culated as a sum of risk points for chronic obstructive pulmonary disease
(5 points), age > 60 years (3 points), ischaemic cardiomyopathy (6 points),

New York Heart Association (NYHA) Class > 2 (6 points), left ventricular
(LV) ejection fraction < 25% (3 points), electrical storm (5 points), and
diabetes mellitus (3 points). Other groups used the PAINESD score for
this purpose with variable success.11,12 There are no data on the role
of PAINESD in predicting haemodynamic deterioration during predomin-
ant substrate-based ablation without general anaesthesia (GA) and
multiple inductions of VT. Therefore, the goal of this study was to inves-
tigate the incidence of AHD and the predictive power of the PAINESD
score in a cohort of patients with ablation of SHD-related VT, based pri-
marily on substrate mapping and pace mapping in sinus rhythm or right
ventricular pacing.

Methods
Study population and study design
This single-centre study included consecutive patients who underwent their
first CA for SHD-related VT in a large tertiary hospital between August
2006 and December 2020. We excluded those who had already LV assist
device implanted. All patients signed informed consent with the procedure.
The study was approved by the institutional ethics committee. Data were
collected prospectively. We calculated the PAINESD score for each patient
and assessed the distribution of AHD according to the terciles of PAINESD.
The association of PAINESD and its components with all-cause mortality
was also investigated.

Catheter ablation procedure
The procedures were performed mainly under conscious sedation with
fentanyl and midazolam. Propofol was not used. General anaesthesia was
used in patients requiring the epicardial access or in those who were on arti-
ficial ventilation because of haemodynamical or electrical instability before
the CA. After obtaining vascular access, unfractionated heparin was
administered as an initial bolus and continuous infusion to maintain the
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activated clotting time between 300 and 350 s. The LV was accessed either
transseptally or retrogradely, depending on the substrate location, the ac-
tual INR level, the presence of peripheral arterial disease, and/or mechanical
valve prosthesis. Procedures were navigated using a three-dimensional elec-
troanatomic mapping system CARTO 3 (Biosense Webster) or Ensite
(Abbott) and guided by intracardiac echocardiography (AcuNav, Siemens
Medical Solutions). Radiofrequency energy was delivered using 30–40 W
over a 3.5 mm irrigated-tip catheter (NaviStar ThermoCool, Biosense
Webster, or Cool Flex, Abbott). One quadripolar catheter was inserted
into the right ventricle for pacing. At baseline, programmed ventricular
stimulation from the ventricular apex was performed at two drive trains
(600 and 400 ms) and up to three extrastimuli except for incessant VT
or focally triggered ventricular fibrillation (VF). Induced VTs that were
not well-tolerated were immediately terminated by overdrive pacing or car-
dioverted. During the procedure, patients were carefully monitored, and
mean arterial blood pressure was maintained at >65 mm Hg to reduce
the risk of organ dysfunction. Activation and entrainment mapping were
used only for well-tolerated VTs. Substrate mapping/ablation was per-
formed primarily during spontaneous rhythm or right ventricular pacing
using an integrated approach.13 Regions of abnormal wall morphology
and motion as assessed by intracardiac echocardiography were explored
first. Bipolar voltage maps (the lower threshold of 0.5 mV) were con-
structed and fragmented, or late potentials were tagged. Zones of slow con-
duction were identified by stimulus-to-QRS onset interval longer than
40 ms. The paced QRS morphology during sinus rhythm was used to match
the exit sites of induced VT. The goal of subsequent CA was to abolish all
abnormal signals or late potentials, often reaching isolation of the segment
of the scar with no capture. The second goal was to abolish the inducibility
of clinical VT and all inducible VTs. However, programmed ventricular
stimulation at the end of the CA procedure was not performed systemat-
ically, mainly because of safety concerns in patients with severe LV dysfunc-
tion and/or fragile haemodynamics.

Clinical follow-up
Following the CA, most patients were routinely evaluated in our outpatient
clinic at 3, 6, and every 6–12 months afterwards. A purposely established
institutional registry for complications of invasive procedures was used to
collect all periprocedural complications that were subsequently adjudicated
using the source medical records. Acute haemodynamic decompensation
triggered by CA was defined as intraprocedural or early post-procedural
(<12 h) development of acute pulmonary oedema or refractory hypoten-
sion requiring urgent intervention including (but not limited to) inotropic/
vasoactive agents and/or artificial ventilation and/or MCS. Data on mortality
were obtained/verified for all subjects from the national registry of citizens.

Statistical analysis
All statistical analyses were conducted in R (http://www.R-project.org).
Continuous variables are presented as means with standard deviations.
Survival is displayed using Kaplan–Meier curves, and the differences be-
tween subgroups were assessed by the log-rank test. The Cox proportional
hazard models were used to calculate the corresponding hazard ratios (HR)
with 95% confidence intervals (CI) and to investigate the independent pre-
dictive value of individual risk factors for all-cause death. A P < 0.05 was
considered significant.

Results
The baseline and procedural characteristics are shown in Tables 1 and 2.
The study cohort consisted of 1124 patients (age, 63 ± 13 years; males,
87%; ischaemic cardiomyopathy, 67%; electrical storm, 25%;
NYHA Class, 2.0 ± 1.0; LV ejection fraction, 34 ± 12%; diabetes
mellitus, 32%; chronic obstructive pulmonary disease, 12%). The
mean PAINESD score of the study cohort was 11.4 ± 6.6 [median,
12; interquartile range (IQR), 6–17].

Catheter ablation was performed in GA in 170 (15%) patients; 115
(10%) patients had elective GA for procedures with epicardial access;
55 (5%) patients had GA as part of the management of arrhythmic
storm. Catheter ablation (total duration, 187 ± 79 min; radiofrequency

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Baseline characteristics of the study population

Baseline characteristics N = 1124

Male (%) 87

Age (years) 63 ± 13

Age > 60 years (%) 70

Weight (kg) 89 ± 17

Height (cm) 175 ± 9

Body mass index (kg/m2) 29 ± 5

Body surface area (m2) 2.0 ± 0.2

Congestive heart failure (%) 93

CHA2DS2-VASc score 3.6 ± 1.7

Implantable cardioverter-defibrillator (%) 78

Cardiac resynchronisation therapy (%) 35

Arterial hypertension (%) 66

Diabetes mellitus (%) 31

Stroke/transient ischaemic attack (%) 12

Coronary (or peripheral) artery disease (%) 68

Chronic obstructive pulmonary disease (%) 12

NYHA Class 2.0 ± 1.0

NYHA Class ≥ III (%) 31

Left ventricular ejection fraction (%) 34 ± 12

Left ventricular ejection fraction < 25% (%) 25

Serum creatinine (μmol/L) 112 ± 48

Electrical storm (%) 25

PAINESD score 11.4 ± 6.6

Type of cardiomyopathy

Ischaemic cardiomyopathy (%) 67

Dilated cardiomyopathy (%) 18

Arrhythmogenic cardiomyopathy (%) 5

Hypertrophic cardiomyopathy (%) 1

Valvular cardiomyopathy (%) 11

Other cardiomyopathy (%) 13

Data are provided as means ± SD or percentages.
NYHA, New York Heart Association.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Procedural characteristics

Procedural characteristics N = 1124

Radiofrequency time (min) 23 ± 16

Fluoroscopic dose (μGy m2) 1114 ± 1803

Fluoroscopic time (min) 10.4 ± 8.1

Procedure time (min) 187 ± 79

Major complications (%) 7.7

Major vascular access complications (%) 4.4

General anaesthesia (%) 15.1

Acute haemodynamic decompensation (%) 1.2

Data are provided as means ± SD or percentages.
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time, 23 ± 16 min) was complicated by AHD in 13 of 1124 (1.2%) pa-
tients, and these adverse events were not predicted by the PAINESD
score. In subgroups by previously published PAINESD terciles [<9
(n = 318), 9–14 (n = 451), and >14 (n = 355)], a total of 1, 8, and
4 AHD events occurred with corresponding rates of 0.3, 1.8, and
1.1%, respectively (Figure 1). The clinical characteristics of the patients
with AHD are summarized in Table 3. Four patients in the AHD group
were intubated in the electrophysiology room due to incessant VT/VF;
nine patients were treated with norepinephrine; three patients were
treated with intravenous diuretics. Acute haemodynamic decompensa-
tion events did not accumulate in patients with PAINESD score in
upper tercile in whom the highest AHD risk was reported up to 24%
(Figure 1). Four of 1124 patients subsequently underwent MCS implant-
ation early (>12 h, <5 days) after the procedure to treat pre-existing
cardiogenic shock. None of them met the clinical criteria for acute car-
diac decompensation during the procedure.

During a mean follow-up of 4.2 (IQR: 2.1–7.3) years, a total of 318
patients (28%) underwent repeated CA. Forty (3.6%) patients under-
went implantation of a LV assist device [median 65 (IQR: 26–378)
days after the CA], and 51 (4.5%) patients underwent heart transplant.
A total of 539 (48%) patients died during the follow-up. Patients with
periprocedural AHD were more likely to have electrical storms, chron-
ic obstructive pulmonary disease, worse NYHA Class, and adverse out-
comes including the need for MCS implantation (Table 4).

The impact of individual PAINESD risk factors on all-cause mortality in
the univariate analysis is displayed in Figure 2. After multivariate adjust-
ment, independent predictors of all-cause mortality were age > 60 years
(HR 2.0, 95% CI 1.6–2.5, P < 0.0001), ischaemic cardiomyopathy (HR

1.6, 95% CI 1.2–2.0, P < 0.0001), NYHA Class ≥ III (HR 1.8, 95% CI
1.5–2.1, P < 0.0001), LV ejection fraction < 25% (HR 2.3, 95% CI
1.9–2.8, P < 0.00001), electrical storm (HR 1.4, 95% CI 1.2–1.7,
P < 0.001), and diabetes mellitus (HR 1.4, 95% CI 1.1–1.6, P < 0.001).
However, the presence of chronic pulmonary disease did not reach stat-
istical significance after multivariate adjustment (HR 1.2, 95% CI 1.0–1.6,
P = 0.08). The PAINESD score was a strong predictor of long-term mor-
tality in this cohort (Figure 3).

Discussion
To the best of our knowledge, this study investigated the largest single-
centre cohort of patients undergoing CA for SHD-related VT. We
retrospectively evaluated the predictive power of the PAINESD score
for the incidence of AHD after the predominant substrate-based strat-
egy of ablation. The results can be summarized as follows: (i) A substan-
tially lower rate (1.2%) of AHD was observed than previously published
(up to 11%),6 and (ii) AHD events did not accumulate in patients with
upper-tercile PAINESD score in whom the highest AHD risk was re-
ported (up to 24%). Therefore, we did not confirm the clinical utility
of the PAINESD score in patients undergoing less aggressive ablation
strategy.

In principle, strategies of CA for VT in SHD can be divided into two
groups. The first utilizes predominant activation and entrainment map-
ping during ongoing VT. The second relies mostly on substrate map-
ping, in which abnormal signals are identified during sinus rhythm or
ventricular pacing.14,15 It may be complemented with imaging of the
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scar using magnetic resonance imaging, computed tomography, or in-
tracardiac echocardiography.16–22 Unfortunately, a head-to-head com-
parison of the two strategies in large, randomized trials is not available.
A meta-analysis of six studies (including two small randomized trials)
comparing a strategy guided by activation and entrainment mapping
with a substrate-based approach demonstrated comparable periproce-
dural efficacy, complications, VT recurrences, and mortality rates.23

The risk of acute haemodynamic
decompensation during catheter ablation
of ventricular tachycardia
Owing to the severity of underlying disease and comorbidities, patients
undergoing CA for SHD-related VT are at a substantial risk of peripro-
cedural complications including AHD, which is associated with

increased short- and long-term mortality.9,24–26 The haemodynamic in-
stability may have different causes. One could be the use of GA with
cardio- and vasodepressive effects that often necessitate inotropic/
vasoactive support. This can promote the spontaneous occurrence
of less-tolerated VTs. The other reason could reflect repeated induc-
tions of VT leading to coronary, cerebral, and renal hypoperfusion.
Moreover, the low cardiac output state may even persist after the res-
titution of the normal sinus rhythm and precipitate further deterior-
ation of cardiac systolic function.24

The PAINESD score was proposed by a group at the University of
Pennsylvania to predict the risk of AHD and identify the patients who
may benefit from the pre-emptive use of MCS devices. They had re-
ported a high incidence of AHD events (in 22 of 193 patients, 11%),
which, interestingly, occurred in the majority of patients (63%) during
substrate ablation (not during ongoing VT).8,27 However, CA was
performed under GA in a substantial proportion of cases (32%).

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Acute heart decompensation during the ablation procedure

Procedure
date

Age
(years)

Chronic
obstructive
pulmonary

disease

Ischaemic
cardiomyopathy

NYHA Left
ventricular

ejection
fraction (%)

Electrical
storm

Diabetes
mellitus

PAINESD
score

Type of
haemodynamic
deterioration

17/05/2007 54 No Yes III 25 Yes No 17 Periprocedural

pulmonary

oedema

11/03/2009 40 No No III 15 Yes No 14 Periprocedural

hypotension,
CPR

29/12/2011 69 No Yes II 40–45 No Yes 12 Incessant VT, CPR

12/12/2013 73 No Yes IV 15–20 Yes Yes 26 Incessant VF, CPR

14/09/2015 79 No Yes II 35–40 Yes No 14 Incessant VT, CPR

04/07/2017 59 Yes Yes III 25–30 Yes No 22 Post-procedural
pulmonary

oedema

14/09/2017 52 No No II–III 15–20 Yes No 8 Refractory VF,

CPR

06/10/2017 71 No Yes II–III 30–35 Yes No 14 Post-procedural

pulmonary

oedema

18/12/2017 78 No Yes II–III 25–30 No No 9 Post-procedural

pulmonary
oedema

24/01/2018 86 Yes No III–IV 35–40 No No 14 Post-procedural
pulmonary

oedema

10/07/2019 67 No Yes NK NK No Yes 12 Pulseless electrical

activity, CPR

22/08/2019 69 No Yes III 20–25 Yes No 23 Post-procedural

cardiogenic
shock

25/09/2019 68 No Yes II–III NK No No 9 Post-procedural
pulmonary

oedema

Data are provided as means ± SD or counts (proportions).
CPR, cardiopulmonary resuscitation; NK, not known; NYHA, New York Heart Association; VT, ventricular tachycardia; VF, ventricular fibrillation.
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The authors concluded that substrate-based ablation per SE cannot
prevent AHD events. In contrast, the incidence of AHD in our cohort
was substantially (10 times) lower and was not predicted by the
PAINESD score (Table 5 and Figure 1). Our population had fewer pa-
tients with electric storm (25 vs. 47%) and fewer patients with chron-
ic obstructive pulmonary disease (12 vs. 16%). On the other hand, it
had more patients with ischaemic cardiomyopathy (67 vs. 56%),
more patients with NYHA Class ≥ 3 (31 vs. 20%), and more patients
with diabetes (31 vs. 20%). The mean PAINESD score in the develop-
ment cohort6 was not presented, but its middle-tercile range of 9–14
indicates that it was close to our mean PAINESD of 11 ± 7. Two
studies were published on patients undergoing CA of SHD-related
VT with comparable results to ours. In the study by Martins et al.28

involving 102 patients, the PAINESD score did not predict early mor-
tality or haemodynamic decompensations. In another study by Della
et al.,29 intraprocedural AHD occurred in only 6 among 528 patients
(1.1%).

Thus, it suggests that the risk of AHD highly varies between differ-
ent centres and must be precipitated by other factors currently not
included in the PAINESD score. Although we can only speculate, we
believe that the crucial factors that can explain the lower risk of
AHD observed in our patient population include careful intraproce-
dural haemodynamical monitoring (including monitoring of cardiac
contractility with intracardiac echocardiography), preference for con-
scious sedation over GA, and use of substrate-based mapping as the
dominant strategy.

The role of pre-emptive mechanical
circulatory support in catheter ablation of
ventricular tachycardia
The AHD is associated with a high risk of morbidity and mortality,8

and the use of the rescue extracorporeal membrane oxygenation
in patients in whom AHD already occurred was associated with a
high mortality rate (76% at a median follow-up of 10 days after the
procedure).8 A propensity score–matched analysis by Muser
et al.10 reported a benefit of pre-emptive use of MCS (Impella in all
cases) in reducing the AHD events (7 vs. 23%, in MCS and control
group, respectively, P < 0.01). However, this approach was not asso-
ciated with improved mortality or arrhythmia-related survival.
Moreover, there was a substantially increased risk of complication
in the MCS group requiring surgical intervention. Increased risk of
periprocedural complications when MCS was used was also reported
by another group.30 In a study by Mathuria et al.,12 30-day mortality
of patients undergoing VT ablation with pre-emptive MCS (n = 24,
PAINESD 16.5) compared with those ablated without MCS
(n = 57, PAINESD 13.4) was similar (4 vs. 3%). Of note, in our study,
the 30-day mortality of patients with comparable PAINESD scores
(15–18 vs. 12–15) who underwent CA without pre-emptive MCS
was 7/218 (3%) vs. 15/297 (5%), respectively. In another study,
Neuzner et al.11 used pre-emptive micro-axial MCS to prevent
AHD in 26 patients undergoing VT ablation with a high PAAINESD
(variant of PAINESD) score (21 ± 3), and they were successful in

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 4 Comparison between AHD and rest of population group

AHD Rest of population P-value

Male 92.3% 87.1% 0.58

Age (years) 66.6 ± 12.4 63.4 ± 13 0.38

Ischaemic cardiomyopathy 76.9% 66.7% 0.44

Dilated cardiomyopathy 23.1% 17.8% 0.62

Arterial hypertension 69.2% 66.4% 0.83

Congestive heart failure 100% 92.7% 0.46

NYHA Class 2.8 ± 0.6 2.0 ± 1.0 0.01

Diabetes mellitus 23.1% 31,4% 0.52

Stroke/transient ischaemic attack 30.8% 11,3% 0.03

Coronary (or peripheral) artery disease 84.6% 68.2% 0.21

CHA2DS2-VASc score 4.3 ± 1.5 3.6 ± 1.7 0.28

Chronic obstructive pulmonary disease 15.4% 11.6% 0.67

Serum creatinine (µmol/L) 136.9 ± 56.3 112.2 ± 47.9 0.07

Left ventricular ejection fraction (%) 27.6 ± 9.3 34.2 ± 12.5 0.08

Electrical storm 61.5% 24.3% 0.002

PAINESD score 14.9 ± 5.6 11.4 ± 6.6 0.05

Procedure time (min) 171 ± 38 189 ± 60 0.34

General anaesthesia (%) 23.1% 15.0% 0.42

Radiofrequency time (min) 27.6 ± 15.8 22.7 ± 15.5 0.31

Re-ablation during follow-up 23.1% 28.4% 0.67

MCS during follow-up 23.1% 3.3% 0.0001

Heart transplant during follow-up 0.0% 4.6% 0.43

Death 76.9% 47.6% 0.04

Data are provided as means ± SD or counts (proportions).
AHD, acute haemodynamic decompensation; MCS, mechanical circulatory support; NYHA, New York Heart Association.
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Figure 2 Dichotomized clinical factors associated with all-cause mortality (univariate Cox regression analysis). COPD, chronic obstructive pulmon-
ary disease, LVEF, left ventricular ejection fraction; ICM, ischaemic cardiomyopathy; NICM, non-ischaemic cardiomyopathy; NYHA, New York Heart
Association.
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Figure 3 All-cause mortality: the impact of the PAINESD score. Kaplan–Meier survival curves for the population categorized by quartiles of
PAINESD score.
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Table 5 Comparisons between our experience and previously published data

IKEM
experience

UPenn
experience8

International VT Ablation Center Collaborative
group27

Number of patients 1124 193 2061

Age (years) 63 ± 13 62 ± 15 62 ± 13

Left ventricular EF (%) 34 ± 12 37 ± 16 34 ± 13

Follow-up duration 4.2 years 21 ± 7 months 1 year

Electrical storm (%) 25 47 35

PAINESD score 11 ± 7 NA 9.8a

Acute haemodynamic decompensation (%) 1.2 11 NA

Early (31 day) mortality (%) 2.9 NA 5

Late (21 month) mortality (%) 18 16 NA

Procedural time (min) 187 ± 79 480 284 ± 117

Data are provided as means ± SD or counts (proportions).
EF, ejection fraction; IKEM, Institute for Clinical and Experimental Medicine; NA, not available; UPenn, University of Pennsylvania; VT, ventricular tachycardia.
aEstimated based on a weighted average of three study groups (early mortality group, late mortality group, and the rest of the population group)
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all but one case with bail-out use of MCS. However, such results are
of limited relevance, since the control group is missing. Thus, the role
of MCS and the selection of appropriate candidates during the CA of
VT remain controversial.

PAINESD score as the predictor of
mortality
In a large multicentre registry of 2061 patients9 undergoing CA for
SHD-related VT, the PAINESD score was a good predictor of early
and long-term mortality. Our study confirmed these results. The key
question remains whether the prognosis in such a high-risk group could
be improved by more effective CA. Conversely, less aggressive CA aimed
to prevent periprocedural AHD in high-risk patients may lead to a higher
recurrence rate. In this regard, both early mortality, as an indicator of the
safety and immediate risk associated with the procedure, and late mortal-
ity, which could reflect the efficacy of the procedure, were comparable in
our cohort to those reported after more aggressive CA (Table 5). The
outcome of the CA is always a balance between efficacy (i.e. the ability
to abolish all inducible VTs resulting in lengthy procedures) and safety.
In our hands, less aggressive CA aimed to avoid AHD was not associated
with poorer outcomes. Overall, our results do not support the routine
use of PAINESD score for the prediction of AHD and certainly not for
the routine use of MCS devices based on a high PAINESD score.

Study limitations
This was a retrospective study. The enrolment period was very long so
the ablation strategy could undergo some change. The study did not in-
vestigate all potential risk factors as we tried to be in line with the original
definition of the PAINESD score. For example, creatinine level that is
known as a strong risk predictor was not included although it was avail-
able. Similarly, VT inducibility was not considered as it was not tested
consistently at the end of the procedure because of safety concerns.

Conclusions
In our large cohort of patients with CA of SHD-related VT, the inci-
dence of AHD was substantially lower than previously reported. This
observation may be explained by a strategy of predominant substrate-
based CA under conscious sedation that prevents hypotension and
prolonged low cardiac output state related to VT induction and activa-
tion mapping. In such a scenario, the PAINESD score may lead to un-
necessary prophylactic use of MCS during the CA of VT.
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A B S T R A C T

Aminophylline, a bronchodilator mainly used to treat severe asthma attacks, may induce arrhythmias. Unfor-
tunately, the underlying mechanism is not well understood. We have recently described a significant, on average 
inhibitory effect of aminophylline on inward rectifier potassium current IK1, known to substantially contribute to 
arrhythmogenesis, in rat ventricular myocytes at room temperature. This study was aimed to examine whether a 
similar effect may be observed under clinically relevant conditions. Experiments were performed using the whole 
cell patch clamp technique at 37◦C on enzymatically isolated healthy porcine and failing human ventricular 
myocytes. The effect of clinically relevant concentrations of aminophylline (10–100 µM) on IK1 did not signifi-
cantly differ in healthy porcine and failing human ventricular myocytes. IK1 was reversibly inhibited by ~20 and 
30 % in the presence of 30 and 100 µM aminophylline, respectively, at �110 mV; an analogical effect was 
observed at �50 mV. To separate the impact of IK1 changes on AP configuration, potentially interfering ionic 
currents were blocked (L-type calcium and delayed rectifier potassium currents). A significant prolongation of AP 
duration was observed in the presence of 100 µM aminophylline in porcine cardiomyocytes which well agreed 
with the effect of a specific IK1 inhibitor Ba2+ (10 µM) and with the result of simulations using a porcine ven-
tricular cell model. We conclude that the observed effect of aminophylline on healthy porcine and failing human 
IK1 might be involved in its proarrhythmic action. To fully understand the underlying mechanism, potential 
aminophylline impact on other ionic currents should be explored.

1. Introduction

Aminophylline, a complex of bronchodilator theophylline and 
solubility-improving agent ethylenediamine (2:1), is used in clinical 
practice to treat namely severe asthma attacks [22,24,31,8]. It is also 
known to be abused by professional athletes who do not suffer from 
asthma [23]. The administration of aminophylline is associated with an 
increased risk of tachyarrhythmias, most often atrial fibrillation, even at 
therapeutic concentrations (e.g. [34,6]). Life-threatening ventricular 

arrhythmias have been described as well (e.g. [28,26,14]).
Mechanisms underlying the proarrhythmic aminophylline action are 

not well understood. As known, aminophylline is a non-specific phos-
phodiesterase (PDE) inhibitor and an adenosine receptor antagonist 
[37]. The proarrhythmic action of aminophylline in atria may be related 
to its positive chronotropic effect, a heterogenous shortening of the 
atrial effective refractory period (ERP), and a dispersion of recovery of 
atrial excitability (reviewed by [33]). In ventricles, a significant 
aminophylline-induced shortening of the ERP was documented in dogs 
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[20]. Recently, Klimovic et al. [19] have demonstrated an increase in the 
frequency of rhythm irregularities in both therapeutic and overdose 
aminophylline concentrations using embryonic bodies formed by 
human pluripotent stem cell-derived cardiomyocytes. They have sug-
gested a possible role for sarcoplasmic reticulum dysfunction in 
aminophylline-induced arrhythmogenesis.

Studies focused on the effect of aminophylline/theophylline on the 
pivotal ionic channels that may affect cardiac repolarization are mostly 
missing. The only existing study, to our knowledge, is our previous study 
showing a dual, on average inhibitory, aminophylline effect on inward 
rectifier potassium (Kir) current (IK1) in rat ventricular myocytes at 
room temperature [30]. Since changes in Kir currents including IK1 may 
considerably contribute to arrhythmogenesis (e.g. [17,13]), this study 
aimed to explore whether an interaction between aminophylline and IK1 
might occur in other species and conditions closer to the real clinical 
situation, namely at 37 ◦C in healthy porcine and failing human ven-
tricular myocytes.

2. Materials and methods

2.1. Cell isolation

For the isolation of left ventricular cardiomyocytes, we used healthy 
hearts of 8 pigs (the average weight 50.0 ± 6.1 kg; 3 males and 5 fe-
males) and failing hearts of 5 patients (the average age 53.8 ± 6.2 years; 
for an overview of the basic patientś data, see Table 1). The porcine 
hearts were explanted from the cadavers of healthy pigs immediately 
after their euthanasia in deep anesthesia induced by a combination of 
tiletamine, zolazepam, ketamine, and xylazine (2 mg/kg of the body 
weight for all substances; Veterinary Research Institute, Brno, Czech 
Republic). All experiments using human failing hearts were performed 
under the ethical standards of the Centre of Cardiovascular Surgery and 
Transplantation, Brno, Czech Republic, and approved by the Ethics 
Committee of the Centre. The informed consent of all patients, attach-
ment number 18, from Mar 18, 2020, is archived.

The pig heart was quickly removed, a branch of the left coronary 
artery was immediately cannulated, and the respective region of the left 
ventricle was perfused with an ice-cold cardioplegic solution for approx. 
5 min (composition in mM: NaCl 110, KCl 16, NaHCO3 10, MgCl2, 16, 
CaCl2 0.6; pH was adjusted to 7.8 with NaOH). Then, the heart was 
placed into the same ice-cold cardioplegic solution and quickly trans-
ported to the laboratory. In the case of the explanted human heart, it was 
put into the ice-cold cardioplegic solution right in the operating room, 
transported quickly to the laboratory, and a branch of the left coronary 
artery was cannulated. Subsequently, the same procedure was applied to 
the pig and human hearts to obtain the isolated left ventricular myo-
cytes. The cannulated heart was attached to a gravity-driven Langen-
dorff apparatus. The region of interest was sequentially perfused with 
the following solutions (oxygenated with 100 % O2 and warmed to 37 
◦C): (i.) a nominally Ca-free Tyrode solution (0.6 µM Ca2+, ~10 min), 
(ii.) with the same solution supplemented with collagenase (Collagenase 
A, Roche Diagnostics GmbH, Mannheim, Germany; 1 mg/ml, 

34.9 ± 1.7 min in the pig hearts and 33.4 ± 3.7 min in the human 
hearts), and (iii.) finally with the nominally Ca-free Tyrode solution 
again (~10 min). Then the heart was removed from the perfusion 
apparatus and gelatinous myocardial tissue in the perfused region was 
dissected and placed into the nominally Ca-free Tyrode solution (37 ◦C). 
The tissue was cut and filtered through a nylon mesh. The final cell 
suspension was left to sediment. After ~10 min, the supernatant was 
removed and replaced with a fresh nominally Ca-free Tyrode solution. 
The cells were washed in this way three times. During the final step, the 
spontaneous sedimentation of the cells was replaced with centrifugation 
of the suspension (400 rpm, 3 min). Then, the suspension of cells was 
exposed to an increased Ca2+ concentration of 1.8 mM, and the cells 
were left to adapt for an hour before the patch clamp measurements.

2.2. Solutions and chemicals

Tyrode solution of the composition below was used during both the 
dissociation procedure and perfusion of the cells during IK1 and AP 
measurements (in mM): NaCl 135, KCl 5.4, MgCl2 0.9, HEPES 10, 
NaH2PO4 0.33, and glucose 10 (pH was adjusted to 7.4 with NaOH). This 
solution was supplemented with 1.8 mM CaCl2 during the patch clamp 
recordings. To keep the experimental conditions used in our previous 
study dealing with the effect of aminophylline on IK1 in rat ventricular 
myocytes [30], CoCl2 (2 mM) and tetraethylammonium chloride (TEA, 
50 mM), respectively, were applied to inhibit calcium current ICa and the 
delayed rectifier potassium current IK in the course of the experiments. 
The patch electrode filling solution contained the following (in mM): 
L-aspartic acid 120, KCl 15, MgCl2 1, K2ATP 5, EGTA 1, HEPES 5, GTP 
0.1, Na2-phosphocreatine 3 (pH 7.25 adjusted with KOH).

IK1 was evaluated as the current sensitive to 100 μM Ba2+ similarly as 
it was done in our previous papers (e.g. [4,30]). Although it is unlikely to 
activate ATP-sensitive potassium current IK(ATP) under the given exper-
imental conditions (i.e. 5 mM ATP in the pipette solution, isolated cells), 
the inhibitor of IK(ATP) glibenclamide (10 μM) was present in all the 
performed experiments. Atropin (1 μM) was also added to avoid 
contamination of the measured IK1 by the acetylcholine-sensitive current 
IK(ACH).

CoCl2, atropin, and BaCl2 were prepared as 1 M, 1 mM, and 10 mM 
stock solutions, respectively, in the deionized water and held at 4◦ C. 
Glibenclamide was prepared as 100 mM stock solution in dimethyl 
sulfoxide (DMSO). The final concentration of DMSO was identical in the 
control and test solutions (0.01 %); this concentration seems to have no 
considerable effects on the cardiac IK1 [25,5]. To prepare the 
TEA-containing stock solution, NaCl in the used Tyrode solution 
(described above) was replaced equimolarly by TEACl. The stock solu-
tion of aminophylline was prepared as a fresh 100 mM solution before 
each measurement (dissolved in deionized water). Aminophylline was 
added to the Tyrode solution to obtain the final concentrations between 
10 and 100 μM. The solutions were applied near the measured cell via an 
electronically operated perfusion system.

The chemicals were purchased from Sigma-Aldrich (Prague, Czech 
Republic) unless otherwise stated.

2.3. Electrophysiological measurements and evaluation

Single rod-shaped cells with well-visible striations were used for the 
current and voltage recordings applying the whole-cell patch-clamp 
technique in the voltage and current clamp modes, respectively. The 
patch pipettes were pulled from borosilicate glass capillary tubes and 
heat-polished on a programmable horizontal puller (Zeitz-Instrumente 
Vertriebs GmbH, Martinsried, Germany). The resistance of the filled 
glass electrodes was below 1.5 MΩ to keep the access resistance as low as 
possible. For the generation of experimental protocols and data acqui-
sition, the Axopatch 200B equipment and pCLAMP 9.2 software (Mo-
lecular Devices, Sunnyvale, California, USA) were used. The series 
resistance was compensated up to 60 %. The capacitance was not 

Table 1 
Clinical characteristics of patients.

Patient 
No.

Sex Age 
(years)

Main diagnosis Ejection 
fraction (%)

Patient 1 male 51 restrictive 
cardiomyopathy

40

Patient 2 female 65 dilation 
cardiomyopathy

20

Patient 3 male 32 Beckeŕs dystrophy 21
Patient 4 male 66 dilation 

cardiomyopathy
25

Patient 5 male 55 ischemic heart disease 19

The ejection fraction was determined according to the Teichholz formula (before 
the heart transplantation).
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compensated because the contribution of capacity current to the 
measured current was regarded as negligible. The measured ionic cur-
rents were digitally sampled at 5 kHz and stored on the hard disc. The 
holding potential was �85 mV and the stimulation frequency was 
0.2 Hz. IK1 was evaluated as the Ba2+-sensitive current at the end of 500- 
ms pulses, either to �50 mV (the outward component) or to �110 mV 
(the inward component); the sodium current INa was inactivated during 
the first pulse to �50 mV. Action potentials (APs) were elicited using 
0.5-ms suprathreshold current pulses at the stimulation frequency 1 Hz 
(sampling rate 10 kHz). The data were corrected for the estimated 
junction potential by shifting all voltage values by �10 mV. All mea-
surements were performed at 37 ◦C.

2.4. Mathematical simulations

The simulations were performed using the CellML code of a recently 
published mathematical model of porcine ventricular cardiomyocyte 
[12] in the computational environment OpenCore v. 0.6. The code is 
available in the Supplementary Materials of the paper by Gaur et al. 
[12].

2.5. Statistical analysis

The normality of data distribution was tested using the Shapiro-Wilk 
test. Data are presented as mean ± S.E.M. from n cells/subjects (bio-
logical replicates in all cases). Parametric statistical tests (the paired t- 
test and one-way ANOVA with the Bonferroni post-test as individually 
specified in respective figure legends) were used to test the statistical 
significance of the observed differences; P < 0.05 was considered sta-
tistically significant. The software Origin 2022b (version 9.9.5.171; 
OriginLab Corporation) and GraphPad Prism 9 (version 9.5.1; GraphPad 
Software, Inc.) were used for the analysis.

3. Results

3.1. Effect of clinically relevant concentrations of aminophylline on IK1 in 
healthy porcine ventricular myocytes

As illustrated in Fig. 1A, IK1 was recorded at �50 and �110 mV 
which enabled the detection of the changes in its outward (repolarizing) 
and inward (depolarizing) components, respectively. The magnitude of 
IK1 was evaluated as the current sensitive to 100 µM Ba2+ at the end of 
500-ms pulses (see the arrows in Fig. 1A) to avoid a contribution of any 

Fig. 1. Changes in inward rectifier potassium current IK1 at �50 and �110 mV in healthy porcine left ventricular cardiomyocytes in the presence of 10, 30, and 
100 µM aminophylline (amino). A and B: An example of IK1 traces (A; IK1 was evaluated as the mean current sensitive to 100 µM Ba2+ at the end of the depolarizing 
pulse to �50 mV, i.e. the outward component of IK1, and at the end of the repolarizing step to �110 mV, i.e. the inward component of IK1 – see the grey arrows) and 
time course of IK1 changes during application of 30 and 100 µM aminophylline (B). C: Average IK1 at �50 mV (upper panel) and �110 mV (lower panel) in 10, 30, 
and 100 µM aminophylline (amino) and respective controls (n = 7/4, 10/6, and 8/5 at �50 mV, and n = 7/4, 9/6, and 8/5 at �110 mV). D: Concentration 
dependence of the effect of aminophylline at clinically relevant concentrations between 10 and 100 µM on IK1. To assess the statistical significance of the absolute (B) 
and relative (C) IK1 changes under aminophylline vs. the respective control, a paired t-test was used; * and * * - statistically significant differences at P < 0.05 and 
0.01, respectively.
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time-dependent currents that were not inhibited pharmacologically, e.g. 
sodium current INa which was activated and inactivated at the beginning 
of the pulse to �50 mV. In most examined healthy porcine ventricular 
myocytes, aminophylline caused an inhibition of IK1 which increased 
with the applied concentration between 10 and 100 µM (for a record 
during application of 30 and 100 µM aminophylline and 100 µM Ba2+, 
see Fig. 1B). The average IK1 inhibition (Fig. 1C) was significant at 30 
and 100 µM aminophylline reaching 17.4 ± 4.2 and 29.7 ± 9.8 %, 
respectively, at �110 mV (n = 9/6, P < 0.05, and n = 8/5, P < 0.01, 
respectively) and 18.2 ± 6.6 and 39.2 ± 11.9 %, respectively, at �50 mV 
(n = 10/6, P = 0.059, and n = 8/5, P < 0.05, respectively). At 10 µM 

aminophylline, the inhibition was insignificant at both tested voltages 
(9.0 ± 5.2 and 10.4 ± 8.1 % at �110 and �50 mV, respectively; n = 7/4 
and P > 0.05 at both voltages). In a single cell, we observed an activation 
of IK1 (for an example of IK1 activation at 30 µM aminophylline, see 
Fig. 2C, middle and right lower panels) similarly as we did in our pre-
viously published study dealing with the effect of aminophylline on rat 
ventricular IK1 (for the data and detail explanation of the dual 
aminophylline effect, see [30]). Both activation and inhibition of IK1 by 
aminophylline were fully reversible during the following wash-out (as 
illustrated in Fig. 1B in the case of the inhibition). The effects did not 
significantly differ at �50 and �110 mV. The concentration dependence 

Fig. 2. Effect of 100 µM aminophylline (amino) on action potential (AP) configuration in healthy porcine left ventricular cardiomyocytes at 37◦C (recorded in the 
presence of ICa, IKr, and IKs inhibitors to separate the impact of aminophylline-induced IK1 changes). A: An example of AP waveforms in control conditions (black line) 
and under the effect of 100 µM aminophylline (red line; for another example, please see Fig. 2C, left upper panel). B: Basic AP characteristics (n = 5/3); RMP – resting 
membrane potential, APA – AP amplitude, APD50 – AP duration at 50 %-repolarization, APD90 – AP duration at 90 %-repolarization; * - statistically significant 
differences at P < 0.05 (paired t-test vs. the respective control). C: An example of porcine cardiomyocyte showing a dual aminophylline effect on both AP duration 
(left panel) and IK1 (middle and right panels). Aminophylline at 100 µM induced an inhibition of IK1 (middle and right upper panels) and consequent AP prolongation 
(left upper panel) whereas 30 µM aminophylline resulted in opposite effects, i.e. IK1 activation (middle and right bottom panels) and AP shortening (left bot-
tom panel).
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of the aminophylline effect is shown in Fig. 1D.

3.2. Changes in action potential configuration in the presence of 100 µM 
aminophylline in healthy porcine ventricular myocytes

Subsequently, we tested if the effect of aminophylline on IK1 
observed in healthy porcine ventricular myocytes (Fig. 1) may lead to 
any changes in action potential (AP) configuration in these cells (Fig. 2). 
To separate the impact of aminophylline-induced IK1 changes, we 
decided to analyze the effect of 100 µM aminophylline on APs under the 
absence of ICa and both rapid and slow components of IK, IKr, and IKs, 
respectively, i.e. under the same experimental conditions used during IK1 
measurements (see Materials and methods). No significant 
aminophylline-induced changes were apparent in the case of the 
maximal upstroke velocity ((dV/dt)max), action potential amplitude 
(APA), and resting membrane potential (RMP; for all the parameters, 
n = 5, P > 0.05, Figs. 2A and 2B). In contrast, AP duration (APD) was 
significantly prolonged (Figs. 2A and 2B), both at 50 %- and 90 %- 
repolarization (APD50 and APD90, respectively), APD50 from 153.5 
± 31.0 ms in control conditions to 206.9 ± 39.9 ms in the presence of 
100 µM aminophylline (i.e. prolongation by ~35 %; n = 5/3, P < 0.05) 
and APD90 from 213.0 ± 25.2 ms in control conditions to 283.8 
± 35.2 ms in the presence of 100 µM aminophylline (i.e. prolongation by 
~33 %; n = 5/3, P < 0.05). APD changes were fully reversible during 
the subsequent wash-out. These findings agreed well with simulations 
performed in a porcine ventricular cell model (Fig. 5; for details, see 
Discussion). Moreover, we observed similar changes in AP characteris-
tics under the effect of 10 µM Ba2+ causing partial inhibition of IK1 
(Fig. 3; recorded in the absence of ICa, IKr, and IKs inhibitors). In this case, 
a significant prolongation of both APD50 and APD90 by ~14 and 20 %, 
respectively (n = 7/2, P < 0.05 and 0.001, respectively) was accompa-
nied by other tiny, but significant changes including an expected 
depolarizing shift of RMP by 2.03 mV (n = 7/2, P < 0.05).

As documented in Fig. 2C, we observed a dual impact of aminoph-
ylline-IK1 interaction in a single cell. When 100 µM aminophylline was 
applied, IK1 was inhibited and AP was prolonged in this cell (Fig. 2C, 
upper panels) in agreement with the average data from 5 measured cells 
(Fig. 2B). In contrast, 30 µM aminophylline induced an activation of IK1 
and consequent AP shortening in the same cell (Fig. 2C, bottom panels). 
Therefore, heterogeneity in cardiac repolarization might be a potentially 
proarrhythmic consequence of aminophylline treatment (see 
Discussion).

3.3. Aminophylline-induced changes in IK1 investigated in porcine, 
human, and rat ventricular myocytes: an interspecies comparison

To approach even more clinically relevant conditions, we further 
analyzed the effect of 10 – 100 µM aminophylline in human ventricular 
myocytes freshly isolated from the failing hearts explanted during 
transplantation under the same experimental conditions. As in the case 
of IK1 in healthy porcine cardiomyocytes (Fig. 1), aminophylline showed 
an inhibitory action in failing human cardiomyocytes at both �110 and 
�50 mV (for example, an average inhibition by 23.3 ± 6.5 and 25.7 
± 3.4 % in the presence of 30 µM aminophylline at –110 and �50 mV, 
respectively; n = 8/5 and 6/5, respectively; P < 0.01 and P < 0.05, 
respectively, if the absolute values were compared, and P < 0.01 and 
P < 0.001, respectively, if the relative values were compared; Fig. 4B 
and Fig. 4C, upper panel). At 100 µM aminophylline and �50 mV 
(Fig. 4B, upper panel), the significance was missing if the absolute 
current values were compared (likely due to high variability of the data), 
but the effect was significant if the relative values were compared 
(P < 0.01; Fig. 4C, upper panel).

The relative effect observed in failing human cardiomyocytes at 37 
◦C (Fig. 4C, upper panel) was similar to that examined in healthy porcine 
ventricular cardiomyocytes at 37 ◦C in this study (Fig. 4C, middle panel) 
as well as to the effect investigated in healthy rat ventricular 

Fig. 3. Effect of a specific IK1 inhibitor Ba2+ in the concentration of 10 µM causing partial IK1 inhibition on action potential (AP) configuration in healthy porcine left 
ventricular cardiomyocytes at 37◦C (without other ionic channel inhibitors). A: Representative AP waveforms in control conditions (the black line) and in the 
presence of 10 µM Ba2+ (the magenta line). B: Basic AP characteristics under the effect of a specific IK1 inhibitor 10 µM Ba2+ (n = 7/2); RMP – resting membrane 
potential, APA – AP amplitude, APD50 – AP duration at 50 %-repolarization, APD90 – AP duration at 90 %-repolarization; * and * ** - statistically significant dif-
ference at 10 µM Ba2+ vs. control at P < 0.05 and 0.001, respectively (paired t-test).
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cardiomyocytes at 23 ◦C (Fig. 4C, lower panel; as published in our recent 
study [30]); the only significant difference was between the effect of 
30 µM aminophylline in human and rat due to the dual effect present in 
rat, but not in human cardiomyocytes. The average changes were not 
significantly different at both tested voltages for any of the applied 
concentrations (P > 0.05).

4. Discussion

In this study, we first proved that aminophylline at clinically relevant 
concentrations of 30 and 100 µM exerted a comparable, on average 
inhibitory, effect on inward and outward components of IK1 in healthy 
porcine and failing human ventricular myocytes (Figs. 1 and 4). If other 
pivotal currents playing a role in AP plateau and repolarization, namely 
ICa, IKr, and IKs, were inhibited to separate the impact of IK1 changes on 
AP configuration, 100 µM aminophylline resulted in AP prolongation 
(Fig. 2) which well corresponded to the effect of a partial IK1 inhibition 
by 10 µM Ba2+ (Fig. 3). All these effects were fully reversible during the 
subsequent wash-out.

4.1. Dual aminophylline effect

A dual aminophylline effect on IK1 was observed in our previous 
study on rat ventricular myocytes (in 4 out of 12 rat cardiomyocytes, 
Fig. 4C, lower panel; [30]). The results presented here showed the 
activation effect less frequently - it was observed in only 1 out of 10 
porcine cardiomyocytes (Figs. 1D and 2C, lower panel) and in none of 8 
human cardiomyocytes at 30 µM aminophylline (Fig. 4C, upper panel). 
It might be a consequence of e.g. interspecies differences or differences 
in the used temperature (37 ◦C in porcine and human vs. 23 ◦C in rat 
cardiomyocytes). The origin of the dual aminophylline effect and its 
clinical significance have been thoroughly analyzed and discussed in our 
recently published paper [30].

4.2. Impact of separated aminophylline-induced IK1 inhibition on AP 
morphology

As shown in Fig. 5, the average inhibitory effect of 100 μM 
aminophylline on IK1 resulted in a substantial increase of APD50 as well 

Fig. 4. Effect of aminophylline on IK1 in failing human cardiomyocytes. A: Scheme of the experimental protocol and representative IK1 traces in control, under 
100 µM aminophylline, and specific IK1 inhibitor Ba2+ in the concentration of 100 µM. B: Average IK1 at �50 mV (upper panel) and at �110 mV (lower panel) in 10, 
30, and 100 µM aminophylline (amino; dots, squares, and triangles, respectively, full symbols) and respective controls (dots, squares, and triangles, respectively, 
empty symbols; n = 6/5, 6/5, and 4/3 at �50 mV, and n = 7/5, 8/5, and 6/4 at �110 mV). C: Concentration dependence of the effect of 10–100 µM aminophylline 
on IK1 in human failing cardiomyocytes at 37 ◦C (for the respective n, see the legend A), in healthy porcine ventricular myocytes at 37 ◦C (n = 7/4, 10/6, and 8/5 at 
�50 mV, and n = 7/4, 9/6, and 8/5 at �110 mV), and in rat ventricular myocytes at 23 ◦C for comparison (the rat data were reused from our previously published 
paper, [30]; n = 10/8, 12/8, and 6/4 at �50 mV, and n = 11/8, 12/8, and 6/4 at �110 mV). To assess the statistical significance of the absolute (B) and relative (C) 
IK1 changes under aminophylline vs. the respective control, a paired t-test vs. the respective control was used; * , * *, and * ** - statistically significant differences at 
P < 0.05, 0.01, and 0.001, respectively. Except for the effect of 30 µM aminophylline at �50 mV in human and rat cardiomyocytes (P < 0.05), no statistically 
significant difference was observed in the relative effect of aminophylline at a given concentration between 10 and 100 µM in the investigated failing human and 
healthy pig and rat cardiomyocytes (one-way ANOVA with the Bonferroni post-test).

M. Bébarová et al.                                                                                                                                                                                                                              Biomedicine & Pharmacotherapy 181 (2024) 117733 

6 

  rejstřík



as APD90 (by ~30 and 34 %, respectively) in a mathematical model of 
porcine ventricular myocyte (previously published by [12]) under the 
same conditions that were used in our experiments (including a com-
plete inhibition of ICa, IKr, and IKs to uncover AP changes resulting from 
the aminophylline-induced effect on IK1). This result of mathematical 
modelling agrees well with the measured data (APD50 and APD90 were 
prolonged by ~35 and 33 %, respectively; Figs. 2A and 2B). Moreover, 
Ba2+ at the concentration of 10 µM, which causes partial inhibition of IK1 
comparable to 100 μM aminophylline, resulted in similar AP changes 
(Fig. 3). This suggests that the experimentally observed delay in cardiac 
cell repolarization under complete inhibition of ICa, IKr, and IKs might be 
a consequence of the inhibition of IK1 alone and that, except for IK1 and 
possibly ICa, IKr, and IKs, no other ionic membrane currents should be 
sensitive to 100 µM aminophylline. The surprisingly high impact of IK1 
inhibition on APD appears to result from a different contribution of IK1 
and IKr to AP repolarization in porcine ventricular myocytes versus that 
observed in human cardiomyocytes [12].

Considering the impact of aminophylline on IK1, changes in RMP may 
be expected. However, no significant aminophylline-induced changes 
were apparent in the case of RMP (-69.8 ± 3.1 mV in control vs. �67.6 
± 2.8 mV under 100 μM aminophylline; n = 5, P > 0.05; Fig. 2B). 
Under the effect of 10 µM Ba2+ (Fig. 3), a significant depolarizing shift of 
RMP was observed, however, the change was tiny (by 2.7 %, from 
�74.2 ± 1.4 to �72.2 ± 1.4 mV, n = 7, P < 0.05), similar to that 
observed under 100 μM aminophylline (by 3.2 %), suggesting a 
consistent action of both drugs on IK1 in these concentrations.

4.3. Clinical relevance

Kir channels play an important role in various pathologies (e.g. [7,36, 
32,39]) including arrhythmias (for a review, see [3]). Hence, 
drug-induced alterations in the function of Kir channels including those 
responsible for IK1 (e.g. [29,10,21,16]) may contribute to cardiac side 
effects of various primarily non-cardiac agents.

The average inhibitory effect of the bronchodilator aminophylline on 
IK1 increased with its increasing concentrations between 10 and 100 μM, 
reaching ~40 and ~20 % at 100 μM in healthy porcine and failing 
human ventricular myocytes, respectively, at �50 mV (Fig. 4). These 
concentrations cover well the common therapeutic plasma concentra-
tion of the drug [35]. In clinical practice, even a higher effect of 
aminophylline on IK1 might be observed because several times higher 
toxic levels of the drug have been reported in the case of overdose [15, 
26].

The average inhibitory effect of aminophylline on IK1 and consequent 
delay in cardiac repolarization (Figs. 1 and 2, respectively) might result 
in a prolongation of QT interval and formation of early after-
depolarizations (EADs; [11,9,38]). The large scatter in the effects of 
aminophylline on individual cells in all tested species and even activa-
tion of IK1 that we observed in both porcine and rat ventricular myocytes 
(Fig. 4C, middle and lower panels) might increase the heterogeneity in 
the repolarization process (see Fig. 2C) and lead to the formation of 

premature ventricular complexes even in the absence of EADs [38]. 
However, as later discussed in the Limitations of the study, we examined 
the aminophylline effect on a single-cell level, and changes in AP 
waveform were investigated in the absence of several pivotal ionic 
currents, namely ICa, IKr, and IKs, which both limit considerations of the 
real effect of aminophylline on cardiac electrophysiology in the clinical 
setting, encouraging its further testing.

Since PDE inhibition is considered the main effect of aminophylline, 
an accumulation of cAMP, activation of protein kinase A (PKA), and 
associated changes in cardiac ionic currents, similar to those observed 
under β-adrenergic stimulation, might be expected, even in the absence 
of a direct interaction of aminophylline with the channels. These include 
the currents which were inhibited in the course of the majority of our 
experiments. Both ICa and IKs are well known to be activated by the 
cAMP-PKA pathway [18,2,27], thus, aminophylline might cause their 
increase which would have opposing effects on AP repolarization, 
leading to its delay in the case of ICa stimulation whereas in its accel-
eration in the case of IKs stimulation. In contrast, IKr was slightly 
decreased under β-adrenergic stimulation which diminished its role in 
cardiac cell repolarization in both guinea pig cardiomyocytes and the 
human heart [18,2]. Hence, in addition to the possible direct effects, an 
indirect effect of aminophylline, particularly on ICa and IKs, should be 
investigated in the future to resolve the apparent ambiguities.

4.4. Limitations of the study

Several potential limitations of this study should be considered. 
Here, we exclusively focused on the effect of aminophylline on IK1. 
However, other ionic currents active during cardiac AP plateau and 
repolarization (e.g. ICa, IKr, and IKs or late sodium current INa,late) may be 
either directly or indirectly (through cAMP-PKA cascade) affected by the 
aminophylline action. Therefore, further investigation is needed to bring 
more insight into the complex effect of this clinically important agent.

The impact of aminophylline-induced IK1 changes on AP morphology 
very likely differs in porcine and human cardiomyocytes. As suggested 
by Gaur et al. [12] and as known from experimental studies (e.g. [1]), AP 
repolarization in human ventricular myocytes is not very sensitive to IK1 
changes in comparison to that in porcine cardiomyocytes [12]. Hence, 
the real impact of aminophylline may differ in the human heart and 
should be further investigated, best in both healthy and diseased human 
cardiomyocytes where the contribution of individual ionic currents to 
AP repolarization is altered.

In this study, experiments were performed by the whole cell patch 
clamp technique in single, enzymatically isolated cells. To bring the data 
nearer to the clinical practice, recordings from multicellular specimens 
or even from the whole heart, at various pacing frequencies, and even 
during restitution pacing protocols might be beneficial and should be a 
part of future studies.

5. Conclusions

To sum up the main results of this study, we first tested the effect of 
clinically relevant concentrations of aminophylline on IK1 in healthy 
porcine and failing human ventricular myocytes at 37◦C. A comparable 
average inhibitory effect was observed in both species resulting in a 
significant delay of repolarization in porcine ventricular myocytes under 
the same experimental conditions, i.e. during ICa, IKr, and IKs inhibition, 
which enabled separation of the impact of aminophylline-induced IK1- 
changes on AP waveform. Moreover, a large scatter of the aminophylline 
effect on IK1 including even IK1 activation was apparent. The resulting 
heterogeneity in cardiac repolarization induced by aminophylline at 
clinically relevant concentrations might contribute to the arrhythmo-
genesis observed during the use of aminophylline in clinical practice. 
Since this study was specifically focused on the effect of aminophylline 
on IK1 channels, the effects of aminophylline on other ionic membrane 
currents and their proarrhythmic consequences should be addressed in 

Fig. 5. Impact of IK1 inhibition on the action potential (AP) repolarization as 
simulated in a previously published porcine ventricular cell model ([12]; ICa, 
IKr, and IKs were suppressed during these simulations in agreement with their 
block within experiments). The control AP waveform (the black line) was 
substantially prolonged when the average IK1 inhibition by 34.5 % induced by 
100 µM aminophylline in the experiments was introduced into the model (the 
red line). The simulated effect agreed well with the average effect observed 
during AP measurements in porcine ventricular myocytes (Fig. 2).
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the future.
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[21] M. Macháček, O. Švecová, M. Bébarová, Combination of sildenafil and Ba2+ at a 
low concentration show a significant synergistic inhibition of inward rectifier 
potassium current resulting in action potential prolongation, Front. Pharmacol. 13 
(2022) 829952, https://doi.org/10.3389/fphar.2022.829952.

[22] G. Mahemuti, H. Zhang, J. Li, N. Tieliwaerdi, L. Ren, Efficacy and side effects of 
intravenous theophylline in acute asthma: a systematic review and meta-analysis, 
Drug. Des. Devel. Ther. 12 (2018) 99–120, https://doi.org/10.2147/DDDT. 
S156509.

[23] A.R. Morton, K.D. Fitch, Asthmatic drugs and competitive sport. An update, Sports 
Med 14 (4) (1992) 228–242, https://doi.org/10.2165/00007256-199214040- 
00002.

[24] M. Neame, O. Aragon, R.M. Fernandes, I. Sinha, Salbutamol or aminophylline for 
acute severe asthma: how to choose which one, when and why? Arch. Dis. Child. 
Educ. Pract. Ed. 100 (2015) 215–222, https://doi.org/10.1136/archdischild-2014- 
306186.

[25] T. Ogura, L.M. Shuba, T.F. McDonald, Action potentials, ionic currents and cell 
water in guinea pig ventricular preparations exposed to dimethyl sulfoxide, 
J. Pharmacol. Exp. Ther. 273 (1995) 1273–1286.

[26] F.P. Paloucek, K.A. Rodvold, Evaluation of theophylline overdoses and toxicities, 
Ann. Emerg. Med. 17 (1988) 135–144, https://doi.org/10.1016/s0196-0644(88) 
80299-3.

[27] A. Papa, J. Kushner, S.O. Marx, Adrenergic regulation of calcium channels in the 
heart, Annu. Rev. Physiol. 84 (2022) 285–306, https://doi.org/10.1146/annurev- 
physiol-060121-041653.

[28] A.K. Patel, J.B. Skatrud, J.H. Thomsen, Cardiac arrhythmias due to oral 
aminophylline in patients with chronic obstructive pulmonary disease, Chest 80 
(1981) 661–665, https://doi.org/10.1378/chest.80.6.661.
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A B S T R A C T

Background: The initial rhythm is a known predictor of survival in extracorporeal cardiopulmonary resuscitation 
(ECPR) patients. However, the effect of the rhythm at hospital admission on outcomes in these patients is less 
clear.
Methods: This observational, single-center study assessed the influence of the rhythm at hospital admission on 30- 
day survival and neurological outcomes at discharge in patients who underwent ECPR for out-of-hospital cardiac 
arrest (OHCA).
Results: Between January 2012 and December 2023, 1,219 OHCA patients were admitted, and 210 received 
ECPR. Of these, 196 patients were analyzed. The average age was 52.9 years (±13), with 80.6 % male. The 
median time to ECPR initiation was 61 min (IQR 54–72). Patients with ventricular fibrillation as both the initial 
and admission rhythm had the highest 30-day survival rate (52 %: 35/67), while those with asystole in both 
instances had the lowest (6 %: 1/17, log-rank p < 0.00001). After adjusting for age, sex, initial rhythm, resus-
citation time, location, bystander, and witnessed status, asystole at admission was linked to higher 30-day 
mortality (OR 4.03, 95 % CI 1.49–12.38, p = 0.009) and worse neurological outcomes (Cerebral Performance 
Category 3–5) at discharge (OR 4.61, 95 % CI 1.49–17.62, p = 0.013).
Conclusions: The rhythm at hospital admission affects ECPR outcomes. Patients presenting with and maintaining 
ventricular fibrillation have a higher chance of favorable neurological survival, whereas those presenting with or 
converting to asystole have poor outcomes. The rhythm at hospital admission appears to be a valuable criterion 
for deciding on ECPR initiation.

Background

Extracorporeal cardiopulmonary resuscitation (ECPR) is a complex 
intervention for selected cardiac arrest patients, but identifying appro-
priate candidates during cardiopulmonary resuscitation (CPR) is chal-
lenging due to time constraints and a lack of reliable predictors.1–3 There 
is no consensus on inclusion or exclusion criteria, leading to significant 
variability between centers.1–6

Initial rhythm is an independent predictor of survival and 

neurological outcomes in out-of-hospital cardiac arrest (OHCA) patients, 
including those receiving ECPR.7 Additionally, rhythm conversion from 
non-shockable to shockable rhythms has been linked to better outcomes, 
though evidence on the impact of admission rhythm on ECPR outcomes 
is limited.8–10 This registry-based study analyzed the relationship be-
tween initial rhythm and rhythm at hospital admission on ECPR 
outcomes.

Abbreviations: CPC, cerebral performance category; CPR, cardiopulmonary resuscitation; ECG, Electrocardiogram; ECPR, extracorporeal cardiopulmonary 
resuscitation; EMS, emergency medical service; ERC, European Resuscitation Council; ESC, European Society of Cardiology; ICU, intensive care unit; OHCA, out-of- 
hospital cardiac arrest; OR, odds ratio; PEA, pulseless electrical activity; ROSC, return of spontaneous circulation; SD, standard deviation; VA ECMO, veno-arterial 
extracorporeal membrane oxygenation; VF, ventricular fibrillation.
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Methods

Study setting and population

The prehospital CPR system and its outcomes in Prague, Czech Re-
public, have been described previously.11 Since 2012, the emergency 
medical service (EMS) in Prague, Czech Republic, has collaborated 
closely with the General University Hospital’s cardiac arrest center to 
transport patients without return of spontaneous circulation (ROSC) for 
ECPR. This study includes all patients aged ≥ 18 years with OHCA, 
resuscitated between January 2012 and December 2023, who were 
transported to our center and received ECPR. Patients from the Prague- 
OHCA trial (2013–2022) who received ECPR were also analyzed.1

Data acquisition

The Prague OHCA register prospectively collects detailed data on 
prehospital and hospital treatment and outcomes of OHCA. Initial 
electrocardiogram (ECG) rhythms are evaluated by EMS physicians, 
while intensive care unit (ICU) physicians assess rhythms at hospital 
arrival. All other cardiac arrest data are entered into the database ac-
cording to Utstein recommendations.12

Procedures

All OHCA patients admitted to the hospital were treated according to 
the ERC (European Resuscitation Council) and ESC (European Society of 
Cardiology) guidelines at the time. Upon hospital admission, the ICU 
doctor checks the patient’s status, including heart rhythm and ROSC. If 
eligible, veno-arterial extracorporeal membrane oxygenation (VA 
ECMO) cannulation is initiated by trained physicians.

Outcomes

The primary outcome was 30-day survival, and the secondary 
outcome was neurological status at discharge, assessed using the Cere-
bral Performance Category (CPC), where CPC 1–2 indicates a good 
outcome and CPC 3–5 indicates a poor outcome.

Statistical analysis

Numeric variables are expressed as medians with interquartile 
ranges, and categorical variables as counts with percentages. ANOVA 
was used for numeric variables, while categorical variables were 
compared using the χ2 or Fisher’s exact test. The relationship between 
the time to ECMO initiation and the rhythm at hospital arrival was 
analyzed using Welch’s test. Survival was analyzed with Kaplan-Meier 
and the log-rank test. Logistic regression assessed the association of 
hospital arrival rhythm with 30-day mortality and neurological out-
comes, adjusting for baseline and resuscitation factors, with results 
expressed as odds ratios (ORs). P < 0.05 was considered significant. 
Analyses were performed using R software, version 4.2.3.

Results

Baseline and resuscitation characteristics

From January 2012 to December 2023, 1,219 adult OHCA patients 
were admitted, with 210 (17.2 %) receiving ECPR and 196 (16.1 %) 
included in the final analysis (Fig. 1). Baseline characteristics by initial 
rhythm are detailed in Supplementary Table 1.

Fig. 1. Patient flow chart. ASY asystole, ECPR extracorporeal cardiopulmonary resuscitation, OHCA out-of-hospital cardiac arrest, PEA pulseless electrical activity, 
ROSC return of spontaneous circulation, VF ventricular fibrillation.
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Relationship between time to ECMO initiation and rhythm at hospital 
arrival

The mean time to ECMO initiation was 61.3 min (standard deviation 
[SD] ± 16) for patients presenting with VF at hospital arrival, 61.8 min 
(SD ± 16.4) for those with PEA, and 70.7 min (SD ± 20.4) for the 
asystole group (p = 0.023).

Conversion between initial rhythm and rhythm at hospital arrival

Rhythm conversion proportions are shown in Fig. 1. Among initial 
ventricular fibrillation (VF) patients, 55 % sustained VF, 25 % converted 
to pulseless electrical activity (PEA), and 20 % converted to asystole. For 
initial PEA patients, 68 % remained in PEA, 21 % converted to VF, and 
11 % to asystole. In the asystole group, 47 % remained in asystole, 36 % 
converted to PEA, and 17 % to VF.

30-day survival

For initial VF patients, the 30-day survival was 40.9 % (50/122), 
with the highest survival in those sustaining VF (52 %), followed by VF- 
to-PEA conversion (37 %) and VF-to-asystole conversion (16 %) (Fig. 2, 
log rank p < 0.0001). In the PEA group, survival was 21 % (8/38), with 
highest in PEA-to-VF (38 %), followed by sustained PEA (15 %) and PEA- 
to-asystole (25 %) (log rank p < 0.0001). Initial asystole patients had an 
11.1 % (4/36) survival, with survival rates of 17 % for asystole-to-VF, 
15 % for asystole-to-PEA, and 6 % for sustained asystole (log rank p 
< 0.0001).

Neurological outcomes at discharge

A favorable neurological outcome was observed in 31.1 % (38/122) 
of the VF cohort, with the best outcomes in sustained VF (43 %), fol-
lowed by VF-to-PEA (20 %) and VF-to-asystole (12 %) (Fig. 1). In the 
PEA group, favorable outcomes were 13 % for PEA-to-VF, 11.5 % for 
sustained PEA, and 25 % for PEA-to-asystole. In the asystole group, the 
only favorable outcome (2.8 %, 1/36) was in a patient who converted to 
VF.

Multivariate logistic regression of 30-day mortality

Logistic regression showed that admission asystole was associated 
with significantly higher 30-day mortality (odds ratio (OR) 4.03, 95 % CI 
1.49–12.38, p = 0.009) compared to VF. Admission PEA showed a non- 
significant trend towards higher mortality (OR 1.89, 95 % CI 0.86–4.23, 

p = 0.12) compared to VF (Table 1).

Multivariate logistic regression of neurological outcome at discharge

Admission asystole was also associated with significantly higher 
odds of poor neurological outcomes (CPC 3–5) (OR 4.61, 95 % CI 
1.49–17.62, p = 0.013) compared to VF. A significant trend was noted 
for admission PEA with poor neurological outcomes (OR 2.97, 95 % CI 
1.23–7.64, p = 0.019) (Table 2).

Discussion

This prospective study highlights key differences in survival and 
neurological outcomes among ECPR recipients based on hospital arrival 
rhythms. Patients in VF had the best outcomes, while those in or con-
verting to asystole had the worst. Despite extensive EMS efforts, many 
patients with initial VF and PEA converted to asystole, significantly 
worsening their prognosis. Admission asystole was associated with a 
fourfold increase in death and poor neurological outcomes, even after 
adjusting for covariates. The conversion to asystole may indicate pro-
longed hypoperfusion (e.g., no-flow time, low-flow time, CPR quality) 
and a stage where the heart and brain may have entered a metabolic 
phase leading to irreversible cell injury, at which point the benefit of 
ECPR may have already vanished.8–9,13

Our study also confirms that initial asystole is linked to poorer out-
comes, whereas patients with initial VF benefit most from ECPR.7 Given 
current and previous data, excluding patients with initial asystole from 
ECPR, especially those who remain in asystole after conventional CPR, 
seems reasonable, as no study has demonstrated a survival benefit 
justifying ECPR in this group.1,7

Despite the small sample size for initial non-shockable rhythms in 
our study, we analyzed asystole and PEA separately due to prior evi-
dence showing worse outcomes with asystole compared to PEA in the 
OHCA population.8 Our study also demonstrated differences in survival 
and neurological outcomes between PEA and asystole. However, larger 
studies are needed to clarify the role of PEA in the ECPR population.1

Previous data from non-ECPR OHCA populations partially support 
our findings, indicating that conversion from initial non-shockable 
rhythms to shockable rhythms is associated with better outcomes, still 
depending on the initial rhythm.8 Unlike many prior studies, our anal-
ysis also included rhythm conversions from VF to non-shockable 
rhythms, which appear to be even more prognostically significant.

Our results are consistent with multicenter observational studies 
from Japan (JAAM-OHCA registry), which found poorer outcomes in 
OHCA patients who converted from a shockable to a non-shockable 
rhythm upon hospital arrival compared to those who maintained a 
shockable rhythm.13 Unlike the JAAM-OHCA registry study, which 
focused on rhythm conversion in general OHCA patients, our research 
specifically analyzed all rhythm conversions, including those with initial 
non-shockable rhythms, and concentrated exclusively on ECPR 

Fig. 2. Kaplan–Meier plot showing cumulative patient survival from index 
cardiac arrest to 30-days follow-up according to the initial rhythm and rhythm 
at hospital arrival. ASY asystole, PEA pulseless electrical activity, VF ventricular 
fibrillation.

Table 1 
Multivariate logistic regression analysis of 30-day mortality.

Factor Odds Ratio Confidence Interval P value

Male gender 1.59 (0.65,3.90) 0.305
Age (years) 1.03 (1.00,1.06) 0.047
Witnessed arrest (yes) 2.27 (0.64,8.29) 0.200
Bystander CPR (yes) 2.34 (0.45,11.36) 0.298
Time of resuscitation (min) 1.02 (1.00,1.05) 0.036
Public place of cardiac arrest 0.71 (0.32,1.56) 0.401
Initial asystole rhythm 7.36 (2.12,33.85) 0.004
Initial PEA rhythm 2.51 (0.96,7.04) 0.066
Admission asystole rhythm 4.03 (1.49,12.38) 0.009
Admission PEA rhythm 1.89 (0.86,4.23) 0.117

Abbreviations: CPR: cardiopulmonary resuscitation, PEA: pulseless electrical 
activity.

D. Rob et al.                                                                                                                                                                                                                                     Resuscitation 204 (2024) 110412 

3 

  rejstřík



recipients.
Another Japanese observational study, SAVE-J, focused on rhythm 

conversions among ECPR recipients with initial shockable rhythms but 
analyzed PEA and asystole conversions together.13 Our study, however, 
found significantly worse outcomes for asystole compared to PEA, 
aligning with prior research in non-ECPR OHCA populations.8,12 While 
SAVE-J reported minimal neurological benefit from ECPR in patients 
who converted from VF to PEA/asystole,14 our data challenge this 
conclusion. We observed a 37 % survival rate and 20 % good neuro-
logical outcomes in patients who converted from VF to PEA, and a 16 % 
survival rate with 12 % good neurological outcomes in those who con-
verted from VF to asystole, indicating that these patients can benefit 
from ECPR.14.

Recently, a large single-center study from the University of Minne-
sota ECPR patient cohort was published, utilizing a machine learning 
model to predict favorable neurological outcomes following ECPR.10 In 
this study, the rhythm at the time of cannulation was the most predictive 
variable among the 11 variables analyzed.10 This finding aligns with our 
results and emphasizes the prognostic significance of rhythm prior to 
ECMO cannulation. However, in contrast to our study, the Minnesota 
ECPR cohort consisted solely of patients with an initial presentation of 
VF.10

Our findings suggest that both initial and admission rhythms, along 
with other key prognostic factors, can guide ECPR decision-making. 
Currently, no single criterion predicts survival with perfect accuracy, 
so ECPR decisions should involve a combination of criteria assessed by 
experienced, highly trained teams.10,3–6 If larger studies confirm our 
results, they could impact routine clinical practice by making rhythm at 
hospital arrival a useful and easily recognizable parameter for ECPR 
teams, who often have limited information and time for decisions.1,2

The main limitations include the observational design, which may 
introduce selection bias, and the limited sample size for non-shockable 
rhythms, highlighting the need for larger studies. Our focus on initial 
and admission rhythms without analyzing the timing of conversions 
may limit patient stratification insights. Finally, as a single-center study 
from a specialized tertiary center, the generalizability of our findings 
may be limited.

Conclusions

This study highlights the rhythm at hospital arrival as a significant 
predictor of survival and neurological outcomes in ECPR for OHCA. 
Patients with sustained VF have the best outcomes, while those con-
verting to asystole have poor prognoses. Initial asystole is strongly 
linked to unfavorable outcomes, challenging the benefit of ECPR over 
conventional CPR if asystole persists despite initial efforts. Combining 
the rhythm at hospital arrival with other prognostic factors could 
improve patient stratification and lead to more effective ECPR 
interventions.
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Iron deficiency and all-cause mortality after myocardial infarction 
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A B S T R A C T   

Background: Data on the clinical significance of iron deficiency (ID) in patients with myocardial infarction (MI) 
are conflicting. This may be related to the use of various ID criteria. 
We aimed to compare the association of different ID criteria with all-cause mortality after MI. 
Methods: Consecutive patients hospitalized for their first MI at a large tertiary heart center were included. We 
evaluated the association of different iron metabolism parameters measured on the first day after hospital 
admission with all-cause mortality. 
Results: From the 1,156 patients included (aged 64±12 years, 25 % women), 194 (16.8 %) patients died during 
the median follow-up of 3.4 years. After multivariate adjustment, iron level ≤13 µmol/L (HR 1.67, 95 % CI 
1.19–2.34) and the combination of iron level ≤12.8 µmol/L and soluble transferrin receptor (sTfR) ≥3 mg/L (HR 
2.56, 95 % CI 1.64–3.99) termed as PragueID criteria were associated with increased mortality risk and had 
additional predictive value to the GRACE score. Compared to the model including iron level, the addition of sTfR 
improved risk stratification (net reclassification improvement 0.61, 95 % CI 0.52–0.69) by reclassifying patients 
into a higher-risk group. No association between ferritin level and mortality was found. 51 % of patients had low 
iron levels, and 58 % fulfilled the PragueID criteria. 
Conclusion: Iron deficiency is common among patients with the first MI. The PragueID criteria based on iron and 
soluble transferrin receptor levels provide the best prediction of mortality and should be evaluated in future 
interventional studies for the identification of patients potentially benefiting from intravenous iron therapy.   

1. Introduction 

Iron is an essential element required for normal mitochondrial 
function [1,2] oxygen transport, synthesis of proteins and nucleic acids, 
and normal immune system function. Although iron is environmentally 
abundant, iron deficiency (ID) is one of the most common nutritional 
deficits worldwide affecting approximately two billion people [3]. 

In cardiovascular disease, the effect of ID has been best described in 
patients with heart failure (HF) [4]. ID affects approximately 50 % of HF 
patients and is associated with worse functional capacity, impaired 
quality of life, increased mortality, and hospitalization rate, irrespective 
of anemia presence [5]. Treatment with intravenous ferric 

carboxymaltose in patients with HF and ID improves symptoms, func-
tional capacity, and quality of life, and reduces the risk of hospital ad-
missions for HF and cardiovascular causes [6,7] Despite that, there is no 
consensus on ID definition in HF [8,9] The most commonly used are the 
guideline-recommended ID criteria based on ferritin and transferrin 
saturation [8,10] However, other criteria have been used as well [9,11] 

Much less is known about ID effects in patients with myocardial 
infarction (MI). A systematic review and meta-analysis of 7 studies 
including a total of 2821 patients described worse long-term outcomes 
in the ID population, whereas short-term outcomes were heterogeneous 
across studies [12]. However, ID did not affect prognosis in MI patients 
with cardiogenic shock [13]. A small sample size and different criteria 
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for ID definitions may explain this heterogeneity in study outcomes. 
Furthermore, several criteria use ferritin to define ID. Nonetheless, 
ferritin is a positive acute phase reactant, thus the inflammatory reaction 
to MI may influence it [14]. Besides, ferritin has been suggested as a 
leakage product from damaged cells [15]. Therefore, ferritin may not be 
a good marker of ID in patients with MI. 

For selecting patients potentially benefiting from intravenous iron 
therapy, the definition of ID is important. However, ID criteria currently 
used are based only on a consensus, while ID definition based on hard 
outcomes is missing. Misclassification of patients may dilute the therapy 
effect. This issue is further supported by an animal model of MI, which 
has shown no effect of iron supplementation in normal iron status [16]. 
Thus, the correct definition of ID is of great clinical importance. Until 
now, no previous study compared the association of different ID criteria 
with total mortality after MI. 

To address this issue, the present study aimed to compare the 
prognostic significance of diverse criteria of iron deficiency measured on 
the first day after hospital admission in a large cohort of consecutive 
patients hospitalized for their first myocardial infarction at a large ter-
tiary heart center. 

2. Methods 

2.1. Population 

This study used data from the prospective Institute for Clinical and 
Experimental Medicine Acute Myocardial Infarction Registry (AMBI-
TION registry) [17]. The registry collects clinical data and biospecimens 
from consecutive patients hospitalized for acute coronary syndrome 
since June 2017 at the Institute for Clinical and Experimental Medicine, 
Prague, Czech Republic, a tertiary heart center with around-the-clock 
coronary intervention service. The Fourth Universal Definition of 
Myocardial Infarction has been used [18]. Patients underwent a detailed 
interview during their hospital stay, and additional information was 
obtained from medical record abstraction and laboratory studies. For 
this analysis, we included consecutive patients enrolled between June 
2017 and February 2023 with type I MI and no previous history of 
coronary artery disease. Iron metabolism was measured in the central 

laboratory from blood samples collected on the morning of the first day 
after hospital admission. Death was ascertained through December 1st, 
2023. Mortality data were provided by the Institute of Health Infor-
mation and Statistics of the Czech Republic (UZIS), which keeps a list of 
all deceased persons and dates of death in the Czech Republic by law. All 
patients signed informed consent. This study was approved by a local 
ethics committee and complies with the Declaration of Helsinki. 

2.2. Primary outcome 

The primary outcome of the analysis was all-cause mortality. 

2.3. GRACE score 

The Eagle model estimates for death within 6 months after discharge 
was used [19]. Variables included in the model were age, heart rate, 
systolic blood pressure, creatinine level, troponin elevation, ST segment 
depression on initial ECG, previous history of MI and heart failure, and 
PCI. 

2.4. Statistical methods 

Continuous variables are presented as mean and SDs or medians and 
IQRs. Hazard ratios (HR) are shown with a 95 % confidence interval 
(CI). Nominal variables are shown as counts and percentages. 

We have used restricted cubic splines adjusted for age to detect a 
nonlinear association between different parameters of iron metabolism 
and the primary outcome. Furthermore, we have used decision tree 
analysis to set the cut points for ID definition. The Cox regression model 
was used to analyze the association of different ID criteria with the 
outcome. 

The Global Registry of Acute Coronary Events (GRACE) score has 
been recommended by the guidelines to stratify patients’ risk after MI 
[20]. To analyze the additional predictive value of different ID criteria to 
the GRACE score, we have used the difference in the area under the 
receiver operating characteristic curve (AUC), the Brier score, and the 
continuous net reclassification improvement (NRI). 

Statistical analyses were conducted with R statistical software 

Fig. 1. Restricted cubic splines of different iron metabolism parameters and all-cause mortality after myocardial infarction.  
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version 4.2.2 (R Foundation for Statistical Computing, Vienna, Austria), 
JMP 17, SPSS version 25.0 (IBM Corporation, Armonk, NY), and STATA 
version 17 (StataCorp, College Station, TX). All statistical tests and 
confidence intervals were 2-sided with a significance level of 0.05. 

3. Results 

In total, 1156 patients (mean age 64 years, 75 % male) hospitalized 
for their first type I myocardial infarction between June 2017 and 
February 2023 were included in this analysis. During the median follow- 

up of 1224 days (IQR 626–1782), 194 (16.8 %) patients died. 
Fig. 1 presents restricted cubic splines of the association between 

different parameters of iron metabolism and all-cause mortality risk. 
While there was no association between ferritin level and all-cause 
mortality, low iron, transferrin, TSAT, total iron binding capacity 
(TIBC), and high sTfR were associated with increased mortality risk. 

3.1. Development of pragueid criteria 

In the decision tree model, among the analyzed iron metabolism 

Table 1 
Population demographics.  

Characteristics Iron >12.8 & sTfR<3 (n =
490) 

Iron ≤12.8 & sTfR<3 (n =
394) 

Iron >12.8 & sTfR≥3(n =
83) 

Iron ≤12.8 & sTfR≥3 (n =
189) 

p 

Age (years) 62.0 ± 11.9 64.3 ± 12.7* 66 ± 12.7* 67.6 ± 12.2* < 0.001 
Male sex, n (%) 376 (77 %) 292 (74 %) 60 (72 %) 139 (74 %) 0.68 
STEMI, n (%) 304 (62 %) 279 (71 %)* 45 (54 %) 125 (66 %) 0.001 
Anterior MI, n (%) 195 (40 %) 175 (44 %) 38 (46 %) 97 (51 %) 0.052 
Subacute MI, n (%) 33 (7 %) 81 (21 %)* 8 (10 %) 41 (22 %)* <0.0001 
Multi-vessel disease, n (%) 138 (28 %) 121 (31 %) 26 (31 %) 74 (39 %) 0.052 
CPR before admission, n (%) 14 (3 %) 31 (8 %)* 1 (1 %) 13 (7 %) 0.001 
Admission HR, min�1 74 ± 16 80 ± 20* 77 ± 17 82 ± 18* <0.0001 
Admission SBP, mmHg 145±26 138±29* 149±23 142±24 0.0002 
Admission DBP, mmHg 80±13 78±15 82±14 79±14 0.10 
Creatinine, μmol.l�1 81 (70–93) 86 (72–102)* 86 (70–101) 91 (75–118)* <0.0001 
CKD-EPI, ml/s/1.73m2 1.39 ± 0.30 1.28 ± 0.39* 1.26 ± 0.37* 1.16 ± 0.42* <0.0001 
Fasting glucose, mmol/L 7.93 ± 3.42 8.78 ± 3.81* 8.24 ± 3.19 9.72 ± 4.84* <0.0001 
HbA1c, mmol.mol�1 41 (38–46) 42 (39–47) 41 (37–49) 44 (40–53)* <0.0001 
Maximal hsTroponin T, ng/L 1047 (314–3088) 2256 (825–5159)* 813 (255–2183) 2011 (685–4045)* <0.0001 
Total cholesterol 4.99 ± 1.16 4.57 ± 1.12* 5.09 ± 1.25 4.60 ± 1.26* <0.0001 
LDL cholesterol 3.34 ± 1.01 2.96 ± 1.03* 3.45 ± 1.23 2.97 ± 1.16* <0.0001 
Leukocyte count, 109.l�1 10.5 (8.4–15.2) 11.7 (9.5–15.0)* 10.0 (7.4–11.8) 11.8 (9.1–14.0)* <0.0001 
Hemoglobin, g/L 145 ± 13 141 ± 15* 144 ± 19 137 ± 21* <0.0001 
Hemoglobin <120, n (%) 12 (3 %) 38 (10 %)* 7 (9 %)* 38 (20 %)* <0.0001 
LV EF (%) 50 (40–55) 40 (35–50)* 50 (40–55) 40 (35–50)* <0.0001 
LV EF ≤ 40%, n (%) 69 (14 %) 125 (32 %)* 16 (19 %) 61 (32 %)* < 0.0001 
PCI or CABG, n(%) 479 (98 %) 355 (90 %)* 76 (92 %)* 165 (87 %)* < 0.0001 
Killip class I, n (%) 427 (87 %) 276 (70 %)* 75 (90 %) 114 (60 %)* <0.0001 
Risk factors      
Arterial hypertension, n (%) 270 (55 %) 228 (58 %) 54 (65 %) 135 (71 %)* 0.001 
Diabetes mellitus, n (%) 88 (18 %) 82 (21 %) 19 (23 %) 82 (43 %)* <0.0001 
Current smoking, n (%) 247 (51 %) 184 (47 %) 32 (39 %) 66 (35 %)* 0.002 
BMI, kg/m2 28.6 ± 4.5 28.5 ± 4.8 30.3 ± 6.4* 29.3 ± 5.2 0.006 
COPD, n (%) 28 (6 %) 24 (6 %) 5 (6 %) 11 (6 %) 0.996 
Atrial fibrillation history, n 

(%) 
17 (4 %) 18 (5 %) 7 (8)* 24 (13 %)* <0.0001 

Medications on admission      
ACE inhibitors or ARB, n (%) 212 (43 %) 168 (43 %) 36 (43 %) 95 (50%) 0.31 
Statins, n (%) 85 (17 %) 76 (19 %) 15 (18%) 49 (26 %) 0.08 
Antiplatelet therapy, n (%) 47 (10 %) 54 (14 %) 11 (13 %) 45 (24 %)* 0.002 
Anticoagulants, n (%) 20 (4 %) 19 (5 %) 11 (13 %)* 21 (11 %)* 0.0002 
Discharge medication#      

ACE inhibitors or ARB, n (%) 382 (78 %) 282 (74 %) 70 (84 %) 144 (79 %) 0.16 
Beta blocker, n (%) 382 (78 %) 296 (78 %) 68 (82 %) 151 (83 %) 0.43 
Statins, n (%) 480 (98 %) 365 (96 %) 79 (95 %) 168 (92 %)* 0.004 
Aspirin, n (%) 474 (97 %) 349 (91 %)* 77 (93 %) 158 (86 %)* <0.0001 
Clopidogrel, n (%) 88 (18 %) 136 (36 %)* 34 (41 %)* 73 (40 %)* <0.0001 
Prasugrel, n (%) 19 (4 %) 5 (1 %) 3 (4 %) 2 (1 %) 0.05 
Ticagrelor, n (%) 365 (75 %) 226 (59 %)* 44 (53 %)* 88 (48 %)* <0.0001 
Anticoagulation, n (%) 52 (11 %) 85 (22 %)* 15 (18 %) 55 (30 %)* <0.0001 
Tripple therapy, n (%) 33 (7 %) 48 (13 %)* 10 (12 %) 23 (13 %)* 0.02 
Iron metabolism      
Iron, µmol/L 19.8 ± 7.0 8.4 ± 2.9* 17.6 ± 4.1* 7.5 ± 2.9* <0.0001 
Ferritin, µg/L 240 (138–391) 292 (180–490)* 189 (97–278)* 230 (103–412) <0.0001 
Transferrin, g/L 2.25 ± 0.35 2.1 ± 0.39* 2.4 ± 0.36* 2.31 ± 0.46* <0.0001 
TIBC, µmol/L 56.6 ± 8.9 53.0 ± 9.8* 60.6 ± 9.2* 58.1 ± 11.6 <0.0001 
TSAT,% 35.9 ± 13.7 16.2 ± 5.6* 29.6 ± 7.1* 13.6 ± 5.3* <0.0001 
sTFR, mg/L 2.23 ± 0.40 2.33 ± 0.37 3.60 ± 0.85* 4.0 ± 1.62* <0.0001 
Scores      
GRACE 114 ± 23 122 ± 26* 121 ± 25 129 ± 26* <0.0001 
Outcome      
Death, n (%) 36 (7 %) 74 (19%)* 19 (23 %)* 65 (34 %)* <0.0001 

*p < 0.05 vs. Iron >12.8 & sTfR<3 group. 
#missing in patients with in-hospital death. 
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parameters (iron, transferrin, TSAT, TIBC, TfR), the combination of iron 
≤12.8 µmol/L and sTfR ≥ 3.0 mg/L showed the best association with 
total mortality risk. Based on these cut-points, we have created 4 groups 
– group 1 with normal iron and normal sTfR, group 2 with low iron and 
normal sTfR, group 3 with normal iron and high sTfR, and group 4 with 
low iron and high sTfR. We have termed this classification as PragueID 
criteria. Population demographics by PragueID criteria are shown in 
Table 1. 

As shown in Fig. 2, the addition of sTfR to iron level can reclassify the 
risk associated with low iron to intermediate and high, while high sTfR 
in the presence of normal iron is associated with an intermediate risk. 

3.2. Comparison of ID criteria 

After adjustment for the GRACE score or other variables affecting 

mortality risk after MI, all ID criteria except for ferritin were indepen-
dently associated with the total mortality (Table 2). The hazard ratio 
was highest for the Prague ID criteria and iron level. As assessed by the 
AUC and Brier score (Table 3), only the iron level and Prague ID criteria 
had additional prognostic value to the GRACE score. When the addi-
tional prognostic value of iron or PragueID was compared, there was no 
difference in AUC, but there was a borderline difference in the Brier 
score and an improvement in net reclassification improvement (NRI) in 
favor of the PragueID criteria. Beyond the iron level, PragueID correctly 
reclassified cases patients into the higher-risk group (Table 4). 

4. Discussion 

In the present study, we have analyzed the association of different ID 
criteria with all-cause mortality in patients hospitalized for their first MI. 
We show that ID is common among these patients, but the prevalence 
and prognostic implications differ by the criteria used. Among several 
criteria evaluated, only iron level and particularly the combination of 
iron level and soluble transferrin receptor were independently associ-
ated with the risk of all-cause mortality and improved risk prediction 
beyond the guidelines recommended GRACE score. 

While ferritin is a guideline-recommended parameter for ID diag-
nosis in HF, we did not find any association between ferritin level and 
mortality risk. This finding among MI patients may be explained by the 
effect of cell necrosis and inflammatory response on ferritin levels. Thus, 
ferritin should not be used to define ID after MI. 

Our observation is in line with previous studies. In patients with 
chronic HF, TSAT <20 % and serum iron ≤13 mmol/L were indepen-
dently associated with death, but lower serum ferritin concentrations 
were paradoxically associated with better survival [9]. In a study of the 
prognostic value of temporal changes of iron metabolism parameter in 
patients with acute coronary syndrome, a decrease in TSAT and iron 
levels, but not changes in ferritin levels were associated with an 
increased risk of cardiovascular death and nonfatal ACS [21]. Among 
patients with coronary artery disease, sTfR was independently associ-
ated with an increased risk of cardiovascular death or MI [22]. We add 
to this evidence the observations that among several criteria of ID, the 
combination of low iron and high sTfR can identify patients at increased 
mortality risk, which may have the biggest benefit from iron 
supplementation. 

To the best of our knowledge, this is the first large-scale study among 
consecutive MI patients evaluating the prevalence and prognostic sig-
nificance of different ID criteria. We found that 51 % of patients after MI 

Fig. 2. Kaplan-Meier survival for iron (Panel A) and PragueID (Panel B) categories.  

Table 2 
Association of different iron deficiency criteria with all-cause mortality.  

Iron deficiency 
criteria 

Prevalence 
n(%) 

Unadjusted 
HR (95 % CI) 

Adjusted* 
HR (95 % CI) 

Adjusted** 
HR (95 % CI) 

Iron ≤13 µmol/L 598 (51.7) 2.78 
(2.03–3.82) 

2.06 
(1.50–2.84) 

1.67 
(1.19–2.34) 

TSAT <20 % 468 (40.5) 2.46 
(1.85–3.28) 

1.89 
(1.41–2.53) 

1.38 
(1.01–1.90) 

Ferritin <30 µg/L 20 (1.7) 1.44 
(0.59–3.50] 

1.58 
(0.64–3.84) 

1.55 
(0.63–3.80) 

Ferritin <100 µg/ 
L 

157 (13.6) 1.50 
(1.05–2.13) 

1.37 
(0.96–1.95) 

1.36 
(0.93–1.98) 

Guideline ID 
definition 

357 (31.0) 1.69 
(1.28–2.24) 

1.57 
(1.19–2.08) 

1.34 
(0.99–1.82) 

Prague ID criteria     
2. Iron ≤12.8 

µmol/L & 
sTfR<3 mg/L 

394 (34.1) 2.79 
(1.87–4.15) 

2.07 
(1.38–3.10) 

1.75 
(1.16–2.64) 

3. Iron >12.8 
µmol/L & 
sTfR≥3 mg/L 

83 (7.2) 3.27 
(1.88–5.70) 

2.64 
(1.51–4.61) 

2.05 
(1.15–3.64) 

4. Iron ≤12.8 
µmol/L & 
sTfR≥3 mg/L 

189 (16.3) 5.76 
(3.83–8.66) 

3.72 
(2.46–5.63) 

2.56 
(1.64–3.99)  

* Adjusted for GRACE score. 
** Adjusted for age, gender, HF history, CKD-EPI, admission systolic blood 

pressure and heart rate, absence of PCI, Killip class, ejection fraction <35 at 
discharge 

A 95 % confidence interval is shown in bracelets. Guideline ID criteria were 
ferritin <100 µg/L or TSAT <20 % if ferritin was 100–299 µg/L. 
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have iron ≤13 µmol/L and 58 % have ID if PragueID criteria are used. 
Thus, more than 50 % of patients with the first MI are affected by ID. 
This is similar to the ID prevalence in HF, among which 43 % of men and 
54 % of women had iron ≤13 mmol/L [9]. After adjustment for other 
covariates, the mortality risk associated with low iron level in our study 
was increased by 67 %, and by 156 % in patients with low iron and high 
sTfR. Interestingly, this risk in MI patients is higher than the 37 % risk 
increase associated with iron ≤13 µmol/L among patients with HF [9]. 
This difference may be partially explained by the addition of antiplatelet 
therapy in MI patients, which may further worsen the pre-existing ID. 

In previous studies, MI was associated with serum iron, TIBC, and 
TSAT decrease and ferritin increase, with MI severity affecting the 
magnitude of this change [23,24] Thus, low iron levels may be only a 
marker of MI severity. However, sTfR as a marker of iron demand is not 
affected by inflammation [22] and MI severity (Supplementary 
Table 1). This suggests that ID is not only a marker of MI severity but 
also a risk factor that may be intervened. Previous studies suggest the 
biological plausibility of this concept. In an animal model, the delete-
rious effect of ID was at least in part explained by increased oxidati-
ve/nitrosative stress and altered antioxidant defense caused by 
inhibition of the endothelial nitric oxide synthase (eNOS)/ soluble 
guanylate cyclase/protein kinase G pathway, leading to eNOS degra-
dation via ubiquitin/proteasome system [25]. Altered energy meta-
bolism is another possible explanation of the deleterious effect of ID in 
CAD [26,27] In a small study among STEMI patients, application of 
ultrasmall superparamagnetic iron-oxide within 4 days following an 
acute myocardial infarction led to smaller infarct size [28]. While our 
observational study is not able to answer the question of whether ID is a 
risk marker or a risk factor after MI, identifying ID criteria with the best 
predictive value sets the ground for future interventional studies with 
iron supplementation. 

4.1. Strengths and limitations of the study 

We must admit several limitations of our study. First, iron meta-
bolism was measured at a single time point one day after hospital 
admission. Because iron parameters dynamically evolve after MI, we 
were unable to determine how measurements at different time points 
would affect the prognostic value of ID criteria. 

Nevertheless, in a previous study using serial measurement in ACS 
patients, iron status patterns did not differ in those with and without 
events [21]. 

Second, we have used all-cause, rather than cardiovascular mortal-
ity, as we were unable to ascertain the cause of death. On the other hand, 
cardiovascular death is the leading cause of mortality in patients in the 
first four years after MI [29]. Based on previous studies analyzing the 
association of ID with total and cardiovascular mortality, we believe that 
changing the primary study objective would not affect our results [12, 
30] 

Third, due to the observational nature of our study, no causal in-
ferences can be drawn from our results. Future interventional studies 
will be needed to evaluate the effects of iron supplementation in patients 
with ID defined by our criteria. 

Fourth, we did not measure hepcidin level, which is considered a key 
regulator of iron homeostasis [31]. However, in a previous study hep-
cidine level was not independently associated with the outcome of pa-
tients with coronary heart disease [32]. 

Fifth, because we did not have data on iron supplementation during 
the study follow-up, we were unable to account for this effect. 

The strengths of our study include analysis of various iron status 
parameters including sTfR and the large single-center cohort of 
consecutive MI patients with a relatively long follow. 

Table 3 
Additional predictive value of different iron deficiency criteria to the GRACE score 6 months (Table A) and 12 months (Table B) after hospital discharge.  

Table A   

6 months  

AUC Δ AUC p Δ Brier p 

Iron ≤13 µmol/L 82.6 (77.1—88.0) 2.5 (1.1—3.9) 0.001 �0.1(�0.2— �0.001) 0.01 
TSAT <20 % 81.7 (76.2—87.2) 1.6 (0.1—3.2) 0.04 �0.1 (�0.2— �0.01) 0.047 
Ferritin <30 µg/L 79.9 (74.3—85.6) �0.2 (�0.3—0.001) 0.04 0.01 (�0.001—0.001) 0.74 
Ferritin <100 µg/L 80.0 (74.3—85.8) �0.1 (�0.6—0.5) 0.90 �0.001 (�0.1—0.01) 0.19 
Guideline 80.5 (74.7—86.2) 0.4 (�0.7—1.5) 0.5 �0.1 (�0.2—�0.1) 0.02 
Prague criteria 82.9 (77.5—88.2) 2.8 (0.9—4.7) 0.004 �0.3 (�0.4 — �0.1) 0.0003   

Table B     
12 months  
AUC Δ AUC p Δ Brier p 

Iron ≤13 µmol/L 81.9 (77.0—86.9) 2.1 (0.7—3.6) 0.004 �0.2 (�0.3—�0.1) 0.005 
TSAT <20 % 81.5 (76.6—86.4) 1.7 (0.2—3.2) 0.03 �0.1 (�0.3—0.1) 0.096 
Ferritin <30 µg/L 79.8 (74.8—84.8) �0.01 (�0.4—0.4) 0.96 0.01 (�0.001—0.001) 0.90 
Ferritin <100 µg/L 79.8 (74.7—84.9) 0.001(�0.5—0.5) 1.0 �0.001 (�0.1—0.01) 0.19 
Guideline 80.2 (75.1—85.3) 0.4 (�0.6—1.4) 0.4 �0.1 (�0.2 — �0.1) 0.044 
Prague criteria 82.4 (77.6—87.2) 2.6 (0.7—4.5) 0.007 �0.3 (�0.6— �0.1) 0.001 

A 95 % confidence interval is shown in bracelets. 

Table 4 
Comparison of model discrimination, calibration, and reclassification.   

Discrimination Calibration Reclassification 

Time AUC Iron AUC PragueID AUC p Brier p NRI NRI+ NRI- 

6 months 82.6 (77.1–88.0) 82.9 (77.5–88.2) 0.3 (�1.1–1.7) 0.70 �0.1 (�0.3–0.01) 0.06 0.56 (0.34–0.87) �10�15 (�0.20–0.28) 0.56 (0.52–0.59) 
1 year 81.9 (77.0–86.9) 82.4 (77.6–87.2) 0.5 (�1.0–1.9) 0.50 �0.2 (�0.3–0.01) 0.06 0.66 (0.62–0.81) 0.64 (0.55–0.78) 0.01 (�0.004–0.08) 
2 years 81.5 (77.3–85.6) 82.2 (78.1–86.3) 0.7 (�0.6–2.1) 0.30 �0.3 (�0.5–0.001) 0.04 0.60 (0.49–0.76) 0.57 (0.44–0.67) 0.03 (�0.01–0.09) 
3 years 79.8 (75.6–84.0) 80.3 (76.0–84.6) 0.5 (�0.8–1.9) 0.40 �0.3 (�0.6–0.01) 0.06 0.61 (0.52–0.69) 0.56 (0.50–0.63) 0.04 (�0.009–0.08) 

A model with Grace score and Iron class (Iron ≤13 µmol/L vs. Iron >13 µmol/L) was compared with a model including Grace score and PragueID class. A 95 % 
confidence interval is shown in brackets. 
AUC – area under the curve, NRI – net reclassification improvement. 
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5. Conclusion 

The present study among consecutive patients hospitalized for their 
first myocardial infarction shows that iron deficiency is present in over 
50 % of patients. Among several iron deficiency criteria, the combina-
tion of low iron level and high soluble transfer receptor were indepen-
dently associated with mortality risk and improved risk stratification. 
The clinical benefit of iron supplementation decision-making based on 
our criteria will have to be addressed in future studies. 
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ABSTRACT
Background: The optimal energy protocol for direct current cardio-
version of atrial fibrillation remains uncertain. The Rational vs
Maximum Fixed Energy (PROTOCOLENERGY) randomized trial
compared a stepwise escalating energy algorithm (RaA, 150 J, 360 J,
and 360 J) with a maximum fixed energy algorithm (MfA, 3 x 360 J).
Methods: In a 1:1 randomized trial, 300 patients with atrial fibrillation
received biphasic discharges via hand-held paddles in the anterolateral
position. Primary endpoints were sinus rhythm at 1 minute and
neurologic complications at 2 hours; secondary endpoints included
sinus rhythm at 2 hours, skin changes and chest discomfort at 24
hours.
Results: Sinus rhythm at 1 minute was achieved in 92.7% of RaA and
94.0% of MfA patients (P ¼ 0.643) and maintained at 2 hours in
91.3% of both groups. There were no neurologic complications. The
protocols differed significantly after the first shock (72.7% in RaA vs
83.3% in MfA; P ¼ 0.026) but equalized after subsequent maximum
energy shocks. Fewer RaA patients experienced skin redness
compared with MfA patients (19.3% vs 36.0%, P ¼ 0.001), which was
attributed to the lower initial 150-J shock and total energy delivered
(r ¼ 0.243, P < 0.0001). Chest discomfort at 24 hours was not
different between groups (P ¼ 0.378). In multivariate analysis, lower
body mass index (P < 0.001, cutoff 29 to 34 kg/m2) was associated
with cardioversion success after the initial 150-J shock.
Conclusions: Both protocols showed similar high cumulative efficacy,
but RaA with the initial 150-J shock proved to be beneficial in patients
with body mass index less than 29 to 34 kg/m2 because of fewer skin
complications.
Clinical Trial Registration No: NCT05148923

RÉSUMÉ
Contexte : Le protocole �energ�etique optimal pour la cardioversion
�electrique de la fibrillation auriculaire reste incertain. L’essai randomis�e
«Rational vsMaximumFixed Energy» (PROTOCOLENERGY) a compar�e un
algorithme d’�energie progressif par �etape (APE, 150 J, 360 J et 360 J) à
un algorithme d’�energie maximale fixe (AEMf, 3 x 360 J).
M�ethodes : Dans un essai randomis�e 1:1, 300 patients atteints de
fibrillation auriculaire ont reçu des d�echarges biphasiques à l’aide de
palettes tenues à la main en position ant�erolat�erale. Les principaux
critères d’�evaluation �etaient le rythme sinusal à 1 minute et les
complications neurologiques à 2 heures; les critères d’�evaluation
secondaires �etaient le rythme sinusal à 2 heures, les changements
cutan�es et l’inconfort thoracique à 24 heures.
R�esultats : Le rythme sinusal à 1 minute a �et�e atteint pour 92,7 % des
patients avec APE et 94,0 % des patients avec AEMf (p ¼ 0,643) et
maintenu à 2 heures chez 91,3 % pour les deux groupes. Il n’y a pas eu
de complications neurologiques. Les protocoles diff�eraient de manière
significative après le premier choc (72,7 % dans le groupe avec APE
contre 83,3 % dans le groupe avec AEMf; p ¼ 0,026) mais
s’�egalisaient après les chocs ult�erieurs avec �energie maximale. Les
patients APE ont �et�e moins nombreux à pr�esenter des rougeurs
cutan�ees que les patients AEMf (19,3 % contre 36,0 %, p ¼ 0,001), ce
qui a �et�e attribu�e au choc initial plus faible de 150-J et à l’�energie
totale d�elivr�ee (r ¼ 0,243, p < 0,0001). La gêne thoracique à 24
heures n’�etait pas diff�erente entre les groupes (p ¼ 0,378). Dans
l’analyse multivari�ee, un indice de masse corporelle plus faible (p <

0,001, seuil de 29 à 34 kg/m2) a �et�e associ�e au succès de la car-
dioversion après le choc initial de 150-J.
Conclusions : Les deux protocoles ont montr�e une efficacit�e cumula-
tive �elev�ee similaire, mais le protocole APE avec un choc initial de 150-
J s’est av�er�e b�en�efique chez les patients dont l’indice de masse
corporelle est inf�erieur à l’intervalle 29 à 34 kg/m2 en raison d’un
nombre moins important de complications cutan�ees.
Enregistrement de l’essai clinique : NCT05148923

Direct current cardioversion (DCCV) is an established pro-
cedure that is commonly used in the acute and elective
management of patients with atrial fibrillation (AF). For years,
many investigators have searched for the optimal strategy/
protocol in studies using predominantly monophasic dis-
charges, in terms of which type of waveform to use,1,2 how
and under what pressure to place the pads/handheld pad-
dles,3,4 which energy to choose for the first and subsequent
discharges,5-7 or whether to use periprocedural antiarrhythmic
drug support.8 In addition, many positive and negative clin-
ical (eg, body mass index [BMI], age, sex, comorbidities) or
structural (echocardiographic parameters) predictors of the
short-term success of DCCV have been identified.9-15 This
suggests that the correct indication for DCCV and its optimal

performance are essential for the restoration of sinus rhythm
(SR).

The current standard for DCCV is the use of biphasic
shock waves, which have been shown to be more effective and
safer than monophasic shock waves.2 A recent study by
Schmidt et al.16 showeddin a randomized fashiondthat
anterior-lateral electrode positioning was more effective than
anterior-posterior electrode positioning for biphasic cardio-
version. The study was published in 2021 and therefore could
not have been included in the 2020 European Society of
Cardiology guidelines, which still recommend anterior-
posterior electrode positioning.17

With regard to the choice of self-adhesive electrodes vs
hand-held electrodes with manual pressure and energy of the
first and subsequent discharges, neither the aforementioned
guidelines nor other international guidelines provide clear
recommendations.18-20 A study by Ramirez et al. demon-
strated higher discharge efficiency using hand paddles with an
applied external force of 80N. This approach was able to
reduce the transthoracic impedance significantly compared
with discharges performed with adhesive electrodes without
pressure.21 This conclusion suggests that the use of hand
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paddles with manual pressure may be more advantageous than
the use of adhesive electrodes.

It has been repeatedly confirmed that even high-energy
discharges above 200 to 300 J do not lead to an increase in
cardiac troponins as a marker of myocardial damage.22,23 This
may indicate the routine use of high-energy discharges from
the first discharge. On the other hand, elective cardioversions
aredin most casesdoutpatient procedures, and it is certainly
desirable that the procedure is performed without complica-
tions: that is, without skin redness or burns after the dis-
charges, without residual pain on the sternum, and especially
without the need for hospitalization because of postdischarge
arrhythmias. Previous experience at our cardiac centre suggests
that physicians performing cardioversion often unnecessarily
choose high-energy discharges, especially in patients with
obesity and those on long-term amiodarone. The rationality of
this approach was not confirmed in a multivariate analysis.24

Based on these facts and our experience, we designed and
conducted a study to compare the efficacy and safety of 2
different cardioversion protocols using biphasic discharges
delivered by manually controlled paddles in the anterior-
lateral position. The aim of the study was to determine
whether the use of a lower initial discharge energy is clinically
justified in terms of patient safety and comfort, without
compromising the overall clinical efficacy of subsequent en-
ergy escalation, compared with a protocol with a fixed
maximum discharge energy.

Material and Methods

Study design

The Rational vs Maximum Fixed Energy (PROTO-
COLENERGY) trial was an interventional, randomized,
investigator-initiated, monocentric, parallel-assignment study
conducted at the Agel Trinec-Podlesi Cardiocentre, Czech
Republic. The study was registered on ClinicalTrials.gov
(NCT05148923) and started on January 1, 2022, with the
last patient randomized on December 22, 2022. Inclusion
criteria were as follows: subjects older than 18 years with a
diagnosis of AF, clinically indicated for elective outpatient
DCCV; established therapeutic anticoagulation for at least 3
weeks before DCCV or performed esophageal echocardiog-
raphy excluding the presence of intracardiac thrombus; and
provided verbal and written informed consent to participate in
the study. Exclusion criteria were identical to the known
contraindications to elective cardioversion. Patients with
implanted pacemakers or defibrillators were not excluded.
When designing the study, we followed the Consolidated
Standards of Reporting Trials (CONSORT) guidelines25 (the
CONSORT checklist is available in Supplemental
Table S1).The study was conducted in accordance with the
Declaration of Helsinki and approved by the local ethics
committee.

Defibrillation waveform characteristics

In the PROTOCOLENERGY trial, we used biphasic
truncated exponential shocks with impedance compensation
delivered with the Mindray BeneHeart D3 defibrillator
(Shenzhen Mindray Bio-Medical Electronics Co, Ltd,

Shenzhen, China). This technology adjusts the peak current in
response to the patient’s chest impedance, thus customizing the
shock to achieve an optimal current distribution across
the myocardium without the need for manual adjustment by
the operator. In short, the defibrillator charges to a high voltage
level, which is then truncated at a predetermined time. The
leading-edge voltage varies depending on the impedance of the
chest cavity it encounters. For example, for a 360 J shock, the
leading-edge voltage ranges from approximately 1500 V to
2000 V across the different impedances from 25 U to 175 U.
The duration of each phase of the biphasic waveform is
impedance dependent, with the first phase being longer than
the second (5.1-12.5 ms and 3.2-8.6 ms, respectively,
Supplemental Fig. S1). Finally, the defibrillator automatically
adjusts the energy delivered based on real-time impedance
measurements to maximize defibrillation success while mini-
mizing potential tissue damage. As the transthoracic impedance
increases, the actual energy delivered decreases slightly (ie, for a
360-J shock: 50 U-360 J, 75 U-349 J, 100 U-332 J).26

Randomization and treatment

Patients were admitted to a 1-day cardiology outpatient
clinic. Study criteria were reviewed, and informed consent was
obtained. Relevant demographic and clinical data were
collected from patients and available medical records. Because
of the large variability in echo data available at the time of
cardioversion from referring physicians, only left atrial diam-
eter and left ventricular ejection fraction (LVEF) were recor-
ded. Randomization was performed in blocks of 20 using
computer-generated sequences. Allocation concealment was
ensured using sequentially numbered opaque sealed enve-
lopes. Participants were assigned to 1 of 2 study protocols:
rational energy algorithm (RaA), 150-J initial shock followed
by maximum 360 J and 360 J or maximum fixed energy al-
gorithm (MfA): maximum 360-J initial shock followed by
360 J and 360 J.

We used hand-held paddles with manual pressure placed in
the anterior-lateral configuration. The setting was as follows:
With the patient in the supine position on the bed, the
attending physician leaned over the patient’s chest and placed
the lefthand paddle in the right inferoclavicular region and the
righthand paddle in the left axial line near the suggested
cardiac apex, avoiding the left breast nipple. When the device
was charged, the physician applied a force equivalent to a
“push-up” to the paddles27 covered with echocardiographic
gel, waited for maximum expiration, and fired the shock.

Subsequent second and possibly third shocks were applied
in a smooth sequence after the previous one if AF was still
present on the monitor, or AF recurred within 1 minute after
the first or second shock if SR had been temporarily restored.
The physician administering the shocks was not blinded to the
allocated study arm, but the patients and a physician assessing
skin changes were blinded. All subjects were sedated with 1
mg midazolam (2 mg for patients weighing more than 90 kg)
and 0.15 mg/kg etomidate. After the procedure, patients were
monitored for 2 hours and then discharged home if no
complications occurred. All patients were contacted by tele-
phone the following day for safety reasons and to collect
secondary endpoints.
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Endpoints and analyses

The primary efficacy endpoint was the presence of SR 1
minute after DCCV, and the primary safety endpoint was the
incidence of neurologic adverse events 2 hours after DCCV.

The secondary efficacy endpoint was the presence of SR 2
hours after DCCV, and the secondary safety endpoints were
the incidence of skin changes (no change, redness, burn) 2
hours after DCCV and the severity of skin discomfort or chest
pain assessed using a visual analogue scale (VAS) 1 day after
DCCV. The incidence of clinically relevant tachy/brady-
arrhythmias was also assessed, as was the patient’s self-
reported rhythm status 1 day after DCCV.

With regard to the primary objective of the study, we
performed a series of analyses to compare the efficacy and
safety of the initial shocks of the 2 protocols: that is, 150 J vs
360 J, and to explore possible variables that, if present, would
favour the use of one protocol over the other.

Statistical analysis

As we intended to compare 2 DCCV protocols that
differed only in the energy of the initial shock, and then used
maximum discharge energies in both protocols, we did not
expect a significant difference in overall efficacy. To demon-
strate a 3% significant difference in efficacy between the 2
protocols, approximately 3000 patients would need to be
randomized. Therefore, we decided to perform an exploratory
analysis with fewer patients, based on the expected differences
in efficacy and safety of the first discharge: that is, 150 J vs
360 J. As a rationale for the sample calculation, we used the
results of our recently published DCCV registry.24 The suc-
cess rate of the first low-energy shock to restore SR was
77.1%, and the cumulative success rate after the last high-
energy shock was 89.6%. Therefore, we assumed a 12%
difference in the success rate in favour of MfA (78% vs 90%).
Based on 80% power and a significance level of 0.05, we
estimated that approximately 145 patients would be needed in
each arm. All randomized patients were included in the
intention-to-treat (ITT) analysis.

Data were analyzed using IBM SPSS Statistics for Win-
dows, version 29 (IBM Corp, Armonk, New York, USA).
Nonparametric tests were used because of the non-normal
distribution of the data, as confirmed by the Shapiro-Wilk
test. Continuous variables are presented as median (inter-
quartile range [IQR]) and categorical variables as number
(percentage). Comparisons were made using the Mann-
Whitney U test for continuous variables, the Pearson c2

test for categorical variables, and the Jonckheere-Terpstra test
for ordinal variables.

Univariate analysis was performed to identify parameters
associated with the effectiveness of the initial 150-J shock in
achieving SR. Multivariate logistic regression was then per-
formed, including parameters with a significance level of P <
0.1 in the univariate analysis, to further elucidate the inde-
pendent predictors of 150 J DCCV efficacy. When appro-
priate, Spearman’s correlation coefficient (r, 95% confidence
interval [CI]) was determined to express the degree of asso-
ciation among parameters, receiver operating characteristic
(ROC) curve analysis, and area under the curve (AUC) cal-
culations were used to establish cutoff values and provide an
overall measure of the discriminatory power of significant

variables. In addition, Youden’s J statistic was used to identify
optimal cutoffs by maximizing the sum of sensitivity and
specificity, providing a comprehensive visualization of ROC
curve performance.

Results

Patients

During the study recruitment period, 579 patients were
considered for DCCV procedures. Of these, 300 patients met
the study criteria and were randomized 1:1, resulting in 150
subjects in the RaA and MfA protocols. Patients in both arms
were well balanced (Table 1). During cardioversion, a total of
3 patients in the RaA arm and 4 patients in the MfA arm did
not undergo a third discharge after 2 previous unsuccessful
discharges. The reasons were problems with analgosedation in
5 patients, intermittent SR and AF in 1 patient (physician
decided to discontinue DCCV), and junctional bradycardia in
1 patient. All these patients were considered DCCV failures
and were included in the ITT analysis (Fig. 1).

Efficacy

The primary endpointdthat is, SR 1 minute after
DCCVdwas achieved in 139 (92.7%) patients in the RaA
group and in 141 (94.0%) patients in the MfA group, P ¼
0.643. Similarly, no difference was found between the
measured SR rates at 2 hours post-DCCV (both groups equal
137 [91.3%] patients, P ¼ 1.0). In addition, the patient self-
reported rhythm status on the following day did not differ
between the groups (palpated or a device-detected regular
rhythm considered as SR in 125 [90.6%] vs 127 [91.4%]
cases, respectively, P ¼ 0.819).

Safety

No cardioversion-related neurologic abnormalities or
complications were observed. There were significant differ-
ences between the study arms in terms of skin changes 2 hours
after DCCV (P ¼ 0.001, Table 2), with the RaA group
having fewer patients with skin redness. This difference was
mainly because of the low vs high energy of the initial shock
(Fig. 2). There were no cases of skin burns in either group.

The mean cumulative energy delivered per subject was 361.6
� 232.2 J. There was a significant difference between the groups
(RaA median 150 J, range 150 J to 870 J; MfA median 360 J,
range 360 J to 1080 J; P < 0.001). A positive correlation was
found between the total energy dose and the incidence of skin
redness (r ¼ 0.243, 95% CI, 0.130-0.350; P < 0.0001).

There were no significant differences in the severity of
chest pain 1 day after DCCV between the 2 study arms (P ¼
0.378, Table 2). With regard to other safety measures, as
mentioned earlier, 5 subjects experienced problems with
analgesia leading to protocol deviations, but these did not have
clinically relevant consequences. Three subjects in the RaA
group experienced clinically relevant junctional bradycardia, 2
of whom required overnight monitoring without the need for
pacemaker implantation.
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Initial 150-J shock analysis

Regarding the initial success rates of the RaA and MfA
protocols to restore SR, we found that the protocols differed
significantly: that is, after 150 J vs 360 J (109 [72.7%] vs 125
[83.3%] patients, P ¼ 0.026). After subsequent maximum
energy shocks in both protocols, the success rates were similar
(Fig. 3). In univariate analysis, we assessed differences in all
recorded parameters between patients who achieved SR after
the initial 150-J discharge and those who did not. Both weight
(mean 104 [IQR: 20] kg in AF vs 91 [IQR: 29] kg in SR, P <
0.001) and BMI (mean 34.1 [IQR: 7.4] kg/m2 in AF vs 30.5
[7.8] kg/m2 in SR, P < 0.001) were statistically significant. In
addition, female sex showed a notable trend toward restora-
tion of SR (P ¼ 0.086, Supplemental Table S2). Given the
collinearity between weight and BMI, and the widespread use
of BMI in clinical practice, we chose to include only BMI in
the multivariate regression analysis. The results were consis-
tent with the univariate analysis. In particular, for each unit
increase in BMI, the odds of achieving SR decreased by

10.8% (odds ratio (OR), 0.892; 95% CI, 0.832-0.956; P <
0.001). In addition, being female was associated with 2.2-fold
increased odds of achieving SR, although this was borderline
significant (P ¼ 0.067, Supplemental Table S3).

Association of BMI and initial 150-J shock success

While the cumulative DCCV success rate including all 300
patients did not show a pronounced variance based on low or
high BMI (P ¼ 0.984, Supplemental Fig. S2), in the RaA
group BMI values seemed to play an important role (P ¼
0.076, Fig. 4A). To find an optimal cutoff value for BMI to
justify the use of 150 J as the initial DCCV shock to reduce the
risk of skin redness while maintaining a high rate of SR re-
covery, we performed an ROC analysis with BMI as the pivotal
variable. This revealed an AUC of 0.675 (95% CI, 0.582-
0.769) with a standard error of 0.048 (P ¼ 0.001, Fig. 4B).
Subsequent Youden’s J statistics identified 2 zeniths, with the
BMI range of 29 to 34 kg/m2 as the most appropriate cutoff
that harmonized both sensitivity and specificity (Fig. 4C).

Table 1. Baseline characteristics of the study participants

Total

Study arm

P-value
Rational energy algorithm

(150, 360, 360 J)
Maximum fixed energy algorithm

(360, 360, 360 J)

Total 300 150 150
Sex

Male 199 (66%) 97 (65%) 102 (68%) 0.541
Female 101 (34%) 53 (35%) 48 (32%)

Age (years) 68 [13] 68 [13] 69 [12] 0.425
BMI (kg/m2) 31.8 [8.0] 31.8 [8.5] 31.9 [7.7] 0.986
CHA2DS2-VASC

0 10 (3.3%) 5 (3.3%) 5 (3.3%) 0.429
1 39 (13.0%) 21 (14.0%) 18 (12.0%)
2 85 (28.3%) 44 (29.3%) 41 (27.3%)
3 90 (30.0%) 45 (30.0%) 45 (30.0%)
4 38 (12.7%) 17 (11.3%) 21 (14.0%)
5 24 (8.0%) 10 (6.7%) 14 (9.3%)
6 7 (2.3%) 7 (4.7%) 0
7 6 (2.0%) 0 6 (4.0%)
8 1 (0.3%) 1 (0.7%) 0

Anticoagulation type
Warfarin 13 (4.3%) 7 (4.7 %) 6 (4.0%) 0.961
NOAC 285 (95.0%) 142 (94.7%) 143 (95.3%)
LMVH 2 (0.7%) 1 (0.7%) 1 (0.7%)

Antiarhythmic drugs
No antiarrhythmics 83 (27.7%) 39 (26.0%) 44 (29.3%) 0.69
Propafenone 67 (22.3%) 36 (24.0%) 31 (20.7%)
Sotalol 32 (10.7%) 18 (12.0%) 14 (9.3%)
Amiodarone 117 (39.0%) 57 (38.0%) 60 (40.0%)
Dronedarone 1 (0.3%) 0 1 (0.7%)

Beta blockers
On beta blockers 222 (74.0%) 114 (76.0%) 108 (72.0%) 0.43

RAAS
No RAAS 88 (29.3%) 47 (31.3%) 41 (27.3%) 0.484
ACEI 139 (46.3%) 72 (48.0%) 67 (44.7%)
Sacubitril/valsartan 8 (2.7%) 4 (2.7%) 4 (2.7%)
Sartan 65 (21.7%) 27 (18.0%) 38 (25.3%)

BP systole (mm Hg) 143 [28] 142 [27] 144 [28] 0.617
BP diastole (mm Hg) 83 [15] 83 [15] 83 [15] 0.847
Heart rate (per minute) 88 [25] 89 [26] 88 [23] 0.88
Left atrial diameter (mm) 47 [7] 47 [7] 48 [7] 0.701
LVEF (%) 54 [8] 54 [8] 55[8] 0.9

ACEI, angiotensin-converting enzyme inhibitor; BMI, body mass index; BP, blood pressure; LMWH, low molecular weight heparin; LVEF, left ventricular
ejection fraction; NOAC, non-vitamin K antagonist oral anticoagulants; RAAS, renin-angiotensin-aldosterone system.

CHA₂DS₂-VASc: Congestive heart failure (1 point); Hypertension (1 point); Age �75 years (2 points); Diabetes mellitus (1 point); previous Stroke or transient
ischemic attack (TIA) or thromboembolism (2 points); Vascular disease (1 point); Age 65 to 74 years (1 point); Sex category (female) (1 point).
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Discussion

Efficacy

This study compared 2 protocols for cardioverting AF,
both using the maximum available 360-J energy shocks but
differing in the energy of the initial shock. The main finding
was that the cumulative success rates were similar, but patients
who received the lower 150-J initial shock had less frequent
skin irritation related to the cumulative energy dose delivered.
The low escalating (rational) energy protocol was shown to be
feasible for patients with lower BMI and for women in whom
the initial 150-J shock was sufficient to restore SR.

The optimal DCCV algorithm is a daily dilemma in
clinical practice. Despite a large number of previously pub-
lished observational studies and reports,28 there is a paucity of
randomized data addressing the issue of energy selection or

escalation. The first randomized trial using impedance-
compensated biphasic shocks with pads in anterior-lateral
position (self-adhesive, no manual pressure applied), the
Biphasic Energy Selection for Transthoracic Cardioversion of
Atrial Fibrillation (BEST-AF) trial,29 compared a low escala-
tion protocol (100-150-200-200 J) with a fixed energy pro-
tocol (200-200-200 J). The authors found no difference in the
overall success rate, defined as the restoration of SR for at least
30 seconds (90% vs 88%, P ¼ 0.56) and also demonstrated
that a higher initial shock energy resulted in a higher initial
success rate (48% vs 71%, P < 0.01), particularly in patients
with obesity and BMI > 25 kg/m2 (44% vs 75%, P ¼ 0.001).
The second study, the Comparison of High vs Escalating
Shocks (CHESS) trial,23 used biphasic shocks with self-
adhesive pads (no manual pressure, no impedance compen-
sation) in the anterior-posterior position, and compared an

Figure 1. CONSORT flow diagram of the PROTOCOLENERGY study.
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energy-escalating protocol with a maximum energy of 200 J of
the last shock with a fixed-energy protocol using novel
maximum energy shocks of 3 x 360 J. The authors found a
profound difference between the protocols in terms of initial
and cumulative efficacy in favour of the fixed maximum-
energy protocol.

Compared with our study, subjects in both protocol
groups of the PROTOCOLENERGY study had higher rates
of successful cardioversion after both the first and last
protocol-guided shock (comparison of studies in Table 3). In
addition, high rates (> 90%) of restoration of SR at 2 hours

were observed. This may be because the PROTO-
COLENERGY trial incorporated the best of previous studies:
in particular, the use of maximum high energy in cardiover-
sion protocols, the use of impedance-compensated waveforms
that automatically adjust the peak current to match patients
with different chest impedances, and the use of manual
pressure to increase shock effectiveness. Under these condi-
tions, the cumulative efficacy of DCCV can be as high as
94%, regardless of the initial shock energy.

It is important to note that there are different definitions of
DCCV success. In the aforementioned studies, 30 seconds to

Figure 2. Incidence of skin redness postcardioversion by DCCV shock number and algorithm. Significant differences in the incidence of skin er-
ythema were observed between the 2 algorithms overall (left, total bars) and between patients receiving only 1 (initial) DCCV shock, favouring RaA
with 150-J shock. The differences in skin redness were not statistically significant in patients receiving 2 or 3 DCCV shocks, likely because of the
uniform energy level (360 J) used in subsequent shocks in both protocols, underscoring the skin-protective effect of the low energy of the initial
shock. DCCV, direct current cardioversion; RaA, rational energy algorithm.

Table 2. Secondary safety endpoints

Total

Study arm

P value
Rational energy algorithm

(150, 360, 360 J)
Maximum fixed energy algorithm

(360, 360, 360 J)

Skin changes 2 hours post- DCCV
No skin changes 217 (72.3%) 121 (80.7%) 96 (64.0%) 0.001
Skin redness 83 (27.7%) 29 (19.3%) 54 (36.0%)
Skin burns 0 0 0

Chest pain (VAS 1-10) 24 hours post
DCCV
0 249 (89.9%) 126 (91.3%) 123 (88.5%) 0.378
1 12 (4.3%) 7 (5.1%) 5 (3.6%)
2 5 (1.8%) 3 (2.2%) 2 (1.4%)
3 3 (1.1%) 1 (0.7%) 2 (1.4%)
4 2 (0.7%) 0 2 (1.4%)
5 4 (1.4%) 0 4 (2.9%)
7 1 (0.4%) 1 (0.7%) 0
8 1 (0.4%) 0 1 (0.7%)

Bold values indicate statistical significance (P < 0.05).
DCCV, direct current cardioversion; VAS, visual analogue scale.
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1 minute of postshock SR preservation was considered suc-
cessful DCCV. In the Ottawa AF Cardioversion Protocol
published by Ramirez et al.,27 implementing similar measures
as in our study, the DCCV success reached 99.2%, but was
defined as � 2 consecutive sinus beats or atrial-paced beats in
patients with implantable devices. As the CHESS trial used 3
x 360 J energy in the fixed-energy group but differed in the
energy-escalating group, we chose to use the same endpoint

definition as the CHESS trial to allow for better comparison
among trials and protocols.

Safety

There was no evidence of an increased risk of clinically
relevant arrhythmias or neurologic complications with either
protocol or when comparing the incidence of adverse events

Figure 3. Efficacy of each DCCV protocol after first, second and third shock. The DCCV success rate after the first shock was significantly higher in
the MfA protocol group using a maximum energy of 360 J. The cumulative success rates after subsequent shocks, delivered uniformly at 360 J for
both algorithms, were not significantly different, highlighting similar efficacy in SR restoration beyond the first shock. DCCV, direct current car-
dioversion; MfA, maximum fixed-energy algorithm; SR, sinus rhythm.

Figure 4. Analysis of association of BMI with success of initial 150J shock. (A) Relative efficacy of the initial 150-J DCCV shock across different BMI
categories. The graph clearly shows thatddespite the statistical insignificancedthe percentage of successful cardioversions was much higher in
the lower BMIs than in the higher BMIs. (B) The ROC curve analysis for BMI and DCCV success after the initial 150-J shock. The AUC value of 0.675
indicates a moderate predictive value of BMI for cardioversion success in patients with AF. (C)Visualization of 2 BMI peaks using Youden’s J
statistic. The peaks identify a BMI of 29 to 34 kg/m2 as the most appropriate cutoff for predicting 150J shock success, combining both sensitivity
and specificity. AF, atrial fibrillation; AUC, area under the curve; BMI, body mass index; DCCV, direct current cardioversion; ROC, receiver operating
characteristic.
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Table 3. Comparison of BEST-AF, CHESS and PROTOCOLENERGY randomized trials in patients undergoing biphasic elective cardioversion

BEST-AF29 CHESS23 PROTOCOLENERGY

Pads position Anterior-lateral Anterior-posterior Anterior-lateral
Manual pressure applied No No Yes
Waveform type Truncated exponential, impedance compensated Truncated exponential Truncated exponential, impedance compensated
Cardioversion success
definition

Sinus rhythm 30 seconds after cardioversion Sinus rhythm 1 minute after cardioversion Sinus rhythm 1 minute after cardioversion

Patients total 380 276 300
Energy escalating:
100,150,200,200 J

Fixed energy:
200,200,200 J

Energy escalating:
125,150,200 J

Fixed energy:
360,360,360 J

Energy escalating:
150,360,360 J

Fixed energy:
360,360,360J

Success rate: (1) Initial
shock

48% 71%y 34% 75%z 73% 83%*

(2) Cumulative 90% 88% 66% 88%z 93% 94%*
Number of shocks
(Average [� SD],
median [IQR])

1.88 (� 1.04) 1.46 (� 0.76)y 2 [1-3] 1 [1-1]x 1.36 (� 0.64) 1.24 (� 0.58)*

Energy applied (Average
[� SD], median
[IQR])

202 J (� 135) 251 J (� 110)y 275 J (125-475) 360 J (360-360)x 150 J (150-870) 360J (360-1080) ***

Initial shock success
predictors

BMI < 25 kg/m2 N/A BMI < 29-34 kg/m2, female

Cumulative success
predictors

Short duration of AF N/A N/A

Safety: (1) Arrhythmias No difference Low rates, no difference Low rates, no difference
(2) Skin changes N/A Redness/burns no difference No burns, more redness in Fixed

AF, atrial fibrillation; BMI, body mass index; IQR, interquartile range; SD, standard deviation.
* P < 0.05 between the protocols within the study.
y P < 0.01 between the protocols within the study.
z P < 0.001 between the protocols within the study.
x P value unknown between the protocols within the study.
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with previous studies. Although there was no difference in
skin redness between the low-escalation (up to 200 J) and
maximum-fixed (360 J) protocol groups in the CHESS trial
using self-adhesive anterior-posterior pads, in our study using
hand-held paddles in the anterior-lateral position and manual
pressure, the incidence of skin redness was significantly higher
in the maximum-fixed energy group, especially after the first
shock. This may be because of the use of impedance-
compensated shocks with different peak currents, indepen-
dent of the total energy delivered, depending on chest
impedance, which is generally higher in patients with obesity
and women and lower in patients with heart failure and those
with reduced hemoglobin levels.30 Chest impedance is
significantly influenced by pad size, pad position, and skin-to-
pad contact and generally decreases with the number of shocks
delivered. However, increased impedance has not been asso-
ciated with cardioversion success.12

Relationship among BMI, sex, and initial 150-J shock
success rate

In the post-hoc analysis, a BMI of 29-34 kg/m2 was
identified as a potential cutoff for initiating DCCV with a
150-J shock. In the BEST-AF trial, overweight patients (BMI
> 25 kg/m2) were also significantly less likely to regain SR
with the initial 150-J vs 200-J shock (44% vs 75%, P <
0.001).29 This may be explained by higher defibrillation
thresholds in patients with obesity.31 The current study
confirms previous findings and recommends a BMI cutoff to
be considered when choosing between low or high energy of
the initial shock.

Although not statistically significant, women were more
likely than men to restore SR after the initial 150 J. Our
daily practice supports the clinical relevance of such an
observation and is consistent with the results of previous
studies.32 With a concept of less skin irritation and main-
tained efficacy, initiating cardioversion with lower ener-
gydespecially in women rather than in mendseems to be a
feasible approach.

Future directions

Recently, a meta-analysis comparing different ap-
proaches to DCCV was published after the trial was
completed.28 The results of this analysis demonstrated the
superiority of biphasic waveforms, high energy shocks, and
manual pressure. The PROTOCOLENERGY study has
already used these approaches and added further data to
support the use of a maximum energy of 360 J, which is
feasible to start with but essential to end with during the
course of DCCV.

There is growing evidence that the simultaneous use of 2
defibrillators, known as dual DCCV, further increases the
overall success rate of electrical cardioversion, with no safety
issues when 200-J shocks are used. Darrat et al.33 incorporated
dual DCCV into a step-up institutional protocol and achieved
99.3% success in restoring SR, and in a randomized trial in
patients with obesity and AF (BMI > 35 kg/m2) the success
rate of single vs dual DCCV was 86% vs 98%, with a higher
likelihood of failure with single DCCV (adjusted OR, 12.6;
95% CI, 1.3-118.9).34 Despite higher success rates compared
with single DCCV studies including PROTOCOLENERGY,

further studies are needed to elucidate the optimal output
energy for dual DCCV and to justify its use in daily clinical
practice. Potential indications for dual DCCV may include
failure of single DCCV34 or patients with known extensive
cardiac fibrosis, which has recently been associated with
endocardial damage, thrombus formation, conduction ab-
normalities, and atrial re-entry.35

Limitations

The study has several limitations. First, it is a single-centre
study. However, the approach to patients with AF and
DCCV is similar between complex cardiology centres in the
Czech Republic. Second, not all patients indicated for DCCV
were enrolled. For logistic reasons, we chose to randomize
patients with stable AF who were indicated for an elective
outpatient procedure, and excluded hospitalized patients, those
with decompensated heart failure, and those indicated for acute
DCCV. Therefore, it is questionable whether the results can be
generalized to all patients with AF. Third, we did not record
detailed information on biochemical variables (potassium,
magnesium, renal function, N-terminal pro-B-type natriuretic
peptide [NT-proBNP]), echocardiographic parameters other
than LVEF and left atrial diameter (left/right atrial volume,
valvular disease, ischemic heart disease, diastolic filling pressure
calculations, left atrial and ventricular strain), or duration/type
of AF, which are known to potentially influence the onset and
course of AF and were therefore not included in our analyses.
The aim was to keep the study as simple and real-world as
possible, and this information was not available for patients
referred for elective DCCV from different centres. Fourth, the
cumulative energy delivered during DCCV may be slightly less
than the output energy set on the defibrillator, depending on
the individual patient’s thoracic impedance values, pulse
duration, and leading-edge voltage. These values were not
recorded. Fifth, a total of 7 patients did not receive a third
shock as per protocol and were included as failures in the ITT
analysis. These protocol deviations did not change the overall
results of the study, as an on-treatment analysis (not shown)
excluding these patients produced the same results. Finally, the
physician administering the shock was not blinded, but the
patients and the physician assessing the skin changes and all
outcome assessments were blinded.

Conclusions
Energy escalation (150 J-360 J-360 J) and maximum fixed

energy (3 x 360 J) DCCV protocols showed similar high
cumulative efficacy. Starting with 150 J, the initial shock
appeared to be adequate for most patients with BMI less than
29 to 34 kg/m2 and for women who benefited from less skin
erythema compared with the initial 360-J shock. With its high
efficacy but better tolerability, the energy escalation protocol
should be preferred to the maximum fixed energy protocol in
elective cardioversion patients.
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Abstract
Renal nerves play a critical role in cardiorenal interactions. Renal denervation (RDN) improved survival in some
experimental heart failure (HF) models. It is not known whether these favorable effects are indirect, explainable by a
decrease in vascular afterload, or diminished neurohumoral response in the kidneys, or whether RDN procedure per se has
direct myocardial effects in the failing heart. To elucidate mechanisms how RDN affects failing heart, we studied load-
independent indexes of ventricular function, gene markers of myocardial remodeling, and cardiac sympathetic signaling in
HF, induced by chronic volume overload (aorto-caval fistula, ACF) of Ren2 transgenic rats. Volume overload by ACF led to
left ventricular (LV) hypertrophy and dysfunction, myocardial remodeling (upregulated Nppa, MYH 7/6 genes), increased
renal and circulating norepinephrine (NE), reduced myocardial NE content, increased monoaminoxidase A (MAO-A), ROS
production and decreased tyrosine hydroxylase (+) nerve staining. RDN in HF animals decreased congestion in the lungs
and the liver, improved load-independent cardiac function (Ees, PRSW, Ees/Ea ratio), without affecting arterial elastance or
LV pressure, reduced adverse myocardial remodeling (Myh 7/6, collagen I/III ratio), decreased myocardial MAO-A and
inhibited renal neprilysin activity. RDN increased myocardial expression of acetylcholinesterase (Ache) and muscarinic
receptors (Chrm2), decreased circulating and renal NE, but increased myocardial NE content, restoring so autonomic control
of the heart. These changes likely explain improvements in survival after RDN in this model. The results suggest that RDN
has remote, load-independent and favorable intrinsic myocardial effects in the failing heart. RDN therefore could be a useful
therapeutic strategy in HF.

Keywords Heart failure ● Norepinephrine ● Renal denervation ● Volume overload ● Sympathetic nervous system

Introduction

Renal sympathetic innervation plays an important role in
cardiorenal interactions and in the pathophysiology of heart
failure (HF) [1, 2]. The renal nerves contain both afferent
and efferent sympathetic nerve fibers, establishing a
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bidirectional link between the kidneys and the brain [3].
Through this connection, the brain centers, located in the
hypothalamus and in the brain stem, collect renal and other
sensory inputs and regulate sympathetic nerve output to
peripheral organs, including the kidneys and the heart [1].
Chronic HF is accompanied by sympathetic overactivation,
increased norepinephrine (NE) release from the heart and
the kidneys into the plasma [4], depleted NE in the myo-
cardium [5], increased production of reactive oxygen spe-
cies (ROS) [6], and downregulated beta-1 adrenergic
receptors (Adrb1), which all contribute to decreased con-
tractility, fibrosis and further propagation of myocardial
damage [7–9].

Renal denervation (RDN) is a non-pharmacological treat-
ment method consisting of the targeted destruction of nerve
fibers around the renal arteries by radiofrequency energy,
ultrasound or by locally-applied chemical toxin [10–14], that
eliminates both efferent and afferent sympathetic signals,
reduces kidney NE and attenuates the central sympathetic
drive [15, 16]. RDN demonstrated marked antihypertensive
effects in experimental studies and also in clinical trials [17].

Intriguingly, RDN showed favorable effects not only in
hypertension but more recently also in experimental models
of HF, where it improved survival [10, 12, 18, 19]. This is
somewhat surprising because pharmacological unselective
central sympathetic inhibition in HF patients led to exces-
sive mortality and was abandoned [20]. The mechanisms of
favorable effects of RDN in HF have not yet been suffi-
ciently elucidated. The key unresolved questions remain,
whether RDN effects in HF are explainable by an attenuated
neurohumoral response in the kidneys, by reduced vascular
afterload, or whether RDN procedure per se has direct
myocardial effects in the failing heart.

In this study, we investigated the effects of RDN on HF
due to volume overload from aortocaval fistula (ACF)—
well established HF model of high cardiac output with
markedly expressed neurohumoral activation and conges-
tion [5, 21, 22]. We used Ren-2 transgenic rat (TGR)
[19, 23, 24], a strain that displays rapid and pronounced
onset of HF symptoms after ACF induction [19]. It is
known that in TGR rats, a hypotensive effect occurs in very
early stages after ACF, due to the transfer of volume and
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pressure from the aorta to the inferior vena cava [19, 25]. To
separate the impact of RDN on vascular load from intrinsic
myocardial effects, we utilized pressure-volume (PV) ana-
lysis, and we studied the effects on molecular markers of
myocardial remodeling. We further analyzed in a greater
detail changes in the myocardial sympathetic system, that
are grossly deregulated in this HF model [5, 26].

Methods

Animals and the protocol

The study was performed in accordance with relevant reg-
ulations and was approved by the Animal Ethics Committee
of IKEM and by the Ministry of Health of the Czech
Republic (#12468/2021-5/OVZ). Heterozygous TGR were
generated by breeding female homozygous HanSD rats with
male homozygous TGR as described [27]. Eight-week-old
TGR underwent ACF surgery to induce volume overload.
After 1 week, animals underwent bilateral RDN (mechan-
ical and chemical by topical phenol application) from
laparotomy [28, 29]. Two weeks after RDN, the functions
of the left ventricle (LV) were measured by PV analysis,
and the animals were examined using echocardiography
each week. Animals were killed by thiopental sodium i.p.
overdose (in the case of in vivo measurements of echo-
cardiography and PV analysis), or by decapitation (hor-
monal and molecular analyses).

Aortocaval fistula and renal denervation surgery

The animals were anaesthetized using ketamine and mid-
azolam (Calypsol, Gedeon Richter, Hungary, 160 mg/kg
and Midazolam, Kalcex, Latvia, 160 mg/kg, i.p.). The ACF
was created as described previously and this procedure is
routinely performed in our laboratory [19, 21, 30]. The
sham-operated rats underwent opening and closing of the
abdominal cavity, without the aortocaval fistula procedure.
After the surgery, meloxicam analgesia (1–2 mg/kg/day,
s.c.) was given for 2–3 days.

Bilateral RDN procedure was performed 1 week after
ACF surgery. Animals were anaesthetized using ketamine/
midazolam and bilateral RDN procedure was performed as
described in previous studies [19, 31–33]. Intact animals
underwent laparotomy and retraction of the abdominal
organs.

Echocardiography

An echocardiographic examination was performed on the
day of surgery before the creation of ACF/sham. The sec-
ond examination was performed after 1 week, before RDN/

intact surgery, and once per week during the next 2 weeks
until the end of the experiment. Prior to the echocardio-
graphic examination, the animals were anesthetized with
4% isoflurane (IsoVet®, Piramal Healthcare, UK). During
the image acquisition, the rats were maintained under iso-
flurane anesthesia (1.5–2%, Combi-vet® system, Rothacher
Medical GmbH, Heitenried, Switzerland). B-Mode and
M-Mode images were recorded in parasternal long and short
axis view and used for measurements of dimensions of LV
internal diameter, and anterior and posterior walls. Echo-
cardiographic examination was done by Vevo® 2100 Ima-
ging System with the MS250S transducer (13–24MHz),
and evaluated in VevoLab (v3.2.0, FUJIFILM VisualSo-
nics, Inc., Toronto, ON, Canada).

Pressure-volume analysis

Rats were anesthetized with thiopental (50 mg/kg, i.p.,
VAUB Pharma a.s., Roztoky, CZ) and echocardiography
was performed as described above. Rats were intubated and
artificially ventilated through the procedure (Ugo Basile,
Gemonio, IT). The left jugular vein was cannulated with
saline for securing central venous access. A balloon catheter
(LeMaitre Single Lumen Embolectomy Catheter, 2F, Bur-
lington, MA, USA) was inserted via the left femoral vein to
the vena cava inferior, below the diaphragm to maintain the
best position for preload reduction [34]. Functions of the
LV were invasively assessed by a PV catheter (Millar, 2F,
Houston, TX, USA) introduced into the LV via the right
carotid artery as described in previous studies [35–37].
Volume signal was calibrated by cuvette calibration unit of
known volumes fulfilled with heparinized warm blood
taken from LV after the experiment. Data from PV loops
were captured and analyzed in LabChart Pro software
(ADInstruments, Bella Vista, NSW, Australia) as discussed
in detail in our previous study [34].

Gene expression analysis

LV was homogenized in RNAzol® RT (#RN190; Molecular
Research Center, Inc., Cincinnati, USA) and RNA free
water was added to samples and mixed. After the pre-
cipitation the samples were centrifuged (12,000 × g, 15 min,
4 °C) and the supernatant was transferred. The RNA was
precipitated with 75% ethanol and gently mixed, incubated
for 15 min, room temperature (rt), centrifuged (12,000 × g,
20 min, 4 °C) and the supernatant was discarded. The pellet
was washed twice with 75% ethanol, centrifuged (7500 × g,
5 min, 4 °C) and dried in a thermoblock at 55 °C. The pellet
was dissolved in RNA free water, incubated in the ther-
moblock for 10 min and stored at −80 °C until analysis. The
concentration and purity of the RNA were measured. Bio-
Rad C1000 Thermal cycler (Bio-Rad s.r.o., Prague, Czech
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Republic) was used with High Capacity cDNA Reverse
Transcription Kit (#4368813; Applied Biosystems, Foster
City, CA, USA). Transcribed cDNA samples were diluted
with DEPC-treated water and mixed with TaqMan Fast
Advanced Master Mix (#4444556; Applied Biosystems,
Foster City, CA, USA). The solution was transferred to a
TaqMan Array Card (384-well microfluidics TaqMan array
cards; custom setting of selected genes), centrifuged twice
(1200 RPM, 1 min, 4 °C) and sealed. The quantification was
done on ViiA™ 7 Real-time PCR system (Applied Bio-
systems, Foster City, CA, USA) and the measurement of
mRNA expressions was performed in accordance with the
manufacturer’s instructions.

Relative gene expression was calculated by the 2−ΔΔCt
method, which is frequently used for such experiments
[38–40]. Housekeeping gene GAPDH was used as the nor-
malizer to calculate relative gene expression. Final results
were expressed as the n-fold difference in gene expression of
mRNA of target genes between experimental and control.

Immunohistochemistry

Dissected basal halves of free walls of the LV were whole-
mount stained with anti-tyrosine hydroxylase primary anti-
body (1:500, rabbit AB152, MerckMillipore) visualized with
Cy5 coupled goat-anti-rabbit secondary antibody (1:200,
Jackson Immuno Research) as described [41]. Incubation
times were prolonged (blocking 24 h in normal goat serum,
1:10, primary antibody 48 h, washing 12 h, secondary anti-
body 24 h, all at rt with continuous gentle rocking), and
Triton-X concentration was increased at 0.1%.

After staining, the samples were pinned epicardial side up
to the bottom of a deep Petri dish covered with Sylgard and
cleared in Scale2 for at least 48 h [42]. The samples were then
examined on a confocal Olympus BX61 system (FluoView
1000) using a 2x, 0.14 NA dry objective (overview picture)
followed by 25x ScaleView objective (NA 1.0). Three con-
focal stacks spanning at least 50-micron depth were collected
from different location at 1-micron z-step. For analysis, sub-
stacks of 10 µm thickness were selected from the sub-
epicardial region, and maximum intensity projections of
green channel (488 nm excitation, detecting tissue auto-
fluorescence derived mostly from the myocytes) and far-red
channel (635 nm excitation, specific fluorescence of anti-
tyrosine hydroxylase immunostaining) were created in Ima-
geJ. Percentage of red to red+ green channel was then cal-
culated after signal thresholding in ImageJ.

Myocardial ROS production by monoamine
oxidase A

Myocardial hydrogen peroxide production by monoamine
oxidase A (MAO-A) was determined fluorometrically

measuring the oxidation of Amplex Red reagent (Thermo
Fisher Scientific, Waltham, MA, USA) coupled to the
enzymatic reduction of H2O2 by horseradish peroxidase.
Briefly, 10% homogenates were prepared in ice-cold KCl-
based media (120 mM KCl, 3 mM HEPES, 5 mM KH2PO4,
3 mM MgSO4, and 1 mM EGTA, pH 7.2) from frozen free
wall of LV using zirconium oxide grinding balls (3 min,
30 Hz), Retsch MM 400 mixer mill (Retsch, Haan, Ger-
many) and filtered through a fine mesh. Protein concentra-
tion was estimated by the BCA method. An aliquot of the
homogenate was saved for SDS-PAGE analyses. The assay
was performed using 0.15 mg/ml of protein in KCl-based
media with or without the MAO-A substrate tyramine
(50 μM) or its specific inhibitor clorgylin (1 μM), in the
presence of 50 μM Amplex Red and 1 U/ml HPR. A stan-
dard curve of 1–10 μM H2O2 was established in every plate
to calibrate the signal to nmol produced. The increase in the
fluorescence was recorded for 30 min at 37 °C with an
Infinite M200 plate reader (Tecan Group Ltd., Männedorf,
Switzerland) at 544/590 nm.

Western blot analysis

LV tissue (free wall) was homogenized and protein con-
centration in the supernatant was measured using Pierce
BCA protein assay (Thermo Fisher Scientific, Waltham,
MA, USA). Protein was separated by sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto the polyvinyl difluoride membrane in
transfer buffer at 100 V for 1.5 h. Membranes were blocked
with 2.5% BSA/5% non-fat dry milk in TRIS buffered
saline with Tween20 (TBS-T) and washed with TBS-T. The
membranes were incubated with primary antibodies over-
night at 4 °C (more antibody dilutions details in supple-
ment). After incubation and washing, the membranes were
incubated with horseradish peroxidase-conjugated second-
ary antibody for 1 h at rt. After last washing, the immuno-
blots were exposed to SuperSignal West Dura Substrate
(Thermo Scientific, Rockford, IL, USA) for chemilumi-
nescent detection. Relative densitometry was determined
using ImageJ software (NIH, Bethesda, MD, USA). Protein
data were normalized to the housekeeping protein GAPDH.
Final results were expressed as the n-fold difference in
target protein expression between experimental and
control group.

Neprilysin activity in kidney tissue

Neprilysin activity was assessed in whole kidney samples as
described before [43, 44]. Briefly, kidney tissue was
homogenized in ice-cold neprilysin assay buffer supple-
mented with protease inhibitors aprotinin and phe-
nylmethylsulfonyl fluoride using mixer mill MM400,
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centrifuged (12,000 × g, 10 min, 4 °C) and supernatant was
collected. Neprilysin activity was measured by a fluoro-
metric assay (K487-100; BioVision, Milpitas, CA, USA).

The measurement of norepinephrine in kidney and
heart tissue

NE was measured in kidney cortex and LV heart samples.
Briefly, wet tissue samples were weighted and homogenized
in 0,05M PB (pH 7.4) supplemented with protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA) and ascorbic
acid using mixer mill MM400, centrifuged twice (3000 × g,
10 min, 4 °C and 10,000 × g, 10 min, 4 °C) and supernatant
was collected. NE concentration was measured by a solid
phase enzyme-linked immunosorbent assay based on the
sandwich principle, using commercially available ELISA
kit (RE59261; IBL International, Hamburg, Germany).
More methodological details are provided in Supplementary
Information.

Statistical analysis

Statistical analysis of the data was performed using Graph-
Pad Prism software v9.4.1 (Graph Pad Software, San Diego,
CA, USA). All results are presented as the mean ± standard
error of the mean. The data were analyzed using one-way
ANOVA (organ weights, core hemodynamic parameters,

gene and protein expressions) with Fisher’s LSD post hoc
test or two-way ANOVA (echocardiography results) fol-
lowed by Tukey’s post hoc multiple comparison test. The
values of p below 0.05 were considered as statistically
significant.

Results

Weights, cardiac dimensions and principal LV
hemodynamics

Table 1 shows organ weights and hemodynamics in the
sham-operated control group, in a group with HF induced
by ACF, and in a group with ACF and RDN. The sham/
RDN group compared to the sham/intact group displayed no
significant changes in organ weight parameters but sig-
nificantly decreased end-systolic pressure (149 ± 3.8 vs.
169 ± 3.7 mmHg, p < 0.05) and mean LV pressure (65 ± 2.2
vs. 75.4 ± 3.7 mmHg, p < 0.05).

ACF had an impact on multiple organ weight parameters
that are typically changed in HF, with no effect on the body
weight or tibia length (not shown). ACF/intact rats had
increased heart weight and LV weight. Similarly, compared
to the sham group, ACF/intact rats had significantly
increased weight of the left atrium (LA) and weight of the
lungs, reflecting HF-related congestion. Compared to the

Table 1 Organ weights and
principal hemodynamic
parameters of the left ventricle

Strain sham/intact sham/RDN ACF/intact ACF/RDN

Organ weight (g)

n 25 28 25 28

Body weight 438 ± 9.59 439 ± 8.25 425 ± 8.38 418 ± 7.2

Heart weight 1.62 ± 0.02 1.6 ± 0.03 2.24 ± 0.03* 1.95 ± 0.04*†

Left atrium 0.04 ± 0.001 0.041 ± 0.001 0.074 ± 0.002* 0.065 ± 0.002*†

Left ventricle (with IVS) 1.22 ± 0.02 1.19 ± 0.02 1.53 ± 0.02* 1.36 ± 0.03*†

Kidney weight 1.61 ± 0.03 1.65 ± 0.04 1.56 ± 0.04 1.51 ± 0.02

Lungs weight 1.81 ± 0.06 1.85 ± 0.04 2.47 ± 0.12* 2.1 ± 0.06*†

Liver weight 15.97 ± 0.43 15.49 ± 0.4 16.6 ± 0.39 14.83 ± 0.33†

Hemodynamics

n 8 11 14 10

Stroke work (mmHg*µl) 6957 ± 784 7334 ± 646 10,757 ± 581* 7953 ± 841†

Cardiac output (μl/min) 17,305 ± 2052 20,426 ± 1193 32,205 ± 1843* 24,544 ± 2765†

Stroke volume (μl) 44.1 ± 4.8 49.1 ± 3.5 78.9 ± 3.6* 60.5 ± 6.6†

Mean ventricular pressure (mmHg) 75.4 ± 3.7 65 ± 2.2* 68.4 ± 2.3 67.1 ± 2.2

End-systolic pressure (mmHg) 169 ± 3.7 149 ± 3.8* 143 ± 3.1* 142 ± 2.2*

End-diastolic pressure (mmHg) 7 ± 0.78 5.5 ± 0.63 12.7 ± 1.63* 8.2 ± 0.69†

End-diastolic volume (µl) 230 ± 21.1 260 ± 13.3 356 ± 13.3* 264 ± 27†

End-systolic volume (µl) 175 ± 17.9 207 ± 6.7 260 ± 12.3* 191 ± 19.3†

Heart rate (bpm) 389 ± 8.5 392 ± 7.6 384 ± 6.5 403 ± 3.5

Values are means ± SEM

*p < 0.05 vs. sham/intact; †p < 0.05 vs. ACF/intact
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sham/intact group, ACF/intact rats had significantly
increased stroke volume, stroke work, and cardiac output.
End-systolic and end-diastolic pressure (EDP) measured by
PV analysis were increased in ACF/intact group compared
to the sham/intact group, similar to echocardiographic
measurements (Fig. 1b, c). Moreover, ACF rats had also a

significant decrease in end-systolic pressure (143 ± 3.1 vs.
169 ± 3.7 mmHg, p < 0.05) compared to sham rats.

Compared to intact ACF, RDN significantly decreased
heart weight, LA, LVweight, and congestion of the lungs and
liver. RDN in ACF rats significantly decreased stroke work
and normalized stroke volume and cardiac output. RDN in

Fig. 1 In vivo measurement of LV contractility and dimensions.
a Representative pressure-volume loops from invasive pressure-volume
analysis. Red line—end-systolic elastance (Ees), blue line—end-dia-
stolic pressure-volume relationship (EDPVR). b Echocardiographic M
mode images of parasternal long axis view. LV AWd left ventricular
anterior wall thickness in diastole, LV AWs left ventricular anterior
wall thickness in systole, LVIDd left ventricular internal diameter in

diastole, LVIDs left ventricular internal diameter in systole, LV PWd
left ventricular posterior wall thickness in diastole, LV PWs left ven-
tricular posterior wall thickness in systole. c Diameter of left ventricle
in systole (LVIDs) and diastole (LVIDd) measured during each week of
experiment (3 weeks); FS fractional shortening. N= 10 in sham/intact,
N= 19 in ACF/intact, N= 13 in ACF/RDN. ###p < 0.001; ##p < 0.01;
#p < 0.05, ACF/intact vs. ACF/RDN group, compared to the day 14
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ACF rats also decreased dilatation of LV (Fig. 1b, c), which
was shown as reduced LV end-systolic and end-diastolic
volumes. We observed that ACF/RDN group had also
reduced EDP (8.2 ± 0.69 vs. 12.7 ± 1.63 mmHg, p < 0.05)
compared to ACF intact group. Heart rate was not affected by
ACF or RDN in any groups.

LV function and HF markers: the impact of ACF

ACF/intact group had significantly decreased systolic
function compared to the sham/intact group. ACF/intact
group had also decreased end-systolic elastance (Ees) and
preload recruitable stroke work (PRSW) compared to the
sham/intact group. ACF/intact had also decreased
ventricular-arterial coupling compared to sham/intact (Ees/
Ea ratio, Fig. 2a).

ACF/intact group had extensive upregulation of markers
of myocardial damage/remodeling compared to the sham/
intact group. ACF/intact group had increased fibrotic mar-
ker collagen I/III (Col1a1/Col3a1) gene expression ratio.
Similarly, maladaptive hypertrophy markers myosin heavy

chain isotype ratio (Myh 7/6) and myocardial stress gene
natriuretic peptide A (Nppa) were increased in ACF/intact
group compared to the sham/intact group. ACF/intact group
had a significantly decreased (p= 0.05) medium-chain acyl-
Coa dehydrogenase (Acadm, Fig. 2b).

Cardiac autonomic nervous system: the impact of
ACF

ACF rats had significantly increased NE levels in plasma and
kidney (Fig. 3a, b), but depleted LV content of NE compared
to the sham group (Fig. 3c). Correspondingly, we observed
decreased LV protein expression of the key NE-synthetizing
enzyme tyrosine hydroxylase (TH) in the LV (Fig. 3d) and
diminished LV myocardial density of TH-positive sympa-
thetic nerves (Fig. 4a, c, d). From proteins involved in the
myocardial fate of NE, we observed an increased expression
(p= 0.03) of presynaptic norepinephrine transporter (NET,
responsible for synaptic NE reuptake, Fig. 3e) and significant
decrease of organic cation transporter (OCT3, responsible for
myocardial uptake of NE) in ACF compared to the sham/

Fig. 2 LV function and gene expression of selected HF markers and
the impact of RDN. a Systolic function parameters measured by
invasive PV analysis, Ees/Ea, ventricular-arterial coupling ratio.
b Gene expression of markers of fibrosis—collagen I/III (Col1a1/

Col3a1) ratio, myocardial stress—Myosin heavy chain 7/6 (Myh 7/6)
ratio, natriuretic peptide A (Nppa) and mitochondrial fatty acid beta-
oxidation pathway, acyl-CoA dehydrogenase medium chain (Acadm).
N= 9 in sham/intact, N= 9 in ACF/intact, N= 10 in ACF/RDN
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control group (Fig. 3f). MAO-A, NE-degrading enzyme was
upregulated (Fig. 3g) and correspondingly, ROS generated by
MAO-A (Fig. 3h) were increased in ACF LV, while gene
expression of Adrb1 was downregulated compared to sham/
intact group (Fig. 3i).

In parasympathetic cardiac signalization, ACF/intact rats
had decreased acetylcholinesterase (Ache) and an unsignificant
trend to decreased choline muscarinic receptor type 2 (Chrm2,
Fig. 3j, k) in the LV compared to sham/intact.

ACF/intact rats displayed increased neprilysin activity in
the kidney, compared to the sham/intact group (Fig. 3l).

LV function and HF markers: the impact of RDN

RDN procedure significantly improved LV systolic function
in ACF/RDN animals compared to the ACF/intact group.
ACF/RDN group had increased Ees, PRSW, and Ees/Ea
ratio compared to ACF/intact group (Fig. 2a). Peak LV

Fig. 3 Impact of ACF and effects of RDN on selected parameters of
sympathetic nervous system in left ventricle. a Plasma norepinephrine
(NE). b NE content in kidney. c NE content in left ventricle (LV).
d Biosynthesis of NE—protein expression of tyrosine hydroxylase
(TH). e Preganglionic NE transport—protein expression of NE trans-
porter (NET). f NE transport to cardiomyocyte—protein expression of
organic cation transporter 3 (OCT3). g Degradation of NE—protein

expression of monoamine oxidase A (MAO-A). h Production of
reactive oxygen species (ROS) by MAO-A. i Gene expression of beta-
1 adrenergic receptor (Adrb1). j Gene expression of choline mus-
carinic receptor type 2 (Chrm2). k Gene expression of acet-
ylcholinesterase (Ache). l Neprilysin activity measured in kidney.
N= 8 in sham/intact, N= 8 in ACF/intact, N= 8 in ACF/RDN
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pressure or effective arterial elastance (Ea) was not affected
by RDN (2 ± 0.23 vs. 2.2 ± 0.22, p= 0.5, see Supplemen-
tary Information).

ACF/RDN group had less elevated markers of adverse
myocardial remodeling compared to ACF/intact group—
reduced gene expression of fibrotic markers (Col1a1/
Col3a1 ratio), decreased the Myh 7/6 ratio compared to
ACF/intact group, while Nppa gene expression was not
significantly reduced. After RDN in the ACF group, we did
not observe any changes in medium-chain fatty acids in
gene expression of Acadm compared to ACF/intact rats
(Fig. 2b).

Cardiac autonomic nervous system in HF: the
impact of RDN

RDN in ACF rats significantly reduced NE in the plasma
and in the kidney (Fig. 3a, b). Despite we targeted the
sympathetic nervous system in the kidney, we observed
profound changes of sympathetic nerves in the heart—RDN
led to increased NE levels in LV compared to ACF/intact
rats (Fig. 3c).

In ACF/RDN group, we observed a numerically higher,
but not significant increase in protein expression of TH
(Fig. 3d). Sympathetic nerve density measured by TH
staining was not significantly changed in ACF/RDN com-
pared to ACF/intact (Fig. 4a, d). There was no difference in
OCT3 (Fig. 3f), but strong trend to reduce protein expression
of NET (presynaptic NE reuptake, p= 0.06, Fig. 3e) and
significantly reduced MAO-A in ACF/RDN group, com-
pared to ACF/intact rats (Fig. 3g). RDN/ACF rats displayed a
trend to (p= 0.07) to higher gene expression of Adrb1
(Fig. 3i), and significantly increased gene expression of
Chrm2 and Ache (Fig. 3j, k). We observed a significant
positive correlation between gene expression of Adrb1 and
TH among all groups (see Supplementary Information). RDN
in ACF rats significantly reduced the activity of neprilysin in
the kidney, compared to ACF/intact rats (Fig. 3l).

Discussion

The principal findings of our study were that volume
overload due to ACF leads to overt HF with congestion,

Fig. 4 Results of immunohistochemical staining of tyrosine hydro-
xylase (TH, red color) in left ventricle. Zoom 25x in a smaller square
embedded in an illustrative zoom 2x in a larger square. a Ratio of

sympathetic nerves immunostained with TH antibody to the total area.
b sham/intact. c ACF/intact. d ACF/RDN. N= 4 in sham/intact, N= 5
in ACF/intact, N= 4 in ACF/RDN
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accompanied by cardiac dysfunction, myocardial remodel-
ing, reduced NE content and sympathetic nerve density in
the heart, and enhanced sympathetic activation in the kid-
ney. RDN procedure in our HF model reduced congestion
and improved cardiac function, independently of changes in
afterload, improved markers of cardiac remodeling, and
partly restored cardiac NE levels and autonomic signaling.
The study indicates that RDN has remote favorable intrinsic
effects within the heart and it suggests that RDN could be a
therapeutic approach not only for hypertension but also for
HF.

Impact of ACF on cardiac function

First, we confirmed that volume overload due to ACF leads
to changes in the heart and in other organs consistent with
overt HF, which was associated with intrinsic impairment of
cardiac function by load-independent PV analysis
[22, 35, 36, 45]. We validated our previous observation that
the main NE-degrading enzyme—MAO-A is massively
upregulated in failing ACF heart, which raised the question
of how is cardiac sympathetic system disarranged in ACF
[26]. Despite renal and circulating NE levels were mas-
sively increased in our HF model, NE levels were reduced
in the failing myocardium, in agreement with other HF
models, and in humans with advanced HF [5, 6, 46, 47].
Myocardial NE depletion occurred probably due to a
combination of increased spillover from the sympathetic
endings in the heart due to increased central sympathetic
drive, and due to enhanced NE degradation by MAO-A.

Despite altered NE signaling in the failing heart cannot
per se explain full cardiac dysfunction [48], it may con-
tribute to abnormal cardiac performance. Increased cardiac
NE spillover from sympathetic nerve endings leads to
myocardial beta-1 adrenergic downregulation [7–9],
diminished heart rate response, and cardiac performance
during stress [49]. Increased myocardial NE catabolism by
MAO-A, a major ROS-generating enzyme, may promote
ROS-driven adverse cardiac remodeling [6]. We found
evidence for all these mechanisms in our HF model, indi-
cating that an intact cardiac sympathetic system is relevant
for normal cardiac function.

In contrast with some [6, 50] but not all authors [5, 51],
we did not find evidence for reduced synaptic NE reuptake
in the failing myocardium as the cause of NE depletion.
However, we did observe reduced sympathetic nerve den-
sity, which has also been found in other experimental HF
models [5, 52, 53]. This reduction could result from
inadequate sympathetic nerve growth, not paralleling
extensive cardiomyocyte hypertrophy (a “dilution” effect),
or from nerve damage, caused by high levels of ROS
generated by MAO-A [7]. Additionally, the failing ACF
hearts exhibited evidence of diminished parasympathetic

signaling, suggesting that a vagal withdrawal also con-
tributed to an autonomic imbalance in the failing heart.

Impact of RDN on HF

Using load-independent PV analysis, our data convincingly
demonstrate, for the first time, that RDN improves intrinsic
myocardial indexes of contractility, such as Ees, PRSW,
and Ees/Ea ratio, that were impaired by volume overload.
This suggests that favorable myocardial effects of RDN in
our HF model occurred beyond simple reduction of cardiac
afterload. Reduction in cardiac output and stroke volume in
ACF by RDN is considered beneficial and reflects the
reduction of hypertrophy and dilation. The restitution of
load-independent contractility was also accompanied by
direct evidence of more favorable myocardial remodeling,
as indicated by less abnormal gene expression of Myh 7/6
ratio and collagen I/III ratio in the ACF heart after RDN.
The improvements in cardiac function and remodeling were
complemented by the marked effects of RDN on the cardiac
autonomic nervous system.

Notably, RDN in ACF animals reduced circulating NE,
but it increased abnormally low NE levels in the LV. The
increase of myocardial NE content was not explainable by
increased growth of sympathetic nerves (as TH gene
expression and nerve densities were similar), or presynaptic
or postsynaptic transport by NET or OCT3. Increased
myocardial NE content may be due to attenuated central
sympathetic drive by RDN, with less NE being released
from nerve endings. It is known from previous studies, that
RDN eliminates not only efferent sympathetic nerves but
also afferent, centrally projecting nerve fibers, which reg-
ulate the central sympathetic drive toward the heart
[1, 3, 54], and these central effects of RDN may be actually
dominant. Experimental denervation of the stellate ganglion
and renal afferent denervation had a similar cardiorenal
protective effect [55]. Based on the observed effects of
RDN on NE plasmatic and cardiac levels in the ACF model,
we propose that the mechanism leading to increased myo-
cardial NE content may be in reduced cardiac spillover due
to diminished central sympathetic drive toward the heart,
which was not measured in our study but was confirmed by
direct neural recordings in a sheep HF model [56]. Myo-
cardial MAO-A expression, which was also reduced after
RDN, may be responsive to diminished NE exposure and
this decrease in MAO-A may further beget less NE degra-
dation [6]. Follow-up studies with measurements of myo-
cardial NE kinetics and with measurements of systemic
sympathetic nerve activity would be necessary to confirm
our assumptions.

Besides the strong effect of RDN on the cardiac sym-
pathetic system, RDN may influence parasympathetic sig-
naling, as evidenced by increased gene expression of
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Chrm2 and Ache in ACF. A catheter-based RDN in ovine
HF supports this suggestion that RDN is increasing cardiac
parasympathetic nerve activity and controls heart rate,
however, further comprehensive investigations are required
to fully understand the effect of RDN on the cardiac para-
sympathetic nervous system [56, 57].

The improvements in cardiac structure and function
induced by RDN are more likely to explain improved sur-
vival in the ACF model, than the direct effects of RDN on
renal hemodynamics. This was shown by our previous
study, where RDN improved survival rate, but had no effect
on reduced renal blood flow or exaggerated renal vascular
responsiveness to angiotensin II [19]. Yet, the kidneys can
participate in the beneficial effect of RDN by less pro-
nounced neurohumoral activation in ACF after RDN.
Besides reducing renal NE content and spillover, RDN
reduces renal neprilysin activity, thus leading to less
degradation of cardioprotective natriuretic peptides [2, 43].
RDN has therefore similar, or even greater, effects as
neprilysin inhibitor sacubitril [43].

Effect of RDN in other HF models and clinical
implications

Experimental studies of RDN in other HF models, using
less accurate methodology, also indicated, that cardiopro-
tective effects of RDN may be mediated beyond pressure
reduction [19, 24]. Besides the effects of RDN on cardiac
hypertrophy and congestion, RDN improved myocardial
function, ventricular and atrial fibrosis in the ischemia-
reperfusion swine model [58], and in rabbits with rapid
ventricular pacing [16]. RDN also improved survival,
decreased sympathetic nerve activity and catecholamine
spillover, reduced fibrosis, and improved LV function
(assessed by LV ejection fraction) in myocardial infarction-
induced HF in dogs, or in rats [2, 32, 43, 59]. None of these
studies used precise load-independent LV function assess-
ment, in contrast to our study.

The specific clinical implication of RDN lies in its
potential to modulate the sympathetic nervous system
[12, 60, 61]. Sympathetic overactivity is associated with
conditions such as HF, resistant hypertension, and chronic
kidney disease. RDN aims to disrupt the excessive sym-
pathetic nerve activity by selectively ablating or modulating
the renal sympathetic nerves, potentially leading to a
reduction in sympathetic outflow and restoration of NE
signaling in the heart [18, 62], attenuation of neurohumoral
activation, and normalization of cardiac autonomic control.
This modulation of sympathetic activity by RDN may help
manage HF, improve cardiac function, and potentially
improve outcomes [3, 10, 56]. Despite RDN affects multi-
ple targets in HF, it is likely still relatively organ-selective,
not causing systemic hypotension, in contrast to an

unselective drug-induced central inhibition of sympathetic
outflow, that was associated with worse outcomes in HF
[20]. The absence of the hypotensive effect of RDN in HF
models is also an important aspect, because hypotension
complicates the management of more advanced phases of
HF and often represents a critical limit for more aggressive
pharmacotherapy.

Our study has some limitations. To accelerate the onset of
cardiac dysfunction, which in normotensive strains may take
15–20 weeks [30, 63], we utilized the hypertensive TGR
strain, where HF develops earlier and myocardial changes
may be more pronounced than in normotensive strains. Due
to high pressure and volume overload in ACF, an increased
volume is ejected into the arteries, and consequently, there is
a decrease in vascular resistance, elasticity, and peripheral
vascular resistance [64]. Thus, Ea is already significantly
reduced in the early stages of the ACF model (Supplemen-
tary Fig. 1), and RDN probably did not have the capacity to
reduce it even lower. We used unselective chemical and
mechanical ablation of the renal nerves which may differ
from RDN by radiofrequency energy. The durability of
RDN effects and potential reinnervation was not studied. We
did not directly measure the central sympathetic nerve drive
or NE spillover. Based on RDN-induced changes in the
cardiac autonomic nervous system it could be suggested that
systemic sympathetic nerve activity was decreased after
RDN, however, we did not evaluate any other markers of
systemic sympathetic nerve activity. Because we used NE
kidney levels as a marker of success of RDN, we cannot use
them as a marker of reduced systemic sympathetic nerve
activity in denervated rats. Unfortunately, we cannot quan-
tify and localize which part of myocardial MAO-A came
from sympathetic neurons or from cardiomyocytes.

In conclusion, our results showed that RDN improved
LV contractility and function independently of cardiac
loading, attenuated abnormal cardiac remodeling, restored
cardiac NE levels and cardiac autonomic signaling in HF,
induced by chronic volume overload. These changes likely
explain previously observed improvement of survival after
RDN in this model [19]. The results suggest that RDN has
remote favorable intrinsic effects within the heart and RDN
could be a useful therapeutic strategy in HF.
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Abstract

Aims In patients with recently diagnosed non-ischaemic LV systolic dysfunction, left ventricular reverse remodelling (LVRR)
and favourable prognosis has been documented in studies with short-term follow-up. The aim of our study was to assess the
long-term clinical course and stability of LVRR in these patients.
Methods and results We prospectively studied 133 patients (37 women; 55 [interquartile range 46, 61] years) with recently
diagnosed unexplained LV systolic dysfunction, with heart failure symptoms lasting <6 months and LV ejection fraction <40%
persisting after at least 1 week of therapy. All patients underwent endomyocardial biopsy (EMB) at the time of diagnosis and
serial echocardiographic and clinical follow-up over 5 years. LVRR was defined as the combined presence of (1) LVEF ≥ 50% or
increase in LVEF ≥ 10% points and (2) decrease in LV end-diastolic diameter index (LVEDDi) ≥ 10% or (3) LVEDDi ≤ 33 mm/m2.
LVRR was observed in 46% patients at 1 year, in 60% at 2 years and 50% at 5 years. Additionally, 2% of patients underwent
heart transplantation and 12% experienced heart failure hospitalization. During 5-year follow-up, 23 (17%) of the study cohort
died. In multivariate analysis, independent predictors of mortality were baseline right atrial size (OR 1.097, CI 1.007–1.196),
logBNP level (OR 2.02, CI 1.14–3.56), and PR interval (OR 1.02, CI 1.006–1.035) (P < 0.05 for all). The number of macrophages
on EMB was associated with overall survival in univariate analysis only. LVRR at 1 year of follow-up was associated with a lower
rate of mortality and heart failure hospitalization (P = 0.025). In multivariate analysis, independent predictors of LVRR were
left ventricular end-diastolic volume index (OR 0.97, CI 0.946–0.988), LVEF (OR 0.89, CI 0.83–0.96), and diastolic blood pres-
sure (OR 1.04, CI 1.01–1.08) (P < 0.05 for all).
Conclusions LVRR occurs in over half of patients with recent onset unexplained LV systolic dysfunction during first 2 years of
optimally guided heart failure therapy and then remains relatively stable during 5-year follow-up. Normalization of adverse LV
remodelling corresponds to a low rate of mortality and heart failure hospitalizations during long-term follow-up.
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Introduction

Dilated cardiomyopathy (DCM) is defined by the presence of
left ventricular (LV) or biventricular dilatation and LV systolic
dysfunction in the absence of abnormal loading conditions

or coronary artery disease sufficient to cause global systolic
impairment.1 It still represents the third most common
cause of heart failure with reduced ejection fraction, and
the most frequent reason for heart transplantation.2 Never-
theless, the prognosis of patients with DCM has markedly
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improved due to advances in pharmacological as well as
non-pharmacological heart failure therapy. In many patients,
left ventricular reverse remodelling (LVRR) occurs because of
medications including ACE inhibitors/ARBs, beta-blockers
and mineralocorticoid receptor antagonists (MRA) and,
when indicated, cardiac resynchronization therapy (CRT-D
or CRT-P).3

In the last decade, many studies have shown that LVRR oc-
curs in at least one third of patients, especially in those with
recently diagnosed non-ischaemic LV systolic dysfunction.4–8

Several clinical and echocardiographic predictors of LVRR
have been suggested. However, a majority of these studies
had only short or mid-term clinical or echocardiographic
follow-up and endomyocardial biopsy (EMB) was used to
characterize the presence of inflammatory cardiomyopathy
in only a few of these cohorts. Therefore, the aim of our
study was to assess long-term clinical course and predictors
of mortality and LVRR in regularly followed patients with re-
cently diagnosed unexplained LV systolic dysfunction under-
going EMB.

Methods

We prospectively studied 133 consecutive patients with re-
cently diagnosed unexplained LV systolic dysfunction who
were referred to our institution between April 2007 and
November 2013 for further diagnostic evaluation. All individ-
uals had a history of heart failure symptoms <6 months, LV
ejection fraction (EF) < 40% persisting after at least 1 week
of conventional heart failure therapy according to current
guidelines.9 The criteria of unexplained LV systolic dysfunc-
tion were based on exclusion of the following: significant
coronary artery disease as assessed by invasive coronary an-
giography, the development of symptoms during pregnancy
or in postpartum period, Takotsubo syndrome, presence of
moderate or severe primary valvulopathy, haemodynami-
cally significant congenital heart disease, atrial fibrillation
or any other supraventricular arrhythmia with ventricular
rate >100/min, frequent ventricular ectopy, any uncorrected
metabolic or endocrine disorder, systemic autoimmune dis-
ease, history of alcohol or drug abuse, history of cardiotoxic
oncological treatment, and family history of DCM.10 Signed
informed consent was obtained from all patients in a format
standardized by our institution. This investigation conforms
to the principles outlined in the Declaration of Helsinki.

The baseline diagnostic evaluation included physical exam-
ination, assessment of heart failure symptoms according to
the New York Heart Association (NYHA) classification,
12-lead electrocardiogram (ECG), transthoracic echocardiog-
raphy, EMB, and blood tests including complete biochemical
analysis and blood count.

All echocardiographic measurements were performed as
recommended by the current guidelines of the European Asso-
ciation of Cardiovascular Imaging and the American Society of
Echocardiography, respectively.11,12 Namely, LV diameters were
measured by 2D echocardiography in the parasternal long-axis
view. LV volumes and LVEF were calculated from the apical
2-chamber and 4-chamber view using the biplane method of
disks. Left atrial volume (LAV), right atrial area (RA area), right
ventricular end-diastolic diameter (RVEDD) and tricuspid annu-
lar plane systolic excursion (TAPSE) were all assessed in the
apical 4-chamber view. Doppler indices of LV diastolic function
including peak early diastolic mitral inflow velocity (E) and early
mitral annular velocities averaged together (e′) were measured
in the apical 4-chamber view. Pulmonary artery systolic pres-
sure (PASP) was estimated as the sum of themeasured peak tri-
cuspid regurgitation gradient and the estimated RA pressure
based on inferior vena cava respiratory variability. The severity
of mitral as well as tricuspid regurgitation was classified
semi-quantitatively with a four-grade scale.

EMB was performed with a flexible bioptome (Cordis, USA),
from the interventricular septum accessed via the right inter-
nal jugular vein. At least six EMB specimens were obtained
from each patient. At least two samples were placed in 10%
formalin solution and subsequently underwent histopatholog-
ical and immunohistochemical analysis. Four EMB specimens
were placed in saline and immediately transported to a spe-
cialized laboratory for detection of the presence of viruses
using PCR analysis and electron microscopy. PCR and reverse
transcription PCR analysis was focused on detection of
herpetic viruses (herpesvirus type 1 and 2, human cytomega-
lovirus, Epstein–Barr virus and human herpesvirus type 6),
enteroviruses (including coxsackievirus and echovirus),
adenoviruses and parvovirus B19. Histological analysis was
performed using the Dallas criteria for acute myocarditis.13

Immunohistochemical analysis consisted of staining for LCA
+, CD3+ and CD68+ immunocompetent cells. Myocardial in-
flammation was defined as the presence of ≥14 leucocytes/
mm2 including ≥7 lymphocytes/mm2.14

During the 5-year follow-up period, patients underwent
comprehensive clinical evaluation and transthoracic echocar-
diography at least once a year. The data obtained in the 1st,
2nd, and 5th year of follow-up are presented. For the pur-
pose of the current study, LVRR was defined as the combined
presence of (1) LVEF ≥50% or increase in LVEF ≥10% points
and (2) decrease in LV end-diastolic diameter index (LVEDDi)
≥10% or (3) LVEDDi ≤33 mm/m2 (4). LVEF recovery was de-
fined by LVEF ≥ 50% documented at least at once during
the above-described follow-up visits. Sustained LVEF recovery
was defined as LVEF ≥50% that persisted until the last follow-
up. Placement of an implantable cardioverter-defibrillator
(ICD) or cardiac resynchronization therapy device with the
added capability for defibrillation (CRT-D) was recommended
to all patients who fulfilled valid criteria according to dedi-
cated guidelines.15
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Statistics

Continuous variables were summarized usingmean ± standard
deviation or median [25th, 75th percentile], as appropriate.
The Shapiro-Wilks test for normality was used. Discrete vari-
ables were summarized using proportions. Survival analysis
was performed using the Kaplan–Meier method and the Cox
proportional hazards model was used for multivariate survival
modelling. Variables with statistically significant associations
with the outcomes of interest in univariate models were used
in multivariate modelling. Predictors of LVRR were analysed
using logistic regression. In the multivariate model, to avoid
redundancy we chose only one baseline LV geometry parame-
ter: LV end-diastolic volume index (LVEDVi) and selection was
done using fast backward elimination algorithm.16 Numeric
changes in LVEF and LVEDDi during follow-up were analysed
using a linear mixed model for repeated measures. NYHA class
at follow-upwas compared using the chi-square test. A P-value
<0.05 was considered significant. R software version 4.1.2
(The R Foundation for statistical computing, Vienna, Austria)
was used for statistical analysis.

Results

The baseline demographic, clinical, laboratory, and echocar-
diographic characteristics of the study population are sum-
marized in Tables 1 and 2, respectively. The majority (77%)
of patients had advanced symptoms of heart failure (NYHA
class III or IV). BNP levels were significantly elevated
(>100 pg/mL) in all study subjects. Twenty-five (19%) study
subjects had left bundle branch block. Severely decreased
LVEF (<30%) was documented in 107 (80%) individuals.

Endomyocardial biopsy findings are presented in Table 3.
Histological signs of active or borderline myocarditis accord-
ing to the Dallas criteria were found in three (2%) patients.
Immunohistochemical analysis revealed myocardial inflam-
mation in 22 (17%) patients. In all these patients, the inflam-
matory infiltrate was lymphocytic. The presence of a viral
genome by PCR was detected in 69 (52%) patients. Specifi-
cally, PCR was positive for the genome of herpetic viruses
in 35 patients, enteroviruses in seven patients, adenoviruses
in three patients, and parvovirus B19 in 33 patients. Electron
microscopy revealed viral particles in 82 (62%) cases, includ-
ing viruses belonging to the Herpesviridae family in 50 sub-
jects, to the Picornaviridae family in 34 patients, and to the
Parvoviridae family in 30 individuals.

Heart failure medication is summarized in Table 4. At 1 year,
120 (100%) patients were treated with ACE inhibitors/ARBs;
118 (98%) patients were treated with beta-blockers; and 80
(67%) patients were treated with mineralocorticoid receptor
antagonists. At 2 years, 108 (99%), 109 (100%), and 56 (51%)
patients were treated with ACE inhibitors/ARBs, beta-

Table 1 Demographic, clinical, and laboratory characteristics

Number of subjects 133
Age (years) 55 [46, 61]
Gender (women) 37 (27.8%)
Height (cm) 175 ± 10
Weight (kg) 89 ± 20
SBP (mmHg) 116 ± 17
DBP (mmHg) 70 ± 12
Heart rate (b.p.m.) 81 ± 14
HF symptoms duration (days) 56 [28, 123]
NYHA class I/II/III/IV (class) 4/25/45/57
Arterial hypertension 52 (39.1%)
Diabetes mellitus 17 (12.7%)
eGFR (mL/min/1.73 m2) 78 ± 18
CKD (1/2/3/4/5) 38/72/21/2/0
Sinus rhythm 124 (93.2%)
Atrial fibrillation 9 (7%)
LBBB 25 (18.7%)
BNP (pg/mL) 405 [198, 789]
TnI (μg/L) 0.05 [0.03, 0.16]
CRP (mg/L) 5 [2, 9]

Variables are expressed as means and standard deviations, median
[25th, 75th percentile] or as a count and percentage of subjects.
BNP, B-type natriuretic peptide; CKD, chronic kidney disease with
grading based on estimation of glomerular filtration rate; CRP,
C-reactive protein; DBP, diastolic blood pressure; eGFR, estimation
of glomerular filtration rate; HF, heart failure; LBBB, left bundle
branch block; NYHA, New York Heart Association; SBP, systolic
blood pressure; TnI, troponin I.

Table 2 Baseline echocardiographic parameters

Number of subjects 133
LVEDD (mm) 68 ± 7
LVEDDi (mm/m2) 34 [31, 37]
LVESD (mm) 59 ± 8
LVESDi (mm/m2) 29 [27, 32]
LVEDV (mL) 199 [159, 239]
LVEDVi (mL/m2) 96 [83, 114]
LVESV (mL) 143 [113, 176]
LVESVi (mL/m2) 70 [57, 85]
LVEF (%) 28 ± 7
E (m/s) 0.77 ± 0.26
e′ (cm/s) 7 [5, 8]
E/e′ ratio 12 [9, 14]
Mitral regurgitation (grade) 2 [1, 2.5]
LAV (mL) 97 [73,122]
LAVi (mL/m2) 47 [37, 61]
RVEDD (mm) 36 [32, 41]
TAPSE (mm) 18 [15, 21]
Tricuspid regurgitation (grade) 1 [1, 1.5]
RA area (cm2) 18 [15, 22]
RAP (mmHg) 3 [3, 8]
PASP (mmHg) 36 [27, 47]

Variables are expressed as means and standard deviations or me-
dian [25th, 75th percentile].
E, peak early diastolic velocity; e′, peak early diastolic mitral annular
velocity; LAV, left atrial volume; LAVi indexed, left atrial volume;
LVEDD, left ventricular end-diastolic diameter; LVEDDi, indexed left
ventricular end-diastolic diameter; LVEDV, left ventricular
end-diastolic volume; LVEDVi, indexed left ventricular
end-diastolic volume; LVESD, left ventricular end-systolic diameter;
LVESDi, indexed left ventricular end-systolic diameter; LVESV, left
ventricular end-systolic volume; LVESVi, indexed left ventricular
end-systolic volume; LVEF, left ventricular ejection fraction; PASP,
pulmonary artery systolic pressure; RA area, right atrial area; RAP,
right atrial pressure; RVEDD, right ventricular end-diastolic diame-
ter; TAPSE, tricuspid annular plane systolic excursion.
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blockers, and mineralocorticoid receptor antagonists, respec-
tively. At 5 years, 88 (99%), 87 (99%), and 45 (51%) patients
were treated with ACE inhibitors/ARBs, beta-blockers, and
mineralocorticoid receptor antagonists, respectively. Neither
angiotensin receptor-neprilysin inhibitors nor sodium-glucose
cotransporter 2 inhibitors were available for heart failure
treatment during the study period.

Clinical outcomes

During a median follow-up of 5 years, 23 subjects died (17%
of total initial study population). Kaplan–Meier estimates of
overall survival are presented in Figure 1. One subject

underwent heart transplantation at the first year of follow-
up, two patients at 2 years, and three patients at 5 years of
follow-up, cumulatively. Furthermore, totally 16 subjects ex-
perienced hospitalizations for heart failure during the
follow-up period. Kaplan–Meier estimates of survival without
heart failure hospitalization or transplantation are shown in
Figure 2. Cumulatively, five patients underwent primary pre-
ventive ICD implantation during the first year of follow-up,
seven patients at 2 years, and 12 patients at 5 years of
follow-up, respectively (total 9% of the initial study popula-
tion). CRT-D implantation for primary prevention was
performed in 10 patients at 1 year, 19 patients at 2 years,
and 22 patients at 5 years (total 17% of the initial study
population). Only one subject underwent CRT-P implanta-
tion. During the follow-up period, 9 out of 34 patients with
ICD/CRT-D experienced an appropriate ICD shock. The cumu-
lative rate of appropriate shock in patients with CRT-D or
ICD was 13% (2/15) at 1 year, 15% (4/26) at 2 years and
26% (9/34) at 5 years of follow-up, respectively. Inappropri-
ate shocks occurred in three (9%) individuals with ICD/CRT-D
during the follow-up period.

The incidence of left ventricular reverse
remodelling and its predictors

LVRR was documented in 46% individuals at 1 year, in 60% at
2 years and 50% at 5 years of follow-up, respectively. At last
follow-up, patients with LVRR required significantly less di-
uretics (P = 0.0008) and mineralocorticoid receptor antago-
nists (P = 0.0033) than patients without LVRR. The NYHA class
was better in subjects who experienced LVRR than in those
without LVRR (P < 0.001).

Baseline echocardiographic, ECG, and clinical variables sig-
nificantly associated with LVRR at last follow-up in univariate
analysis and the multivariate model are listed in Table 5.
Changes in LVEF and LVEDDi stratified by gender during the

Table 3 Endomyocardial biopsy findings

PCR focused on viruses (NAS) 133
- positive endomyocardial biopsy 69 (52%)
EM focused on viruses (NAS) 133
- positive endomyocardial biopsy 82 (62%)
Dallas criteria (NAS) 133
- active or borderline myocarditis + 3 (2%)
IH criteria for myocarditis (NAS) 128
- positive 22 (17%)
HLA DR (NAS) 109
- grade 0/1/2/3 35/35/19/20
LCA (NAS) 86
- positive cells (counts) 5 [2, 8]
CD3 (NAS) 122
- positive cells (counts) 3 [1, 5]
CD 68 (NAS) 85
- positive cells (counts) 1 [0, 3]

Variables are expressed as means and standard deviations or me-
dian [25th, 75th percentile] or as a count and percentage of
subjects.
CD, cluster of differentiation; EM, electron microscopy; HLA, Hu-
man Leucocyte Antigen DR isotype; IH criteria for myocarditis, im-
munohistochemical criteria defined as ≥14 leucocytes/mm2 and
≥7 CD 3 positive T-lymphocytes/mm2; LCA, leucocyte common an-
tigen; NAS, number of subjects available for analysis; PCR, polymer-
ase chain reaction.

Table 4 Heart failure treatment

Baseline 1 year 2 years 5 years

Number of subjects 133 120 109 89
ACE-I/ARBs 133 (100%) 120 (100%) 108 (99%) 88 (99%)
SUBMAXD/MAXD/TD 110/0/23 60/9/51 41/13/54 24/6/58
Beta-blockers 133 (100%) 118 (98%) 109 (100%) 87 (98%)
SUBMAXD/MAXD/TD 123/0/10 58/17/43 37/20/52 25/12/50
Loop diuretics 123 (92%) 84 (70%) 66 (61%) 51 (57%)
MAXD 0 2 0 0
MRAs 111 (83%) 80 (67%) 56 (51%) 45 (51%)
SUBMAXD/MAXD/TD 7/0/104 10/0/70 8/0/48 6/0/39
Ivabradine 1 (1%) 4 (3%) 8 (7%) 9 (10%)
SUBMAXD/MAXD/TD 0/1/0 0/3/1 0/2/6 0/1/8
CRT-D or CRT-P 0 (0%) 11 (9%) 20 (18%) 23 (26%)

Variables are expressed as a count and percentage of subjects.
ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CRT-D, cardiac resynchronization therapy with defi-
brillator; CRT-P, cardiac resynchronization therapy without defibrillator; MAXD, maximal tolerated dose; MRA, mineralocorticoid receptor
antagonist; TD, target dose; SUBMAXD, submaximal dose.
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follow-up are depicted in Figures 3 and 4. The median LVEF
was improved at 1 year (baseline 27% [23–33%] vs. at 1 year
40% [33–52%]) and then remained relatively stable during
the rest of the follow-up period (44% [38–56%] at 2 years,
45% [34%–54%] at 5 years; P < 0.001 overall). The median
LVEDDi decreased at 1 year (baseline 34 mm/m2 [31–
37 mm/m2] vs. at 1 year 31 mm/m2 [28–35 mm/m2]) and
then remained stable during the rest of the follow-up period
(31 mm/m2 [28–34 mm/m2] at 2 years, 31 mm/m2 [27–
33 mm/m2] at 5 years; P < 0.001 overall).

Overall, LVEF recovery was present in 25% of subjects at
1 year, in 28% at 2 years and 22% at 5 years of follow-up.
Transient LV recovery was documented in 15 (11%) subjects
during the follow-up period. Compared to the patients with
sustained LV recovery, these individuals had larger LVEDD
(71 ± 4.6 vs. 68 ± 6 mm, P = 0.048), LVESD (64 ± 4.9 vs.
58 ± 7.9 mm, P = 0.008), LVEDV (225 [202, 250] vs. 190
[166, 225] mL, P = 0.017) and LVEDVi (112 ± 21 vs.
98 ± 23 mL/m2, P = 0.036), respectively. To further analyse
the EMB results, we have added EMB characteristics divided
by the presence or absence of LVRR in Table S1. However,
there were no significant differences in the EMB parameters
between these two subgroups.

Predictors of mortality

In univariate analysis, overall survival was associated with
baseline RA area, RAP, tricuspid regurgitation grade, E/e′,
PR interval duration, BNP level, and number of macro-
phages in EMB, as depicted in Table 6. Furthermore, the
presence of acute myocarditis on EMB by Dallas criteria
was marginally associated with mortality (P = 0.02), but be-
cause only three out of 133 patients met these criteria, we
could not derive reliable conclusions about this variable and
therefore it was not included in survival modelling. In mul-
tivariate analysis of echocardiographic parameters, only RA
area was found to be independently associated with mor-
tality. In a multivariate model of clinical and laboratory var-
iables (PR interval, BNP level, number of macrophages in
EMB), only PR interval duration and BNP level remained
significant predictors of mortality. When a combined model
consisting of PR interval, BNP level, and RA area was cre-
ated, all of these variables remained independently associ-
ated with mortality of the study population (Table 7). When
changes in echocardiographic parameters at 1 year of
follow-up were analysed, only increase in RVEDD was a sig-
nificant univariate predictor of subsequent mortality [HR

Figure 1 Kaplan–Meier estimates of overall survival.
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1.1 (CI 1.0–1.2); P = 0.048]. However, LVRR at 1 year of
follow-up was shown to be a significant predictor of the
combination of mortality and heart failure hospitalization
(P = 0.025) (Figure 5).

Discussion

To our best knowledge, the present study is the first to report
long-term prospective clinical and echocardiographic
follow-up of patients who underwent EMB in the setting of
recently diagnosed unexplained LV systolic dysfunction. A

similar study with 59 ± 40 months of clinical follow-up was
published by Ikeda et al.8; however, this was a retrospective
analysis with echocardiographic follow-up of only 36 months
and without EMB data. Other studies describing the course of
patients with recently diagnosed unexplained LV systolic dys-
function had shorter duration of follow-up of clinical or echo-
cardiographic data.4–7

Our study demonstrates several important findings. First,
LVRR occurred in over half of our patients during first 2 years
of follow-up, in the majority of whom LVRR occurred during
the first year, and then remained almost stable until the
end of the entire 5-year follow-up period. LVRR was accom-
panied by improvement in functional NYHA class and de-

Figure 2 Kaplan–Meier estimates of survival without heart failure (HF) hospitalization or transplantation.
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creased diuretic use. Moreover, sustained recovery of LVEF
≥50% was seen in almost one fourth of individuals during
the whole follow-up. Second, the incidence of major adverse
clinical outcomes was rather low in our cohort including mor-
tality (17% during 5-year follow-up), heart transplantation
(2%) and hospitalization for heart failure (12%), respectively.
Third, RA size, BNP level, and PR interval appear to be signif-
icantly associated with mortality, while LVRR was a significant

predictor of the combination of mortality and heart failure
hospitalization.

The reported incidence of LVRR in cohorts of patients with
recently diagnosed LV systolic dysfunction varies because of
differences in its definition. In IMAC-2 trial, 70% individuals
had an increase in LVEF at 6 months of at least 10 percentage
points, and LV EF normalized (≥50%) in 25% of patients.17

Ikeda et al. defined LVRR as an increase in LV EF from ≥10%

Table 5 Predictors of LVRR

Univariate Multivariate*

OR 95% CI P OR 95% CI P

LVEDV (mL) 0.991 [0.984–0.998] 0.0103
LVEDVi (mL/m2) 0.98 [0.964–0.997] 0.0184 0.97 [0.946–0.988] 0.0039
LVEDD (mm) 0.927 [0.873–0.984] 0.0129
LVESD (mm) 0.951 [0.905–0.999] 0.0452
EF (%) 0.941 [0.887–0.998] 0.0425 0.89 [0.83–0.96] 0.0045
e′ (m/s) 0.786 [0.631–0.979] 0.0316
Diastolic BP (mmHg) 1.04 [1.01–1.08] 0.0138 1.04 [1.01–1.08] 0.0279
Symptom duration (days) 0.996 [0.992–1] 0.0472

*Fast backward elimination algorithm.
BP, blood pressure; e′, peak early diastolic mitral annular velocity; EF, left ventricular ejection fraction; LVEDD, left ventricular end-diastolic
diameter; LVEDV, left ventricular end-diastolic volume; LVEDVi, indexed left ventricular end-diastolic volume; LVESD, left ventricular
end-systolic diameter; LVRR, left ventricular reverse remodelling.

Figure 3 Changes in left ventricular ejection fraction (LVEF) stratified by gender during follow-up.
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to a final value of ≥35% together with ≥10% decrease in
LVEDDi.8 In their cohort of patients with idiopathic DCM,
LVRR within 24 months occurred in 40% of patients and de-
layed LVRR occurred in 12% of patients during the remainder

of the 36 months echocardiographic follow-up period. In our
study we used the definition of LVRR which was first applied
by Merlo et al.4 In their cohort, 54% of patients had LVRR
during 20 months follow-up. Our results are in agreement
with these studies, demonstrating that early LVRR occurs in
more than half of patients and remains stable over a 5-year
period in the majority of cases. Importantly, sustained recov-
ery of LVEF was found in 22% subjects at 5 years of follow-up.
Again, in most patients who experienced sustained recovery
of LVEF, its normalization occurred during the first year.

In the present study, the occurrence of LVRR was signifi-
cantly predicted by baseline LVEDVi, LVEF and baseline dia-
stolic blood pressure. Similar to our results, initial
end-diastolic size of the LV and LVEF were identified as signif-
icant predictors of LVRR in other cohorts of patients with re-
cently diagnosed non-ischaemic LV systolic dysfunction.4–6

Initial LV dilatation and systolic function impairment, that is,
baseline degree of adverse LV remodelling, thus represent
important factors associated with the probability of LVRR.

Our study also shows that current long-term mortality and
heart failure morbidity of patients with recently diagnosed
unexplained LV systolic dysfunction is lower than few de-
cades ago.18 During 5 years of follow-up, 17% of total initial
study population died, three patients underwent heart trans-
plantation, and the cumulative rate of hospitalization for

Figure 4 Changes in indexed left ventricular end-diastolic diameter (LVEDDi) stratified by gender during follow-up.

Table 6 Univariate predictors of mortality

HR 95% CI P

RA area (cm2) 1.09 1.02–1.17 0.008
RAP (mmHg) 1.1 1.003–1.205 0.043
TR severity 1.79 1.11–2.9 0.017
E/e′ 1.08 1.01–1.17 0.036
PR interval (per 10 ms) 1.18 1.04–1.34 0.009
logBNP 1.58 1.01–2.46 0.043
CD68+ cells in EMB 1.15 1.03–1.3 0.016

BNP, B-type natriuretic peptide; CD68+, cells in EMB macrophages
in endomyocardial biopsy; E, peak early diastolic velocity; e′ peak
early diastolic mitral annular velocity; RA area, right atrial area;
RAP, right atrial pressure; TR, tricuspid regurgitation.

Table 7 Predictors of mortality in multivariate analysis

OR 95% CI P

PR interval 1.02 1.006–1.035 0.00575
logBNP 2.02 1.14–3.56 0.01557
RA area 1.097 1.007–1.196 0.03499

BNP, B-type natriuretic peptide; RA area, right atrial area.
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heart failure exacerbation was 12% of the initial population.
This improvement in prognosis is clearly associated with the
phenomenon of early LVRR which is attributable to the signif-
icant effect of heart failure therapy including CRT and potent
anti-remodelling medications. Indeed, LVRR at the 1st year
was shown to be a significant negative predictor of composite
endpoint of mortality and heart failure hospitalizations. This
finding is in agreement with previously published studies.
Hoshikawa et al. and Ikeda et al. have shown that early LVRR
is significantly related to a favourable prognosis in patients
with idiopathic DCM.8,19

In the present study, RA area, BNP level, and PR interval
were independently associated with mortality. Furthermore,
increase in RVEDD at 1 year of follow-up was a significant pre-
dictor of mortality. It is well known that RA enlargement has
a negative prognostic impact in patients with chronic systolic
heart failure as it is primarily determined by chronically ele-
vated RA pressure.20 Importantly, elevated RA pressure is a
negative prognostic factor associated with increased mortal-

ity in patients with DCM.21 Our findings on the prognostic im-
pact of the RA area and the degree of RV size reduction dem-
onstrate the importance of structural right heart involvement
in the prognosis of patients with recently diagnosed unex-
plained LV systolic dysfunction. The prognostic value of natri-
uretic peptides (BNP or NT-proBNP) has been repeatedly
demonstrated in heart failure with reduced LVEF including
patients with DCM,22,23 and this was confirmed in our cohort.
For the first time we demonstrate that PR interval prolonga-
tion seems to be significantly associated with mortality in in-
dividuals with recently diagnosed non-ischaemic LV systolic
dysfunction. We did not find other ECG parameters, including
the presence of LBBB, to be associated withmortality in our pa-
tients. This is probably related to the fact that 23 subjects with
LBBB underwent CRT-D or CRT-P implantation, which improved
their overall prognosis. We believe the PR interval prolongation
found at the time of diagnosis of non-ischaemic LV systolic dys-
function may represent conduction system impairment which
has an impact on prognosis.

Figure 5 Kaplan–Meier estimates of survival without heart failure (HF) hospitalization for patients with and without left ventricular reverse remodel-
ling (LVRR).
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All our patients with recently diagnosed unexplained LV
systolic dysfunction underwent EMB. Myocardial inflamma-
tion as assessed by immunohistochemical analysis was de-
tected in 17% of our cohort, while conventional histological
analyses based on Dallas criteria revealed active or borderline
myocarditis only in 2% of patients. On the other hand, viral
genome was found in 52% using PCR and viral particles even
in 62% based on EM assessment of our patients, respectively.
These findings correspond to the results of other studies
using EMB diagnostics in individuals with unexplained
non-ischaemic LV systolic dysfunction. Kühl et al.24 reported
the presence of viral genome in 67% of 245 patients with ‘id-
iopathic’ LV systolic dysfunction, while active or borderline
myocarditis according to the Dallas criteria were not found
in any case. In the study published by Kuethe et al.,25 19%
of 351 patients with chronic LV systolic dysfunction showed
positive Dallas criteria and 39% immunohistochemical signs
of inflammation; viral genome was detected in 58%. Recently,
Kažukauskiené et al. found myocardial inflammation in 54%
and cardiotropic viruses in 52% of their 57 patients with
non-ischaemic DCM, respectively.26

Interestingly, the number of macrophages and not the
presence of any viral genome in EMB specimens were associ-
ated with overall survival in univariate, but not in multivariate
analysis. Gilotra et al. also reported that immunohistochemi-
cal signs of myocarditis were an independent predictor of the
composite endpoint of death, LV assist device placement,
and/or transplant at 1 year in their cohort of patients with
acute-onset cardiomyopathy.6 Similarly, Kindermann et al.
demonstrated that immunohistological evidence of myocar-
ditis, but not the presence of viral genome, was predictive
of time to cardiac death or heart transplantation in patients
with clinically suspected myocarditis.27 The association be-
tween inflammation by a high number of T-cells and poor
prognosis of patients with non-ischaemic DCM was also re-
ported by Kažukauskiené et al.; however, the presence of viral
genome did not predict adverse outcome during a 5-year fol-
low-up in their study.26 Our results thus support current view
on performing EMB in patients with non-ischaemic LV systolic
dysfunction only in high-risk clinical scenarios listed in recent
Position statement of the Heart Failure Association of the Eu-
ropean Society of Cardiology, the Heart Failure Society of
America, and the Japanese Heart Failure Society.28

From a clinical point of view, the results of the present
study clearly support the necessity of early initiation of opti-
mal guideline-directed therapy with the aim of achieving
LVRR and improvement of long-term clinical outcome in pa-
tients with recently diagnosed unexplained LV systolic dys-
function. Moreover, our data underscore the necessity of
long-term regular echocardiographic and clinical follow-up
of these individuals, because in some of them, LVRR is only
temporary (11% in our study).

Study limitations

There are several limitations of our study. First, this is a
single-centre study with relatively small sample size with
potential impact on statistical power and generalizability
of our findings. Second, cardiac magnetic resonance imag-
ing as well as genetic testing were not available at our cen-
tre during the study period and therefore we were not able
to incorporate their results into our analyses. The presence
of late gadolinium enhancement or certain genetic muta-
tions have been shown to be related to LVRR and the prog-
nosis of patients with DCM.7,29 Third, medical therapy of
heart failure has evolved since the beginning of the study
period. Angiotensin receptor-neprilysin inhibitors and
sodium-glucose cotransporter 2 inhibitors, which currently
represent essential heart failure therapy with significant ef-
fect on LVRR and prognosis, were still being tested in clin-
ical trials during our study period and were not available
for routine practice. We believe their use would very likely
have a significant additive positive effect on echocardio-
graphic as well as clinical outcomes of our patients with re-
cent onset unexplained LV systolic dysfunction.

Conclusions

Left ventricular reverse remodelling occurs in over half of pa-
tients with recent onset unexplained LV systolic dysfunction
during the first 2 years of optimal heart failure therapy and
then remains stable in the majority of patients during long-
term follow-up. This is reflected by relatively low mortality
as well as low rate of hospitalization for heart failure at 5-
year follow-up. The stage of initial adverse LV remodelling is
significantly associated with subsequent LVRR.
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Table S1. Endomyocardial biopsy findings according to the
left ventricular reverse remodelling.
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In this prospective study involving 37 Duchenne muscular dystrophy (DMD) 
patients aged 8–18  years and older, we examined the impact of neurological 
and cardiac factors on quality of life (QoL). Our findings revealed a negative 
correlation between upper limb movement and overall mobility, self-service, 
and usual activities. Ambulatory and non-ambulatory DMD patients showed 
significant differences in mobility-related parameters. Cardiac evaluations 
demonstrated associations between mitral annular plane systolic excursion 
(MAPSE) and mobility-related aspects. The PEDSQL 3.0 neuromuscular 
model questionnaire further highlighted age-related and movement-related 
correlations with QoL. The loss of ambulatory status and reduced upper limb 
movement were negatively associated with QoL, while upper limb movement 
positively correlated with septal MAPSE. However, no significant associations 
were found between MAPSE and anxiety/depression. These findings underscore 
the multifaceted impact of DMD on QoL and emphasize the importance of 
considering both neurological and cardiac factors in comprehensive patient 
care.
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Introduction

The most common X-recessive inherited progressive muscular 
disease is Duchenne muscular dystrophy (DMD). It affects 
approximately 1:5000 living boys (1). The first symptoms of DMD 
manifest at the age of two years because of the absence of dystrophin 
protein, leading to gradual weakness and muscle injury (2).

DMD is still causally incurable (3). Due to the advances in medical 
care and symptomatic therapy, the life expectancy of DMD patients 
has been prolonged and their quality of life (QoL) has been improving 
(4, 5). Today, DMD patients live up to 30 or 40 years (6). It is well-
known that DMD influences the QoL not only for patients, but also 
for their families (7–11).

According to the World Health Organization, QoL is defined as a 
person’s perception of their position in life including the culture and 
values in the system in which the person lives, correlating to a person’s 
goals, expectations, standards, and concerns. It is a complex of 
physical health, psychological status, level of independence, social 
relationships, personal beliefs, and a person’s relationship with various 
features of the environment (12). Published reports about the QoL in 
DMD patients are not uniform. Some of the previous studies reported 
a decline only in physical functions compared to healthy controls, 
while the others show that a whole spectrum of QoL parameters were 
decreased to age-matched controls (7, 13–15). The results may also 
have been influenced by self/proxy reports (by the parents/caregivers) 
(16–22) or by the help of pediatricians (14).

The Pediatric Quality of Life (PEDSQL) 3.0 Neuromuscular 
Module questionnaire among children/adolescents, EQ-5D, and 
Individualized Neuromuscular QoL questionnaire for adults are the 
most commonly used questionnaires in the published studies (23–26).

To date, only one study describing the QoL in DMD patients 
related to respiratory and cardiac functions including left ventricular 
ejection fraction (LVEF) evaluated by echocardiography and the 
presence or absence of electrocardiogram (ECG) abnormalities or 
cardiomyopathy has been published (27).

To our knowledge, there has been no prospective study describing 
the QoL of all-aged DMD patients in correlation with a complex 
evaluation firstly of neurological clinical status and cardiac impairment 
using cardiac magnetic resonance (CMR), and secondly of the 
influence of cardiac therapy or corticosteroid therapy, body mass 
index (BMI), and anxiety/sadness.

Objectives

The main purpose of this prospective study was to investigate the 
QoL concerning neurological clinical status and cardiac impairment 
using CMR, and the influence of actual therapy, BMI, and anxiety/
sadness in DMD patients based on a completed questionnaire.

Methods

Participants

DMD patients 8–18 years and older born in the Czech Republic 
were consecutively included between 01/2022 to 09/2023  in close 
cooperation with EndDuchenne (a patient advocacy group). All DMD 

patients were diagnosed based on their clinical symptoms and/or 
elevated creatine kinase, and confirmed by genetic testing. The most 
common genetic mutation was the deletion of 44–63 exons in 65% of 
our cohort.

This study was performed in accordance with the Declaration of 
Helsinki (2000) of the World Medical Association and was approved 
by the Institutional Ethics Committee (University Hospital Brno, 
reference number 20130410–03). All DMD patients or their parents 
(for patients younger than 18 years) signed the informed consent.

Every patient was examined by an experienced pediatric 
neurologist and also an experienced cardiologist including ECG and 
ECG Holter, and the following pieces of information were collected: 
demographic data (age, weight, height), current pharmacotherapy 
(corticosteroid therapy, beta-blockers, angiotensin converting enzyme 
inhibitors (ACEI), sartan-losartan (generic name of sartan), diuretics), 
comorbidities (hypertension, diabetes mellitus, chronic renal 
insufficiency), an actual feeling of dyspnoea and palpitations.

All DMD patients were monitored for respiratory status such as a 
need of nocturnal non-invasive positive pressure ventilation (NIPPV). 
Six DMD patients of our cohort use nocturnal NIPPV. Neurological 
clinical status included the following information  - ambulatory/
non-ambulatory, self-sitting or sitting requiring help, and the presence 
of scoliosis including a history of scoliosis surgery. Upper limb 
movement was assessed in 5 various degrees: preserved mobility, 
moderately limited mobility, limited mobility, very limited mobility, 
and work with touchpad/mouse.

DMD patients were divided into three groups based on age: 
8–12 years, 13–18 years, and adult patients. All of them were asked to 
complete questionnaires for muscular dystrophy. The younger patients 
completed the PEDSQL 3.0 neuromuscular model questionnaire, and 
the older ones EQ-5D. Due to possible differences between self and 
proxy reports, we employed a PEDSQL 3.0 neuromuscular model 
questionnaire completed by DMD patients and their parents. All 
DMD patients and parents were instructed by an experienced 
pediatric neurologist how to complete the questionnaire in electronic 
version. None of the DMD patients were taking any psychotropic 
medications or opioids when the questionnaire was administered.

Questionnaires

PEDSQL 3.0 neuromuscular model questionnaire
PEDSQL is an instrument used to assess Health-Related QoL 

(HRQoL) in children and adolescents aged 2 to 18. It consists of both 
generic core and disease-specific modules. The PEDSQL 3.0 
Neuromuscular Module questionnaire is a disease-specific module for 
measuring children’s QoL assessing their neuromuscular disease, 
communication difficulties, and family resources. This instrument is 
acknowledged as a validated health outcome measure for patients with 
neuromuscular diseases (28). It was validated for the Czech Republic 
(29) for the DMD patient cohort and was translated into the Czech 
language. Its electronic version can be requested through this web 
page ePROVIDE™  - Online Support for Clinical Outcome 
Assessments.1

1 mapi-trust.org
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EQ-5D questionnaire
EQ-5D questionnaire is a standardized measure of HRQoL 

developed by the EuroQol Group to provide a simple, generic 
questionnaire for use in clinical and economic appraisal and 
population health surveys. EQ-5D assesses health status in terms of 
five dimensions of health and is considered a ‘generic’ questionnaire 
because these dimensions are not specific to a specific patient group 
or health condition. EQ-5D can also be  referred to as a patient-
reported outcome measure (PROM) because patients can complete 
the questionnaire themselves to provide information about their 
current health status and how this changes over time (30). It was 
validated for the Czech population for patients with chronic pain (31) 
and can be found on the following web page: Available versions – 
EQ-5D (euroqol.org).

After a baseline clinical check-up and collection of all patient 
information, the DMD patients underwent a neurological 
examination. On the same day the patients were examined, the 
questionnaire in the electronic version was completed. After 
completing the questionnaire, DMD patients were examined by CMR 
within one week after their clinical examination by a neurologist.

Inclusion criteria for CMR: the absence of CMR contraindications 
such as an implanted pacemaker/defibrillator, cochlear implant, other 
ferromagnetic metal parts in the patient’s body, claustrophobia, etc.; 
the absence of contraindications for using contrast media such as 
severe renal insufficiency; the patient’s ability to co-operate during 
CMR examination; no known cardiovascular pathology apart from 
dystrophin cardiomyopathies.

All DMD patients underwent the CMR according to our 
previously published protocol (32) using a 1.5 T scanner (Ingenia, 
Philips Medical Systems, Best, The Netherlands) equipped with 5- and 
32-element phased array receiver coils allowing for the use of parallel 
acquisition techniques in the supine position in repeated breath-hold. 
Four DMD patients underwent CMR examination without application 
of contrast agent.

CMR protocol
Functional imaging using balanced steady-state free precession 

cine sequences included four-chamber, two-chamber, and LV outflow 
tract long axis views, and a short axis stack from the cardiac base to 
the apex in the perpendicular plane to the LV long axis.

Late gadolinium enhancement (LGE) images in all long-axis views 
and the short-axis views were acquired 10 min after an intravenous 
bolus of 0.2 mmol/kg of the gadolinium-based contrast agent 
gadobutrol (Gadovist, Bayer-Schering Pharma, Germany) using an 
inversion-recovery turbo field echo sequence and, in case of doubt, 
also by phase-sensitive inversion recovery turbo field echo. Both 
2-dimensional and 3-dimensional data acquisitions were performed 
in mid-diastole.

CMR analysis
The following parameters were evaluated: LVEF, end-diastolic/

end-systolic volume (EDV/ESV), septal/lateral/average mitral annular 
plane systolic excursion (MAPSE), presence/absence of LGE. LV 
functional and morphological parameters were calculated from the 
short axis view stack using the summation-of-disc methods in 
accordance with recommendations for post-processing evaluation 
from the Society for Cardiovascular Magnetic Resonance (33). Septal 
and lateral MAPSE was measured as previously described (34, 35) by 
defining end-diastolic and end-systolic mitral annular planes on a 

long-axis four-chamber view. The average MAPSE was calculated as 
the mean of septal and lateral MAPSE.

LGE was defined as an area of visually identified contrast 
enhancement greater than the mean signal intensity of an adjacent 
area of the reference myocardium. LGE was not evaluated in four 
DMD patients who underwent the examination without application 
of contrast agent.

Statistical analysis
The data were analyzed using Stata Statistical Software Release 17 

(StataCorp, College Station, TX). The continuous variables were 
reported as means and standard deviations (SDs) or medians and 
interquartile ranges (IQRs) according to the data distribution. The 
normality of data was evaluated by the Shapiro–Wilk test. Categorical 
variables were reported as counts and percentages. The Spearman 
correlation was used to assess the relationship between the components 
of the PEDSQL 3.0 neuromuscular model questionnaire and EQ-5D, 
age, BMI, upper limb movement, and CMR parameters. Similarly, the 
relationship between upper limb movement and CMR parameters was 
evaluated using the Spearman correlation. The Spearman’s rank 
correlation coefficient was interpreted according to Prion and Haerling 
(36). The Wilcoxon rank-sum (Mann–Whitney) test was used to assess 
differences in the components of the PEDSQL 3.0 neuromuscular 
model questionnaire and EQ-5D between the predefined subgroups 
(heart failure treatment, current corticosteroid therapy, the ability to 
walk, the ability to sit, the presence of scoliosis, the presence of LGE). 
The difference between the categories of the PEDSQL 3.0 neuromuscular 
model questionnaire filled in by the parent or by the patient was 
evaluated using the Wilcoxon signed-rank test. All tests were two-tailed, 
and p values <0.05 were considered statistically significant.

Results

A total of 37 DMD patients (median age 16.8 years) were enrolled 
in the final analysis. The basic demographic data are shown in Table 1. 
The detailed information about current corticosteroid therapy is 
shown in Table 2. Results from both questionnaires are shown in 
Table 3.

EQ-5D questionnaire

DMD patients taking ACEI/sartans had better total mobility than 
DMD patients without therapy (p = 0.048).

There was a negative correlation between the movement of the 
upper limbs and total mobility (rs = −0.619, p = 0.0001), self-service 
(rs = −0.863, p < 0.001), and usual activities (rs = −0.765, p < 0.001). On 
the contrary, movement of the upper limbs positively correlated with 
good/bad days (rs = 0.515, p = 0.001). No correlation was found 
between the movement of the upper limbs, anxiety, and pain.

There was a statistically significant difference in total mobility 
(p < 0.001), self-service (p < 0.001), usual activities (p = 0.0001), and 
good and bad days (p = 0.0095) when comparing the ambulatory/
non-ambulatory DMD patients (p < 0.001).

Similar results were found when comparing sitting/non-sitting 
DMD patients. There was a significant difference in total mobility 
(p < 0.001), self-service (p < 0.001), usual activities (p < 0.001), and 
good/bad days (p = 0.039) (see Table 4). No difference was found for 
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anxiety and pain. DMD patients with or without scoliosis showed a 
statistical difference only on good/bad days (p = 0.011).

When evaluating cardiac parameters, the following statistically 
significant correlations were found: a weak positive correlation 
between EDV and anxiety (rs = 0.330, p = 0.046), a weak negative 
correlation between average MAPSE and total mobility (rs = −0.386, 
p = 0.020), lateral MAPSE and total mobility (rs = −0.344, p = 0.040), 
septal MAPSE and total mobility (rs = −0.355, p = 0.034), and septal 
MAPSE and usual activities (rs = −0.342, p = 0.039) (Table 5).

PEDSQL 3.0 neuromuscular model 
questionnaire

DMD patients aged 8–18 (median 13.9 years, IQR 11.6–15.6) and 
their parents completed the PEDSQL 3.0 neuromuscular model 

questionnaire. A statistically significant differences in disease category 
was found between the PEDSQL 3.0 neuromuscular model 
questionnaires completed by the DMD patients and their parents 
(p = 0.008) (see Figure 1).

There was no significant difference in the PEDSQL 3.0 
neuromuscular model questionnaire for DMD patients taking or not 
taking ACEI/sartans, nor for those taking or not taking corticosteroids.

BMI did not correlate with any of the evaluated parameters in the 
PEDSQL 3.0 neuromuscular model questionnaire.

QoL negatively correlated with movement of the upper limbs 
using PEDSQL 3.0 neuromuscular model questionnaire in the disease 
category completed by the DMD patients (rs = −0.748, p = 0.0002) and 
by the parents (rs = −0.742, p = 0.0004).

Movement of upper limbs positively correlated with septal 
MAPSE (rs = 0.3422, p = 0.038).

Discussion

This was the first prospective study describing a detailed 
evaluation of the QoL in DMD patients of various ages and degrees of 
disability in relation to functional neurological and cardiac 
impairment. The most important results of our prospective study were 
the relation/association between:

 1. Better movement of the upper limbs and total mobility, self-
service, and good/bad days, but not usual activities.

 2. Decreased QoL and movement of the upper limbs using the 
PEDSQL 3.0 neuromuscular model questionnaire in disease 
category completed both by DMD patients and their parents.

 3. Movement of the upper limbs and septal MAPSE also trended 
toward average MAPSE.

 4. Scoliosis and good/bad days.
 5. EDV and anxiety/depression, but not average MAPSE and 

overall mobility or lateral MAPSE and total mobility.

TABLE 1 Basic demographic data.

Variable

Age, median (IQR) 16.8 (13.9–20.7)

Weight, median (IQR) 50 (40–76)

Height, mean (SD) 1.55 (0.19)

Ambulatory patients (n, %) 19 (51.4%)

Self-sitting patients (n, %) 24 (64.9%)

Upper limbs movement, median (IQR) 4 (2–5)

Scoliosis (n, %) 19 (51.4%)

Surgery of scoliosis (n, %) 2 (5.4%)

Actual feeling of dyspnea (n, %) 2 (5.4%)

Actual feeling of palpitations (n, %) 0 (0%)

Arrhythmia (n, %) 0 (0%)

NIPPV (n, %) 6 (16,2%)

Diabetes mellitus (n, %) 0 (0%)

Chronic renal insufficiency (n, %) 0 (0%)

Corticosteroid therapy (n, %) 20 (54.1%)

ACEI/Sartans (n, %) 28 (75.7%)

LVEF, median (IQR) 64 (53–68)

EDV, median (IQR) 91 (70–119)

MAPSE septal 10.5 (9–12)

MAPSE lateral 11 (10–13)

MAPSE average 11 (10–11.5)

Presence of LGE 22 (66.7%)*

ACEI, angiotensin converting enzyme inhibitors; EDV, end-systolic volume; IQR, 
interquartil range; LGE, late gadolinium enhancement; LVEF, left ventricular ejection 
fraction; MAPSE, mitral annular plane systolic excursion; NIPPV, Non-invasive positive 
pressure ventilation; n, number, p, p-value, SD, standard deviation. *Data only for 33 
patients.

TABLE 2 Detailed information of corticosteroid therapy.

Corticosteroid therapy DMD patients (n, %)

Currently 20 (54,1%)*

Never 14 (37%)

Previously 3 (8,1%)

DMD, Duchenne muscular dystrophy; n, number. *One patient takes deflazacort.

TABLE 3 PEDSQL 3.0 neuromuscular model and EQ-5D results.

Scale N Median (IQR)

PEDSQL3.0 neuromuscular model questionnaire

Child self-report

Disease 19 19 (15–30)

Communication 19 6 (3–8)

Family 19 8 (6–11)

Parent report

Disease 18 23.5 (17–34)

Communication 18 6.5 (4–9)

Family 18 8 (6–13)

EQ-5D

Total mobility 36 3 (2–3)

Self-service 37 2 (2–3)

Usual activities 37 2 (2–3)

Pain 36 2 (1–2)

Anxiety 37 1 (1–2)

Good/bad days 37 7 (5–8)

IQR, interquartile range; n, number; PEDSQL, Pediatric quality of life questionnaire.
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 6. Septal MAPSE and total mobility or usual activities.
 7. DMD patients taking ACEI/sartans had better overall mobility 

than DMD patients without therapy for heart failure.

Compared to the previously published studies focused on QoL in 
DMD patients (7, 8, 10, 11, 13–25, 27, 29, 37–39), we included all-aged 
DMD patients, we used the common questionnaires such as EQ-5D 
and PEDSQL 3.0 neuromuscular model questionnaire, and the results 
were not under/overestimated due to proxy reports as the PEDSQL 
3.0 neuromuscular model questionnaire was completed both by DMD 
patients and their parents in our study. Possible reasons why DMD 
patients perceive their QoL as higher compared to their parents 
include fears about their child’s disorder, the adaptation of DMD 
patients to their disease, an inexact perception of a child’s status by 
their parents, limitations of the child, and the influence of 
environmental factors (13–15, 40). The results of our study were 
consistent with the previous studies, as the PEDSQL 3.0 
neuromuscular model questionnaire completed by the parents showed 
more decreased QoL of DMD patients in the disease category 
compared to those who self-reported.

According to Powell et al., a comprehensive and reliable PROM of 
QoL including physical and social domain (41, 42) that is typically 
used for DMD patients (43–47) has a significant positive correlation 
with the PEDSQL 3.0 neuromuscular model questionnaire and the 
EQ-5D questionnaires used in our study (46). Moreover, we analyzed 
the most functional parameters related to the QoL for DMD patients 
that have ever been published.

Respiratory and cardiac impairments

When assessing the respiratory functions and QoL, the aspects of 
daily living and disability were highlighted in DMD patients on 
NIPPV compared to DMD patients without NIPPV. Regardless of the 
reduction in pulmonary function and daily living activities, DMD 

patients on NIPPV showed similar HRQoL to patients without NIPPV 
(27). The relationship between the physical and mental domains 
contrary to forced vital capacity did not show any statistically 
significant results (27). It is consistent with cardiomyopathy where 
DMD patients with or without cardiomyopathy reported similar 
disability scores (27). In our investigation, a minority of DMD patients 
necessitated nocturnal NIPPV; hence, we refrained from correlating 
its influence with the evaluated parameters.

In our study, we focused on cardiac function using CMR and QoL 
in DMD patients. Based on our previous study, Panovský et al. (48), 
DMD patients had impaired LV systolic function measured by MAPSE 
and global LV strain regardless of normal LVEF and the absence of 
LGE (48). The higher the EDV the higher anxiety/depression in DMD 
patients, whereas average MAPSE and total mobility or lateral MAPSE 
and total mobility were associated negatively. Similarly, decreasing 
septal MAPSE introduced reduced total mobility and usual activities. 
The better movement of the upper limbs the higher the septal MAPSE 
value. No arrhythmia was detected based on ECG Holter monitoring 
in our cohort. When evaluating the presence or absence of LGE and 
LVEF, there were no statistically significant differences observed in 
relation to any of the assessed parameters.

According to Porcher et al., DMD patients who take ACEI therapy 
prophylactically had significantly higher overall survival and lower 
rates of hospitalization for heart failure (49). This correlates with the 
results of our study that found DMD patients on ACEI/sartans had 
better overall mobility than DMD patients without therapy. Contrary 
to it, there was no significant difference for those taking ACEI/sartans 
according to the PEDSQL 3.0 neuromuscular model questionnaire.

Corticosteroid therapy

It is well-known that corticosteroid therapy can improve physical 
functioning and prolong estimated life expectancy and HRQoL in 
muscular dystrophy patients (11, 39, 50). We concentrated on influence 

TABLE 4 QoL and neurological impairment in our DMD cohort.

Scale n Sitting Non-sitting p Ambulatory Non-ambulatory p

PEDSQL 3.0 neuromuscular model

Child self-report

Disease 19 18.5 (14.5–28) 30 (28–36) 0.114 17 (14.5–23.5) 28 (28–31) 0.113

Communication 19 4 (3–8) 7 (6–9) 0.258 3.5 (2–7.5) 7 (4–8) 0.223

Family 19 8 (4–10.5) 7 (6–16) 0.935 7.5 (1–10) 8 (7–15) 0.392

Parent report

Disease 18 18 (17–30) 35 (31–39) 0.071 17 (14–30) 31 (24–35) 0.097

Communication 18 6 (3–8) 9 (6–12) 0.201 7 (3–8) 6 (5–12) 0.425

Family 18 7 (6–16) 7 (6–16) 1.000 8 (7–15) 8 (2–10) 0.385

EQ-5D

Total mobility 36 2 (2–3) 3 (3–3) <0.001 2 (1–2) 3 (3–3) <0.001

Self-service 37 2 (1–2) 3 (3–3) <0.001 2 (1–2) 3 (2–3) <0.001

Usual activities 37 2 (1–2) 3 (3–3) <0.001 2 (1–2) 3 (2–3) <0.001

Pain 36 2 (1.5–2) 2 (1–2) 0.517 2 (1–2) 2 (1–2) 1.000

Anxiety 37 1 (1–2) 1 (1–2) 0.578 1 (1–2) 1 (1–2) 0.864

Good/bad days 37 7 (5–8) 5 (4–7) 0.039 7.5 (6–8) 5 (4–7) <0.001

DMD, Duchenne muscular dystrophy; QoL, quality of life; n, number; p, p-value; PEDSQL, Pediatric quality of life. Scales are reported as medians and IQRs.
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of current corticosteroid therapy in our cohort. The average age at 
which corticosteroid therapy was initiated in our cohort is 5 years. All 
patients receive prednisone at a dose of 0.75 mg/kg/day, with the 
exception of one patient who takes deflazacort at a dose of 0.9 mg/kg/
day. Some patients chose not to undergo corticosteroid therapy due to 
the gradual progression of the disease or concerns about potential side 
effects. Additionally, DMD patients discontinued corticosteroid 
therapy when they were no longer ambulatory, despite some guidelines 
recommending its use for preventing heart or respiratory failure.

Concerning the QoL, DMD patients taking or not taking 
corticosteroid therapy did not show any differences in their PEDSQL 
3.0 neuromuscular model questionnaire.

BMI

It was well-recognized that the administration of steroids can 
result in weight gain and short stature (51). In the case of our study, 

BMI did not correlate with any of the evaluated parameters in the 
PEDSQL 3.0 neuromuscular model questionnaire.

Pain

DMD patients usually do not complain of pain although their 
ability to manage pain is limited (52, 53). It was not the subject of 
our study.

Movement of upper limbs + total mobility 
+ tiredness

Overall mobility in DMD is a crucial item of QoL (46). Younger 
DMD patients are usually more tired due to the extra work/effort 
required for movement, whereas older DMD patients move less (46). 
Focusing on the movement of the upper limbs, we found a positive 

TABLE 5 Correlation between QoL and cardiac impairment using CMR.

Variable n LVEF EDV ESV MAPSE 
average

MAPSE 
lateral

MAPSE 
septal

PEDSQL 3.0 neuromuscular model

Child self-report

Disease 19
rs 0.106 −0.044 0.047 0.041 0.102 0.002

P 0.665 0.859 0.849 0.867 0.677 0.994

Communication 19
rs 0.257 −0.196 0.140 −0.115 −0.063 −0.040

P 0.288 0.422 0.569 0.641 0.799 0.873

Family 19
rs 0.088 −0.256 −0.117 0.027 0.001 0.017

P 0.721 0.290 0.634 0.913 0.999 0.945

Parent report

Disease 18
rs 0.156 0.010 0.086 0.061 0.060 0.065

P 0.535 0.969 0.734 0.811 0.815 0.797

Communication 18
rs 0.307 −0.351 −0.247 0.078 0.013 0.148

P 0.216 0.153 0.324 0.760 0.960 0.559

Family 18
rs −0.058 −0.087 0.061 0.004 0.015 −0.028

P 0.819 0.731 0.811 0.988 0.953 0.913

EQ-5D

Total mobility 36
rs 0.168 −0.150 −0.139 −0.386 −0.344 −0.355

P 0.328 0.382 0.421 0.020 0.040 0.034

Self-service 37
rs 0.092 −0.131 −0.081 −0.219 −0.094 −0.320

P 0.589 0.439 0.635 0.192 0.580 0.054

Usual activities 37
rs 0.135 −0.196 −0.146 −0.278 −0.173 −0.342

P 0.427 0.245 0.390 0.096 0.305 0.038

Pain 36
rs −0.003 0.238 0.041 0.064 0.233 −0.018

P 0.987 0.162 0.814 0.709 0.172 0.919

Anxiety 37
rs −0.318 0.330 0.309 −0.235 −0.195 −0.202

P 0.055 0.046 0.063 0.162 0.248 0.231

Good/bad days 37
rs −0.034 −0.147 −0.026 0.216 0.117 0.221

P 0.841 0.386 0.878 0.199 0.492 0.188

CMR, cardiac magnetic resonance; EDV, end-diastolic volume; ESV, end-systolic volume; QoL, quality of life; LVEF, left ventricular ejection fraction; MAPSE, mitral annular plane systolic 
excursion; p, p-value; PEDSQoL, pediatric quality of life questionnaire.
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association with total mobility, self-service, and good/bad days in 
DMD patients, but it correlated negatively with usual activities. QoL 
negatively correlated with movement of the upper limbs using the 
PEDSQL 3.0 neuromuscular model questionnaire in disease category 
completed both by the DMD patients and their parents. Moreover, 
movement of the upper limbs positively correlated with 
septal MAPSE.

When assessing the ambulatory/non-ambulatory and sitting/
non-sitting DMD patients, statistically significant difference in total 
mobility was found. Ambulatory/non-ambulatory and sitting/
non-sitting DMD patients showed significant differences in self-
service, usual activities, and good/bad days.

DMD patients with/without scoliosis showed a statistically 
significant difference in good/bad days.

Anxiety/sadness/mood/good or bad days

The QoL focused on physical activities, health, and friends in 
DMD patients was reduced (13). Pangalila et al. reported that social 
issues of QoL were affected/impaired in DMD patients compared 
to the control group (54). Based on previous studies, it is known 

that the general mood and feelings assessed for parents were 
decreased than that for DMD patients (11, 55). From the children’s 
perspective, physical activities and health and friends were 
lower (13).

This is consistent with the results in our study in which EDV was 
positively associated with anxiety/depression, but was negatively 
associated with average MAPSE and total mobility, as were lateral 
MAPSE and total mobility.

Limitations of the study

It was a small sample because of the rare occurrence of DMD and 
it was a single-centre study. The questionnaire was completed in 
electronic version. The results of our study cannot be generalized to 
the worldwide population due to various levels of health care and 
social possibilities (56–58). In our study, our emphasis was on 
categorizing DMD patients into two primary groups: ambulatory and 
non-ambulatory. Specifically, detailed information on five 
subcategories of upper limb movement was collected exclusively from 
the “non-ambulatory DMD patients,” with the corresponding data 
absent for ambulatory DMD patients. Regarding the evaluation of 

FIGURE 1

PEDSQL 3.0 neuromuscular model questionnaire completed by DMD patients and their parents. DMD, Duchenne muscular dystrophy; PEDSQL, 
pediatric quality of life questionnaire.
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corticosteroid therapy’s influence, our focus was solely on the ongoing 
pharmacotherapy. Future studies focused on QoL in DMD are needed 
to confirm our results.

Conclusion

This study delved into various dimensions of QoL in DMD 
patients, considering neurological, cardiac, therapeutic, and emotional 
aspects. Key findings revealed significant correlations: improved 
upper limb movement positively related to overall mobility and 
emotional well-being, while QoL displayed negative associations with 
upper limb movement. Cardiac parameters, especially septal MAPSE, 
were interlinked with motor function. QoL distinctions were apparent 
among ambulatory/non-ambulatory and sitting/non-sitting DMD 
patients. Anxiety/depression correlated with cardiac parameters, 
highlighting the intricate connection between emotional and cardiac 
well-being. Treatment with ACEI/sartans positively impacted overall 
mobility. Despite study limitations, these insights underscore the 
imperative for personalized care strategies in DMD 
patient management.
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Glossary

ACEI Angiotensin converting enzyme inhibitors

BMI Body mass index

CMR Cardiac magnetic resonance

DMD Duchenne muscular dystrophy

ECG Electrocardiogram

EDV End-diastolic volume

EF Ejection fraction

ESV End-systolic volume

HRQoL Health-related quality of life

IQRs Interquartile ranges

LGE Late gadolium enhancement

LV Left ventricular

LVEF Left ventricular ejection fraction

MAPSE Mitral annular plane systolic excursion

NIPPV Non-invasive positive pressure ventilation

PEDSQL Pediatric quality of life questionnaire

PROM Patient-reported outcome measure

QoL Quality of life

SDs Standard deviation
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A B S T R A C T

Background: Heart failure (HF) is becoming an increasingly prevalent issue, particularly among 
the elderly population. Lipids are closely associated with cardiovascular disease (CVD) pathology. 
Lipidomics as a comprehensive profiling tool is showing to be promising in the prediction of 
events and mortality due to CVD as well as identifying novel biomarkers.
Materials and methods: In this study, eicosanoids and lipid profiles were measured in order to 
predict survival in patients with de novo or acute decompensated HF. Our study included 50 
patients (16 females, mean age 73 years and 34 males, mean age 71 years) with de novo or acute 
decompensated chronic HF with a median follow-up of 7 months. Lipids were semiquantified 
using targeted lipidomic liquid chromatography-mass spectrometry (LC-MS/MS) analysis. 
Eicosanoid concentrations were determined using a commercially available sandwich ELISA 
assay.
Results: From 736 lipids and 3 eicosanoids, 39 significant lipids were selected (by using the Mann- 
Whitney U test after Benjamini-Hochberg correction) with the highest number of representatives 
belonging to the polyunsaturated (PUFA) phosphatidylcholines (PC). PC 42:10 (p = 1.44 × 10�4) 
was found to be the most statistically significantly elevated in the surviving group with receiver 
operating characteristics of AUC = 0.84 (p = 3.24 × 10�7). A multivariate supervised discrimi-
nant analysis based on the aforementioned lipid panel enabled the classification of the groups of 
surviving and non-surviving patients with 90 % accuracy.
Conclusions: In the present study we describe a trend in PUFA esterified in PC that were sys-
tematically increased in surviving patients with HF. This trend in low-abundant and rarely 
identified PUFA PC (mainly very long chain PUFA containing PC such as PC 42:10 or PC 40:9 
containing FA 22:6, FA 20:5 and FA 20:4) suggests candidate biomarkers.
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1. Introduction

Heart failure (HF) is becoming a significant public health concern, largely due to the ageing population and the associated mortality 
from de novo or acute decompensated HF. Although the age-adjusted incidence of HF is decreasing in developed countries, probably 
due to improved management of cardiovascular disease (CVD), the overall incidence is increasing as the population ages [1]. The 
current prevalence of heart failure is estimated to be 1–2% in all adults and up to 10 % in those over the age of 70 [2,3]. It is likely that 
the true prevalence of heart failure is higher than that indicated by studies, which usually include only cases that have been recognised 
and diagnosed. It is therefore beneficial to investigate the diagnosis and progression monitoring of CVD and de novo or acute 
decompensated HF using novel approaches such as lipidomics, with the objective of gaining insight into the underlying biochemical 
processes behind and stratifying risk groups.

Lipidomics is a field of study that focuses on the analysis of lipids, including their quantification, as well as the study of their 
catabolic or anabolic biochemical pathways. The association of changes in the plasma lipidome with the progression of CVD in patients 
or the prediction of its acute complications has already been well described in the literature. Promising results from recent lipidomics 
studies have defined several CVD-related lipid classes (mainly ceramides) and individual plasma lipids that are attracting the attention 
of clinicians, given that they are already part of the Mayo Clinic test catalogue (CERAM test) [4–6]. Ceramides are bioactive sphin-
golipids with a pivotal role in cell signalling, proliferation, senescence, adhesion, migration, and angiogenesis. They have recently been 
shown also to influence CVD-related processes, including LDL aggregation and uptake, endothelial dysfunction, and inflammation [7,
8]. A ceramide- and phospholipid-based risk score, CERT2, has been developed and validated on multi-cohort samples to effectively 
predict the risk of cardiovascular events and death in patients with coronary artery disease [6]. Similarly, the CERAM test, which is 
based on the analysis of plasma ceramides (16:0; 18:0; 24:1 and their ratios to 24:0), can predict the risk of major adverse cardio-
vascular events (such as myocardial infarction, coronary revascularisation, acute coronary syndrome hospitalization and mortality) 
within the next 1–5 years [9]. Nevertheless, it would be advantageous to test these findings in a clinical setting with the potential to 
identify new lipids that could be used to predict the survival of patients with de novo or acute decompensated HF.

Eicosanoids are bioactive lipid mediators which are derived from the catalysis of n-3 and n-6 polyunsaturated fatty acid (PUFA) 
substrates by lipoxygenases (LOXs), cyclooxygenases (COXs), or cytochrome P450s (CYPs). Epoxyeicosatrienoic acids (EETs) and 20- 
hydroxyeicosatetraenoic acid (20-HETE) are the products of CYPs epoxygenases (EETs) and ω-hydroxylases (20-HETE), respectively. 
The subsequent rapid conversion of EETs to the less active dihydroxyeicosatrienoic acids (DHETs) is catalysed by soluble epoxide 
hydrolases (sEH). EETs exert a variety of physiological functions, including cell proliferation, inflammation modulation, vascular 
function (vasodilation) and natriuresis. Chronic vascular inflammation may contribute to the development and progression of 
atherosclerotic cardiovascular disease, including coronary artery disease (CAD) and acute myocardial infarction (AMI). Anti- 
inflammatory drugs (such as interleukin-6 receptor antagonists) have demonstrated their efficacy as a novel therapeutic approach 
in CAD [10]. The vasoactive and natriuretic effects of eicosanoids suggesting their potential beneficial role in heart failure have been 
tested in preclinical studies in various animal models, leading to the development of orally active EET analogues and sEH inhibitors 
[11]. Both, EET analogues and sEH inhibitors, showed positive morphological, hemodynamic and mortality effects in animal HF 
models in our recent studies [12,13]. However, the potential role of eicosanoids in clinical cardiovascular disease particularly in HF, is 
not fully understood [14,15].

The aim of the study was to investigate the eicosanoids and lipid profiles as a biomarker panel for predicting survival in patients 
with de novo or acute decompensated chronic HF.

2. Materials and methods

2.1. Chemicals and reagents

Acetonitrile (ACN), isopropanol (IPA), water, and ammonium acetate (AmAc), all in liquid chromatography-mass spectrometry 
(LC-MS/MS) grade, were purchased from Sigma-Aldrich (St. Louis, MO, USA). As internal standards, the SPLASH® LIPIDOMIX® Mass 
Spec Standard mixture and ceramide (d18:1-d7/15:0) were used and purchased from Avanti Polar Lipids (Alabaster, AL, USA). 
Arachidonic acid-d8 was purchased from the Cayman Chemical Company (Ann Arbor, MI, USA). As the standard reference material for 
plasma, we used the NIST® SRM® 1950 - “Metabolites in frozen human plasma” (SRM 1950) which was purchased from Sigma-Aldrich 
(St. Louis, MO, USA).

2.2. Patient groups

The study included 50 patients (16 females, aged from 30 to 96 years, mean age 73 years and 34 males, aged from 46 to 86 years, 
mean age 71 years) with de novo or acute decompensated chronic HF admitted to our tertiary cardiovascular centre. This study was 
approved by the Ethics Committee of University Hospital Motol (number EK-739/21, approved on 16.6. 2021). Written informed 
consent was obtained from all participants enrolled in the study. During the prospective median follow-up of 7 months, 13 patients 
died (hereafter referred to as the non-surviving group). The patients were characterised by cardiological assessments, including the left 
ventricular ejection fraction (LVEF). Biochemical parameters (CRP, NT-proBNP, LDL, creatinine) were determined using commercially 
available biochemical and immunochemical assays. Furthermore, eGFR was calculated using the CKD-EPI equation. Clinical data and 
risk factors were analysed. A summary of the patient’s characteristics is provided in Table 1 and provided in detail in Table S1.
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2.3. Serum preparation and eicosanoid analysis

Sample collection, preparation and storage were carried out with a consideration to minimize preanalytical effects [16]. Blood 
samples were collected the next day (after admission) in the morning before breakfast in tubes coated with microscopic silica particles 
as a coagulation activator. After centrifugation (10 min, 4000 rpm, 8 ◦C), the serum was separated, aliquoted, directly analysed 
(eicosanoid analysis) and the rest was stored at �80 ◦C (for lipidomic analysis). The concentration of eicosanoids (14,15-EET, 14, 
15-DHET and 20-HETE) was determined using commercially available sandwich ELISA assays (MyBioSource, USA). The ELISA as-
says were performed according to the manufacturer’s instructions and previously published protocol [17], and the semiquantitative 
data are presented in Table S1.

2.4. Lipidomic analysis

2.4.1. Sample preparation for lipidomic analysis
Serum samples for lipidomic analysis were firstly placed from �80 ◦C to �20 ◦C overnight and thawed on ice the next day. After 

freeze-thawing and mixing for 10s on a vortex mixer, the extraction was performed using a protocol described in Ref. [18] by mixing 
50 μL of serum with 150 μL of IPA containing internal standards (specified in Table S4). Samples were stored in the freezer (-20 ◦C) 
overnight for deproteinization and on the following day, the mixture was centrifuged (10 min, 14 000 g, 4 ◦C). The supernatant above 
the protein pellet was transferred (approximately 150 μL) into a glass LC-MS vial. A 10 μL aliquot was taken from each sample and 
pooled as a quality control (QC) sample. The samples were then immediately subjected to LC-MS analysis. Samples were double 
randomized, firstly during the sample preparation and secondly with respect to the order of the analytical runs. The QC sample was 
analysed as every 6th injection and was used for the instrument stability monitoring. Five independently prepared replicates of the 
SRM 1950 were measured during the analysis.

2.4.2. Liquid chromatography
The method for pseudotargeted lipidomic analysis, using liquid chromatography coupled to mass spectrometry, was used in the 

same settings as in previous studies [19]. The LC separation was performed by an ExionLC™ system (Sciex, Foster City, CA, USA), the 
data were acquired using QTRAP® 6500+ mass spectrometer (Sciex, Foster City, CA, USA) and the system was controlled by the 
Analyst software (version 1.6.2, Sciex, Foster City, CA, USA). For the chromatographic separation, the reversed-phase BEH C8 column 
(2.1 mm, 100 mm, 1.7 μm, Waters, Milford, MA, U.S.A.) was employed. The mobile phase A was ACN: H2O (3:2, v/v), and the mobile 
phase B was IPA: ACN (9:1, v/v), and both contained 10 mM AmAc. The flow rate was set at 0.35 ml/min and the column temperature 
was 55 ◦C. The elution gradient started at 32 % B up to 1.5 min, then increased linearly to 85 % B at 15.5 min, then it increased again to 
97 % B at 15.6 min, was held for 2.4 min. The gradient then reached its initial composition of 32 % B at 18.1 min and it was held for 1.9 
min for equilibration of the column.

Table 1 
Patient characteristics. Data are presented as median (interquartile range, Q1/Q3) or number (%) and p-values correspond to the two-tailed Mann- 
Whitney test (continuous variables) or Fisher’s exact test (categorical variables).

Description of the patient cohort Surviving group (n = 37) Non-surviving group (n = 13) p-value

Age (years) 76 (68/80) 81 (71/86) 0.0698
Female (%) 37.8 15.4 0.1792
BMI (kg/m2) 28 (25.1/31.1) 29.4 (27.4/31.9) 0.3265
Weight (kg) 82 (75/94) 85 (75/90) 0.4395
HFrEF (%) 51.4 76.9 0.1906
HFmrEF (%) 13.5 0 0.3087
HFpEF (%) 35.1 23.1 0.5075
LVEF (median %) 40 (27/55) 25 (20/40) 0.1221
Statin (%) 59.5 46.2 0.5204
Hypertension (%) 81.1 69.2 0.4446
Type 2 diabetes mellitus (%) 48.7 46.2 >0.9999
Coronary artery disease (%) 78.4 69.2 0.7069
COPD (%) 24.3 23.1 >0.9999
Chronic kidney disease (eGFR <1 ml/s/1.73m2) (%) 48.7 76.9 0.1084
Biochemical characteristics
NT-proBNP (ng/l) 3785 (2458/8541) 11263 (7185/26269) 0.0155
eGFR (ml/s/1.73m2) 1.0 (0.7/1.3) 0.5 (0.4/0.6) 0.0019
CRP (mg/l) 6.8 (1.9/13.3) 23.5 (17/47.1) 0.0030
LDL cholesterol (mmol/l) 2.4 (1.7/3.1) 1.7 (1.3/2.5) 0.1149
Total cholesterol (mmol/l) 4.1 (3.3/4.9) 3.1 (2.9/3.9) 0.0994

Abbreviations: HFrEF - heart failure with reduced ejection fraction (LVEF ≤40 %), HFmrEF - heart failure with mildly reduced ejection fraction (LVEF 
41–49 %), HFpEF - heart failure with preserved ejection fraction (LVEF ≥50 %), LVEF - left ventricular ejection fraction, NT-proBNP - N-terminal- 
prohormone brain natriuretic peptide, COPD - chronic obstructive pulmonary disease, eGFR - estimated glomerular filtration rate, CRP - C-reactive 
protein, LDL - low-density lipoprotein, SD - standard deviation, BMI - body mass index.
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2.4.3. Mass spectrometry
The parameters of the ion source and gasses of the mass spectrometer were set accordingly: ion spray voltage, +4500 V and �4500 

V; curtain gas, 40 psi; both ion source gases 1 and 2, 60 and 50 psi respectively, and source temperature, 400 ◦C. Scheduled multiple 
reaction monitoring (MRM) with a 2-min window was used for the data acquisition. Positive and negative ionization of compounds 
was performed in one analysis using the polarity switching function of the used mass spectrometer used. Specific acyl-defining MRM 
transitions in negative mode were calculated using LipidCreator software [20]. These MRM were added to the method for identifi-
cation of lipid molecular species (acyl-specific identification) where all adducts and fragment types are provided in detail in Table S2. 
Due to instrumentation capabilities, it was not possible to perform acyl-specific fragmentations for all lipids (limitation of the number 
of MRM transitions to achieve sufficient sensitivity), but after the identification of statistically significant lipids, these lipids were 
further fragmented using a QC sample to elucidate their structural composition (Fig. S1). Declustering potentials and collision energies 
were optimized using deuterated standards as well as the linearity and other analytical parameters, these have been already provided 
in detail in our previous work using the same lipidomic approach [21]. Lipid elution curves plotted using the R script [22] (Fig. S2) 
were used to ensure correct lipid annotation.

2.5. Data treatment and statistical analysis

Raw data from the lipidomic analysis were processed in SCIEX OS software (Sciex, version 1.6.1) using semiautomatic peak 
integration algorithm. Peak areas were divided by areas of their internal standards (always one internal standard per lipid (sub)class, 
listed in Table S4). The concentration calculated in this way (for which Type I correction was applied) [23] should be considered 
semiquantitative (level 3) according to the guidelines of the Lipidomics Standards Initiative [24]. The concentrations of lipids are 
shown in Table S5 and the calculation of the concentration is described in our previously published work [19]. A comparison of the 
concentration of lipids in SRM NIST 1950 with the reference values is shown in Fig. S3 (and in detail in Table S6). Pareto scaling, and 
mean centering were applied to the final dataset (Table S3). Statistical evaluation of the data was performed in GraphPad (version 9.0, 
San Diego, California, USA), SIMCA software (version 15.0, Umetrics, Umeå, Sweden), R program (4.0.3) [25] using the Metabol 
package [26] and IBM SPSS Statistics (28.0.1.1). Data were analysed using both multivariate (principal component analysis, PCA; 
orthogonal partial least squares discriminant analysis, OPLS-DA) and univariate (box plots, Mann-Whitney U test, fold change) 
methods. The Cytoscape program (https://cytoscape.org/) was used for global visualization of changes occurring in lipid profiles [27]. 
In the Cytoscape visualization (Fig. 2), each of the detected compounds was represented by a circle (node). The size of the nodes 
represented the -log p-value and the colour was based on fold-change (shades of red/blue represented an increase/decrease between 
two tested groups). The p-value from the Mann-Whitney U test was corrected by the Benjamini-Hochberg approach (Table S7) [28]. 
The ROC analysis and Kaplan-Meier survival analysis were performed to evaluate the diagnostic and predictive power of lipids and 
eicosanoids in the patient’s cohort where a p-value <0.05 was considered statistically significant (Table S7). The raw data and 
Tables S1–7 have been uploaded to the MassIVE database and are publicly available under the provided link: https://doi.org/10. 
25345/C5J960F34. To evaluate the associations of selected lipids with biochemical and physiological parameters, we have applied 
Spearman correlation analysis (where correlations of 0–0.19, 0.20–0.39, 0.40–0.59, 0.60–0.79, and 0.80–1.00 were considered as 
negligible, weak, moderate, strong and very strong, respectively) (Fig. S4). A Cox regression model was fitted using GraphPad Prism 
(version 10.0, San Diego, CA, USA) to calculate hazard ratios (HR) associated with HF death occurring during 7 months follow-up using 
days from admission to death or end of follow-up as the time scale (Table S10).

The power of the study was evaluated and an effect size >0.84 (Cohen’s D) was calculated for the comparison of the non-surviving 
(N = 13) and surviving (N = 37) groups to be statistically significant for the two-tailed t-test under the conditions of type I error (alpha 
= 0.05) and required power (1 – beta = 0.8).

3. Results

3.1. Serum lipidomics, map of lipid classes and univariate statistics

A total of 736 lipids and 3 eicosanoids were measured and semiquantified in serum using our analytical setup. The following lipid 
classes were identified (the abbreviation of the lipid class is given in parentheses followed by the number of lipids in this class): 
cholesteryl esters (CE, 11), ceramides (Cer, 29), diacylglycerols (DG, 20), free fatty acids (FA, 16), dihexosylceramides (Hex2Cer, 5), 
monohexosylceramides (HexCer, 16), lysophosphatidylcholines and their plasmanyl/plasmenyl variants (LPC, LPC-O, LPC-P 40), 
lysophosphatidylethanolamines and their plasmanyl variant (LPE, LPE-O, 16), phosphatidylcholines and their plasmanyl/plasmenyl 
variants (PC, PC-O, PC-P, 157), phosphatidylethanolamines and their plasmanyl/plasmenyl variants (PE, PE-O, PE-P, 132), phos-
phatidylinositols (PI, 45), phosphatidylserines (PS, 5), sphingomyelins (SM, 89), triacylglycerols (TG, 154), eicosanoids (3 + 2 ratios) 
and cholesterol. The high number of lipids for some lipid classes (e.g. TG, PC, PE) is due to the fact that both the total sum and specific 
acyl variants of these lipids were measured in our analysis and were retained in the dataset for further processing in the subsequent 
statistical analysis.

The Mann-Whitney U test was used to differentiate between the groups of surviving patients from non-surviving patients during the 
observation period of our study. After applying the Benjamini-Hochberg correction, 39 altered lipids consisting of 16 PC, 15 SM, 3 TG, 
2 LPC-P, LPC, Cer and HexCer were considered statistically significant. A volcano plot was used to visualize a general overview of the 
changes in lipid concentrations (Fig. 1). The significant PC were mainly polyunsaturated species (more than 5 double bonds on 
average) such as PC 42:10, PC 36:6, and PC 40:9. Using an additional fragmentation analysis (Fig. S1), to elucidate the structure (acyl- 
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chain composition) of these low abundant long PUFA PC, it was found that PC 42:10, PC 40:9, and PC 40:7 are dominantly represented 
by PC 20:4_22:6, PC 20:4_20:5, and PC 18:1_22:6, respectively. On the other hand, the significantly increased SM in the surviving group 
were mono- or diunsaturated (SM d16:1/18:0, SM d18:2/20:0, SM d16:1/24:0), but also polyunsaturated species with 40 and more 
carbon atoms such as SM d40:5, and SM d42:6. Significant TG contained 50–51 carbons and 1–2 double bonds, namely TG 50:1, TG 
50:2 and TG 51:1. A map of all lipids grouped by lipid class was generated to provide details of all identified and semiquantified lipids 
(Fig. 2). To investigate the associations of individual parameters with the levels of our proposed lipid markers, we performed a 
Spearman correlation analysis (Fig. S4) of physiological (age, BMI) and biochemical parameters (LDL, total cholesterol, eGFR, CRP), 
the CVD biomarker NT-proBNP and all significant (mostly PUFA) PC. Correlation analysis revealed moderate to strong positive cor-
relations between all the PUFA PC but only a moderate positive or negative correlations between the above-mentioned parameters and 
PUFA PC. For example, the most significantly altered lipid PC 42:10 showed a moderate negative correlation with NT-proBNP (−0.56) 
and CRP (−0.41), a moderate positive correlation with total cholesterol (0.54) and a strong positive correlation with PC 40:9 (0.86) 
and PC 40:7 (0.71). The average correlation between significant PUFA PC and age and BMI was close to 0 (−0.05 and −0.04, 
respectively), which is considered a negligible correlation. In addition, we performed a comparative ROC analysis which showed that 
the significantly altered PUFA PC had a better clinical performance (higher AUC) as classifiers of surviving vs. non-surviving patients 
compared to NT-proBNP, CRP and eGFR (Fig. S5). To account for the limited sample size of our study, we randomly (using the Excel 
function “RANDARRAY”) divided the samples into the training set (approximately 2/3 of the samples) and the validation set 
(approximately 1/3 of the samples). We performed supervised OPLS-DA analysis (Fig. S7 A, B, C, D) and ROC analysis (Fig. S7 E, F) to 
compare the results of the training and validation sets.

3.2. Detailed lipid analysis based on acyl chain lengths and saturation reveals systematic alterations

To visualize trends in acyl chain length (number of carbons) and number of double bonds, the comparative plots were generated for 
each lipid (sub)class (Fig. 3). The PC lipid class exhibited the highest number of elevated lipids (in surviving patients) with the highest 
degree of unsaturation within a given acyl chain length. In the case of LPC, which are biochemically closely related to PC, this trend 
appears to be less pronounced but still partially present. Conversely, for the SM and TG classes, the most significant changes were 

Fig. 1. Volcano plot of all 736 lipids. The y-axis and the size of the circles represent the -log p-value (Mann-Whitney U test) between surviving vs. 
non-surviving patients. The colour of the circles and the x-axis represent a log2 fold change of medians between surviving vs. non-surviving patients. 
Circles with labels correspond to lipids that remained significant after Benjamini-Hochberg correction of the p-value. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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observed for mono- and di-unsaturated lipids with longer acyl chains.

3.3. ROC and survival analysis based on selected biomarkers

The clinical performance of the identified lipid markers was evaluated by ROC analysis (details in Table S7), where a significant 
result (p-value<0.05) was obtained for 155 lipids and 1 eicosanoid. The ROC analysis of eicosanoids showed a significant prognostic 
power of 14,15-EET (AUC = 0.72) with respect to the alive-to-death ratio in the patient cohort during the 7-month follow-up study. 
Similarly, prognostic power was found for multiple lipids across 17 lipid classes listed in Table S8. These lipid classes were (with the 
number of significant lipids in parentheses): TG (48), PC (37), SM (31), LPC (13), CE (5), LPC-P (2), LPE (2), PC-P (3), PE-P (3), PI (2), 
PS (2), Cer (2), HexCer (1), DG (1), PC-O (1), PE (1), PE-O (1). The top 10 lipids with the lowest p-value (as determined by ROC 
analysis) were 6 polyunsaturated PC species with more than 5 double bonds, 3 mono or di-unsaturated SM species and one mono-
unsaturated TG, and their average AUC value was 0.80. The overall average AUC of all significant lipids was 0.71. For each of these 
lipid classes, one lipid with the lowest p-value of the ROC curve was selected and presented in Table S8. Parameters from the ROC 
analyses were used to define cut-off values (Table 2 and Table S8), which were subsequently utilised to construct Kaplan-Meier 
survival curves (Fig. 4 and Fig. S6). We further focused on the systematically altered lipids from the PC class (selected as those 

Fig. 2. Map of lipids and eicosanoids showing the entire lipidome divided into individual lipid classes and subclasses. The size of the circles 
represents the -log p-value (Mann-Whitney U test) between surviving and non-surviving patients. The colour of the circles represents a log2 fold 
change of medians between surviving and non-surviving patients. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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with the significant change according to the Mann-Whitney U test), specifically PC 42:10, PC 36:6, PC 40:9, PC 37:6, PC 40:7 and PC 
34:5, which were used to construct ROC curves (Table 2) and Kaplan-Meier survival curves (Fig. 4, and additionally the log-rank value 
and p-value in Table S9).

The patients were closely monitored by the clinic and data on exact survival time in days were available for statistical analysis. 
These data were used to construct Kaplan-Meier survival curves using the cut-off estimates from the ROC analyses (shown in Table 2
and detailed in Table S7). The representative Kaplan-Meier survival curves for the most significantly altered PUFA PC (as listed in 
Table 2) are shown in Fig. 4.

3.4. Multivariate discriminant analysis predicts survival of CVD patients

To verify how the defined lipid panel (39 significant lipids, selected by Mann-Whitney U test after BH correction) discriminates the 
group of surviving from non-surviving patients, the data were subjected to unsupervised and supervised multivariate analyses (Fig. 5). 
A partial grouping of surviving and non-surviving patients (48.6 % explained variance on the first component) was observed in the 
unsupervised principal component analysis (PCA). The contributions of lipids to the construction of the PCA score plot are shown in the 
loading plot (Fig. 5, B). Furthermore, supervised orthogonal partial least squares discriminant analysis (OPLS-DA) showed an almost 
complete separation of the studied groups (Fig. 5, C). Although the OPLS-DA model R2Y value of 0.535 and Q2 value of 0.245 is not 
considered to be a model with good predictability (threshold >0.5 for both values), the permutation test (Fig. 5, D) showed that the 
original model yielded higher R2Y and Q2 values than the permutated models. The results of these analyses provide evidence that the 
combination of selected lipid markers is capable of discriminating between surviving and non-surviving patients. The model achieved 
an accuracy of 95 % and 77 % was achieved for survival and non-survival patients, respectively (Table 3). The OPLS-DA model 
correctly classified 35 out of 37 surviving patients and 10 out of 13 non-surviving patients.

3.5. Validation of results and analysis of covariates

In order to validate the results, the samples were divided into the training set (approximately two-thirds of the samples) and the 
validation set (approximately one-third of the samples). The results demonstrated that both the training and validation sets showed 
complete separation of samples from the surviving and non-surviving groups in the OPLS-DA (Fig. S7 A, B). Furthermore, both the 
training and validation OPLS-DA models demonstrated the ability to correctly classify samples from these two groups with 96.88 % 
and 100 % model accuracy, respectively (Fig. S7 C, D). Finally, an ROC analysis was performed to compare the clinical performance of 
the first six most significantly altered PUFA PC which showed, that PUFA PC as markers were able to discriminate between surviving 
and non-surviving patients in both the training and validation sets, with a mean AUC of 0.76 and 0.83, respectively (Fig. S7 E, F). A Cox 
regression analysis was conducted to assess whether serum CRP, NT-proBNP, eGFR and PC 42:10 were associated with death after HF. 
The PC 42:10 was identified as the only significant covariate (HR: 0.058, 95 % CI: 0.008–0.367; p = 0.003), while no significant 
associations were observed for the remaining covariates (Table S10).

4. Discussion

The present study was conducted on patients with de novo or acute decompensated chronic HF who were accepted and treated at 
our tertiary cardiovascular centre. The study focused on a cohort of patients from a purely clinical setting. Furthermore, this study did 
not focus on the prediction of events or death in the general population or in those at risk of developing the disease, but rather on 
patients at an advanced stage of the disease (de novo or acute decompensated HF). The potential of lipids and eicosanoids to 
distinguish between the surviving and non-surviving groups of patients was evaluated. Our findings indicate that peripheral levels of 
lipids (mainly PUFA PC) and eicosanoids (especially 14,15-EET) offer significant prognostic power with respect to the alive-to-death 
ratio in HF patients during 7-month follow-up. These findings suggest that it is possible to stratify this susceptible group from those 

Fig. 3. Detailed view into trends of double bonds and acyl chain length of lipids divided into lipid classes and subclasses. The y-axis corresponds to 
the number of carbons and the x-axis represents the number of double bonds of a total lipid composition. The size of the circles represents the -log p- 
value (Mann-Whitney U test) between surviving and non-surviving patients. The colour of the circles represents the log2 fold change of the medians 
between surviving and non-surviving patients. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)

Table 2 
Results of the ROC analysis of the six most significantly altered PUFA PC showing AUC, Gini index, Max K-S and cut-off values.

Lipid AUC Std. Error Asymptotic significance (p-value) Gini Index Max K-S Cut-off (nmol/ml)

PC 42:10 0.84 0.07 3.235E-07 0.68 0.63 0.19
PC 36:6 0.80 0.06 2.183E-06 0.60 0.58 0.35
PC 40:9 0.79 0.07 2.072E-05 0.58 0.49 0.04
PC 37:6 0.79 0.07 1.633E-05 0.58 0.54 0.72
PC 40:7 0.78 0.06 2.094E-05 0.55 0.55 6.21
PC 34:5 0.77 0.06 2.795E-05 0.54 0.59 0.23
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with a higher chance of survival using our lipid panel.
In terms of lipidomics, we identified numerous significant lipids across lipid classes and subclasses, which belonged primarily to PC, 

SM, TG, LPC-P, LPC, Cer, and HexCer. Significantly altered lipids (n = 39) were selected using univariate statistics to construct 
multivariate models. The classification performance of the selected lipids was evaluated using a validated supervised OPLS-DA model 
which demonstrated an overall 90 % accuracy in classifying patients at risk of death. To provide a more detailed description of the 
common structural features of these significant lipids, we constructed plots according to the number of carbons and double bonds for 
each lipid by lipid (sub)class. A clear trend was identified in the PC class, namely that as the number of double bonds increases (to-
wards polyunsaturated species), the significance and clinical performance to distinguish the surviving group from the non-surviving 
group of patients increases regardless of the number of carbons. Although several individual polyunsaturated PC species such as PC 
36:6 or PC 34:4 have been identified as significant both in our and also previous studies [29], our study highlights a yet undescribed 
systematic phenomenon across this whole lipid class. Upon closer examination, we also found significant changes in long (>40 car-
bons) and highly polyunsaturated (>7 double bonds) phosphatidylcholines such as PC 40:9, PC 40:7 and especially PC 42:10, which 
was the most significantly elevated lipid in the surviving patients. Some of these low-abundant long-chain PUFA PC have not yet been 
identified and even detected in previous studies (due to their unexpected occurrence in plasma) and consequently they are not 
included in predictive models such as CERT2 and others [6]. Furthermore, the results from the correlation analysis indicated that PUFA 
PC are moderately correlated with CVD markers associated with cardiac complications and prognosis such as NT-proBNP and CRP, 
however, in comparison, PUFA PC show better clinical performance as classifiers of non-surviving patients after a heart attack and that 
PUFA PC are not correlated with BMI nor age. On the basis of the Cox regression analysis, the common HF-related biochemical pa-
rameters (NT-proBNP, CRP and eGFR) were not significantly associated with the risk of death after HF. PC 42:10 as the most 
discriminating PUFA PC (based on univariate statistical analysis) was significantly associated with death after HF, independent of the 
aforementioned parameters.

These findings are consistent with several studies showing a cardioprotective effect of PUFA (especially linoleic acid) in direct 
association with all-cause mortality [30]. Many studies are based on the analysis of total free and total esterified fatty acids (usually 
determined by GC-MS). It has been shown that esterified PUFA in serum are even more strongly associated with CVD mortality than 
free dietary PUFA [30]. However, GC-MS analysis of esterified fatty acids is performed in a destructive manner, i.e. we only observe the 
sum of the fatty acids but do not know their origin (which lipids they are derived from). Our work takes this knowledge a step further 
by measuring the individual lipids in which the fatty acids are esterified thus allowing us to identify which lipid class is most important 
in relation to the cardioprotective function of esterified PUFA during HF. The structural composition of these low abundant lipids at the 
molecular species level was confirmed by fragmentation experiments. According to our results, the PUFA with the most significant 
cardioprotective role with respect to survival after HF are mainly FA 22:6, FA 20:4 and FA 20:5 esterified in PC.

Moreover, myocardial phospholipid remodelling has been observed in association with various forms of heart failure, often 
manifesting as lower levels of linoleic acid and a reciprocal elevation of long-chain unsaturated fatty acids, such as FA 22:6 and FA 20:4 
[31,32]. In contrast to the myocardial tissue, in plasma and serum, the levels of free and esterified PUFA (mainly ω-3 species) are 
elevated in both patients with low CVD risk and lower risk of CAD [6,33,34]. This observation may be related to the increased activity 
of δ-6 desaturase (D6D), the rate-limiting enzyme in PUFA biosynthesis [32]. Although D6D inhibition reversed the pathological 
manifestation of HF in an animal model [32], in our study elevated serum PUFA esterified in PC are associated with surviving HF 
patients. Several studies have investigated the beneficial effects of PUFA on cardiac function. Omega-3 FA have been shown to suppress 
the expression of pro-inflammatory cytokines and the infiltration of inflammatory cells into the heart. In subjects with stable ischemic 

Fig. 4. Kaplan-Meier survival curves of the six most significantly decreased PUFA PC in the non-surviving group compared to the surviving group 
(detailed in Table 2).
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heart failure), supplementation with omega-3 PUFAs has been shown to improve endothelial function, inflammatory and fibrotic 
status [35,36]. Further research is needed to elucidate the role of PUFAs in the pathobiochemistry of HF.

In addition, particular attention was paid to eicosanoids. The reduced availability of biologically active epoxygenase products 
expressed as the EET/DHET ratio is commonly used to assess the bioavailability of these metabolites [37–39] as was also validated in 
our preclinical study, where this ratio was reduced by approximately 65 % in the kidney and left ventricle (LV) of the animal CHF 
model as compared to controls [12,13]. There were no significant differences in the protein expression of the enzymes responsible for 
EETs production in the kidney and LV. However, the expression of sEH protein, an enzyme responsible for converting EETs to DHETs, 
was significantly increased in the animal HF model in LV tissue [13]. In this human pilot study, we did not measure the direct tissue 
concentrations of eicosanoids in the heart or kidney, where we would expect a deficiency of active EETs based on our previous 
preclinical data. In addition, we investigated the serum levels of 14,15-EET, 14,15-DHET and 20-HETE in our patient cohort. We 

Fig. 5. Multivariate statistical analysis. The score plot (A) and loading plot (B) represent the results of an unsupervised principal component 
analysis. Discriminant analysis (OPLS-DA) score plot (C) and permutation analysis (D) are based on the lipids selected by p-value below the BH- 
corrected critical value (39 lipids). The red colour in (A) and (C) represents the non-surviving group and the blue colour represents the surviv-
ing group of patients. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Classification performance of the supervised statistical model (OPLS-DA) from Fig. 5C.

n Correct 0 1

Surviving group (0) 37 94.59 % 35 2
Non-surviving group (1) 13 76.92 % 3 10
Total 50 90.00 % 38 12
Fisher’s prob. 1.6e-06
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demonstrated significant diagnostic power of 14,15-EET in patients with a significant cut-off of 0.24 nmol/mL (78.18 ng/mL).
The increased peripheral concentration of eicosanoids may be a compensatory mechanism for decreased availability in cardiac and 

renal tissues and to counterbalance the activated renin-angiotensin system [40–42]. Several body compartments contribute to pe-
ripheral plasma levels of eicosanoids, as different cell types produce eicosanoids that act in a paracrine and autocrine manner [40]. 
Low peripheral eicosanoid levels may indicate more advanced heart failure with a worse prognosis [38,39].

Our study has several limitations. First, we enrolled de novo or acutely decompensated chronic HF patients because they are at 
higher risk of CVD events and lipidomics including eicosanoid levels of stable HF patients remain to be elucidated in the next part of 
our project. Second, the study size is relatively small, with a median age of 74 years and therefore follow-up is short (median of 7 
months), thus our exploratory results should be validated in a broader spectrum of HF patients with bigger cohorts and longer follow- 
up. As our work is a pilot study with a limited number of samples our results should be validated on a larger set of samples where an 
extended analysis of confounding factors should be performed and evaluated using logistic regression and Cox proportional hazard 
models. Additionally, a more complex and sensitive analysis of eicosanoids (and possibly also other oxylipins) using LC-MS may 
provide a deeper insight into the pathobiochemical mechanism of heart failure and risk of death and should be the focus of further 
studies.

5. Conclusions

Lipidomics is an important tool for predicting complications in CVD and HF. The results of our lipidomic and eicosanoid analysis 
show that the largest changes related to survival after HF occur at the level of long-chain polyunsaturated PC (namely PC 42:10, PC 
40:9 and PC 36:6), where a strong systematic trend is observed. A further focus should be placed on low-abundant lipid markers, which 
have been omitted in many publications and predictive models.
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A. Kvasnǐcka et al.                                                                                                                                                                                                    Heliyon 10 (2024) e39979 

13 

  rejstřík



To nejlepší z české kardiologie

  rejstřík

ESC Heart Failure
Impact Factor: 3,2

Pressure overload is associated with right 
ventricular dyssynchrony in heart failure with 
reduced ejection fraction

 L. Monzo et al.



Pressure overload is associated with right ventricular
dyssynchrony in heart failure with reduced ejection
fraction

Luca Monzo1,2 , Marek Tupy1, Barry A. Borlaug3, Adrian Reichenbach1, Ivana Jurcova1, Jan Benes1,
Lenka Mlateckova1, Jiri Ters1, Josef Kautzner1 and Vojtech Melenovsky1*

1Institute for Clinical and Experimental Medicine (IKEM), Prague, Czech Republic; 2Université de Lorraine INSERM, Centre, d’Investigations Cliniques Plurithématique, Nancy,
France; and 3Cardiovascular Division, Mayo Clinic, Rochester, MN, USA

Abstract

Aims The determinants and relevance of right ventricular (RV) mechanical dyssynchrony in heart failure with reduced ejec-
tion fraction (HFrEF) are poorly understood. We hypothesized that increased afterload may adversely affect the synchrony of
RV contraction.
Methods and results A total of 148 patients with HFrEF and 36 controls underwent echocardiography, right heart catheteriza-
tion, and gated single-photon emission computed tomography to measure RV chamber volumes and mechanical dyssynchrony
(phase standard deviation of systolic displacement timing). Exams were repeated after preload (N = 135) and afterload (N = 15)
modulation. Patients with HFrEF showed higher RV dyssynchrony compared with controls (40.6 ± 17.5° vs. 27.8 ± 9.1°,
P< 0.001). The magnitude of RV dyssynchrony in HFrEF correlated with larger RV and left ventricular (LV) volumes, lower RV ejec-
tion fraction (RVEF) and LV ejection fraction, reduced intrinsic contractility, increased heart rate, higher pulmonary artery (PA) load,
and impaired RV–PA coupling (all P ≤ 0.01). Low RVEF was the strongest predictor of RV dyssynchrony. Left bundle branch block
(BBB) was associated with greater RV dyssynchrony than right BBB, regardless of QRS duration. RV afterload reduction by sildenafil
improved RV dyssynchrony (P = 0.004), whereas preload change with passive leg raise had modest effect. Patients in the highest
tertiles of RV dyssynchrony had an increased risk of adverse clinical events compared with those in the lower tertile [T2/T3 vs. T1:
hazard ratio 1.98 (95% confidence interval 1.20–3.24), P = 0.007].
Conclusions RV dyssynchrony is associated with RV remodelling, dysfunction, adverse haemodynamics, and greater risk for
adverse clinical events. RV dyssynchrony is mitigated by acute RV afterload reduction and could be a potential therapeutic tar-
get to improve RV performance in HFrEF.

Keywords Heart failure with reduced ejection fraction; Right ventricular dyssynchrony; Right ventricular failure; Pulmonary hyper-
tension; SPECT
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Introduction

Left ventricular (LV) mechanical dyssynchrony has been ex-
tensively studied in patients with heart failure and reduced
ejection fraction (HFrEF) due to its detrimental impact on
LV performance and its implications for clinical outcomes.1

The mechanisms and the relevance of right ventricular (RV)
mechanical dyssynchrony in HFrEF are not well understood.

Mechanical dyssynchrony is an independent predictor of
clinical worsening in primary diseases affecting the right
ventricle, such as pulmonary arterial hypertension (PAH) or
arrhythmogenic right ventricular cardiomyopathy,2,3 but
studies in HFrEF are scarce.4,5

Evaluation of RV function and mechanical synchrony is
most often performed by echocardiography, but advanced
echo-based techniques such as three-dimensional (3D) tissue

OR IG INAL ART ICLE

© 2024 The Authors. ESC Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any me-
dium, provided the original work is properly cited and is not used for commercial purposes.

ESC HEART FAILURE
ESC Heart Failure 2024; 11: 1097–1109
Published online 23 January 2024 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/ehf2.14682

  rejstřík



Doppler imaging or speckle tracking require highly standard-
ized post-processing and are limited by geometric features
of the right ventricle, angle dependency, intraoperator and
inter-operator variability, acoustic windows, and image
quality.6 In contrast, nuclear techniques for RV imaging, such
as equilibrium gated single-photon emission computed
tomography (GSPECT), are less hampered by the complex ge-
ometry of the right ventricle, are less operator dependent,
and provide strong signal-to-noise ratio with isotropic 3D
spatial information, allowing accurate quantification of RV
volumes and function compared with echocardiography.7,8

Automated phase analysis of GSPECT data has been sug-
gested as a promising and reproducible option for the evalu-
ation of RV dyssynchrony.9,10

The aim of this study was to investigate the correlates of
RV dyssynchrony along with its prognostic significance in
patients with advanced HFrEF using combined invasive–
noninvasive pressure–volume analyses with acute load modu-
lation. We hypothesized that increased RV load may adversely
affect synchrony of RV contraction and as such contributing to
worse RV chamber performance and prognosis.

Methods

Patient population

This prospective study enrolled patients with chronic
(>6 months) symptomatic HFrEF [LV ejection fraction (LVEF)
≤40%] electively hospitalized for consideration of advanced
therapies at the Institute for Clinical and Experimental Medi-
cine (IKEM) in Prague, Czech Republic, from June 2016 to
December 2020. All patients were followed up at IKEM (in
the outpatient clinic or by planned elective hospitalization)
at intervals dictated by the severity of their medical condi-
tion. Clinical events occurrence was ascertained by querying
the hospital electronic records system and the national death
registry. Patients with acute ischaemia, uncontrolled cardiac
arrhythmia, haemodynamic instability needing inotropes or
mechanical circulatory support, reversible cardiac dysfunc-
tion, active malignancy, endocrine disease, pre-existing treat-
ment with a phosphodiesterase-5 (PDE5) inhibitor, and
chronic or acute infection were excluded. To eliminate the
confounding effect of pacing on RV dyssynchrony, only
patients with native ventricular conduction were studied. In
patients with an implanted cardiac device [implantable
cardioverter defibrillator (ICD)/cardiac resynchronization
therapy (CRT)], we ensured that the ventricle was not paced
at the time of basal electrocardiogram (ECG), GSPECT,
and right heart catheterization (RHC). Patients admitted with
hypervolaemia were enrolled upon achieving normovolaemia,
as determined by clinical judgement following the use of in-
travenous diuretics.

The control group consisted of individuals without HF (no
clinical signs and symptoms typical of HF, no history of HF
or HF-related hospitalizations, and normal natriuretic peptide
levels) scheduled to undergo diagnostic or therapeutic proce-
dures, including patients with unexplained shortness of
breath of non-cardiac origin (11%) or patients undergoing
closure of patent foramen ovale (89%).

The protocol was approved by the local ethics committee
on 8 June 2016 (G-16-06-28, No. 986/16), and it was not con-
sidered as a clinical trial. All patients provided their informed
consent for the procedures and for participating in this re-
search study.

Study protocol

After signing informed consent, HF patients underwent his-
tory review, physical examination, echocardiography, ECG,
Kansas City Cardiomyopathy Questionnaire, blood sampling,
GSPECT, and RHC, as part of clinical work-up or for research
purposes.

For the RHC procedure, to ensure uniformity of the pres-
sure transducer setting, with the patient in the supine posi-
tion, the zero level was established at the mid-thoracic line
as recommended.11 During shallow respiration, a 10 s strip
of ectopy-free, high-quality signal was used to record
and annotate pressure waveforms (Mac-Lab, GE Healthcare,
Chicago, IL). Using a 7 Fr balloon-tipped triple-lumen Swan–
Ganz catheter (Braun Melsungen AG, Melsungen, Germany)
inserted via the right internal jugular vein, invasive pressures
were measured in the right atrium and right ventricle. Then
the catheter was advanced to the pulmonary artery (PA),
and its position was verified by identifying the signature pres-
sure curves. Systolic (sPAP), diastolic (dPAP), and mean
(mPAP) PA pressure, as well as the mean values of respira-
tory-averaged PA wedge pressure (PAWP), were measured
as previously described.11 Cardiac output (CO) was measured
by thermodilution as the average of at least three measure-
ments [five in patients with atrial fibrillation (AF)] with a vari-
ance of <10%.12 In patients with AF, pressure waveforms
were recorded during ectopy-free periods with the smallest
R-R interval variability and averaged over several cardiac
cycles.11 The systemic blood pressure (SBP) was measured af-
ter 10 min of rest in the supine position using an automated
oscillometric monitor.

After RHC, patients underwent ECG-gated 3D equilibrium
99mTc-labelled blood pool GSPECT. All patients received an in-
jection of stannous pyrophosphate (Technescan PYP, Curium,
The Netherlands), and 30 min later, erythrocytes were in vivo
labelled by intravenous injection of 740 MBq 99mTc isotope.
The heart chambers were imaged using a D-SPECT camera
(Spectrum Dynamics, Israel) equipped with collimated, pixi-
lated cadmium zinc telluride crystal detectors allowing rapid
(7 min) data acquisition with high spatial resolution (mean ef-
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fective dose ~5 mSv).13 Medications and conditions for exam-
inations at both RHC and GSPECT were identical.

In a subgroup of HF patients, we explored the impact of
afterload reduction (n = 15) and preload increase (n = 135)
on RV dyssynchrony. Afterload reduction (achieved by admin-
istration of 20 mg intravenous sildenafil) was attempted in all
euvolaemic subjects [right atrial (RA) pressure <10 mmHg]
with a significant pre-capillary component of pulmonary hy-
pertension [i.e. pulmonary vascular resistance >3 Wood
units (WU) or transpulmonary gradient >15 mmHg] and
without systemic hypotension (SBP > 90 mmHg), as part of
the standard protocol for pre-transplant evaluation in our
centre.14 Haemodynamic assessment was performed before
and 10 min after administering intravenous sildenafil, as part
of the clinical evaluation protocol for HF patients. Patients
who were administered sildenafil during RHC, underwent
GSPECT imaging at least 35 h later (five times the elimination
half-time of sildenafil), following which the sildenafil adminis-
tration was repeated.

Preload increase was attempted in all patients unless tech-
nical or logistical issues occurred and was achieved by raising
the legs of the patient by a 60° angle foam wedge for 7 min.
Data acquisition for both GSPECT and RHC procedures started
30–60 s following the leg rise manoeuvre.

Haemodynamic and right ventricular pressure–
volume analysis

The raw GSPECT data were post-processed by a single experi-
enced nuclear physician (M.T.) using a semiautomatic com-
mercially available plug-in software (QBS Cedars-Sinai, Los
Angeles, CA) to obtain assessment of 3D volumes and systolic
function in the time domain (Figure 1 and Supporting Infor-
mation, Figure S1 and Videos S1–S3). Intraoperator reproduc-
ibility for GSPECT measures was assessed on 15 random sub-
jects from the entire population. The Bland–Altman analysis
showed a satisfying intraoperator reproducibility for both

Figure 1 Schematic illustration of the processing steps involved in the assessment of right ventricular (RV) dyssynchrony and volumes using gated
myocardial perfusion single-photon emission computed tomography (SPECT) studies. After acquisition of electrocardiogram (ECG)-gated raw radionu-
clide angiocardiography (A), left and right ventricles were delineated by automatic processing on planar projections (B). For each temporal frame, a
regional maximal count detection was performed. Consecutively, the first Fourier harmonic function was used to approximate the discrete sample
points into a continuous wall-thickening curve (C). Based on the partial volume effect, this time–activity curve represents the thickening curve of this
particular myocardial sample during a cardiac cycle. The point at which the continuous thickening curve intersects with the average count density of
this voxel (horizontal line) is considered the onset of mechanical contraction (OMC) for this region (red circle). The software computes the OMC for all
RV myocardial samples collected and then displays the composite result as a phase histogram. The surfaces resulting from ventricular delineation (Step
B) are used to compute endocardial volumes at each interval of the gated data set and presented in a 3D reconstruction (D). The phase histogram was
used to obtain the RV dyssynchrony indices, such as the phase mean and standard deviation (i.e. the standard deviation of the OMC phase
distribution).
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RV end-diastolic (mean bias 8.9 mL) and end-systolic (mean
bias �4.3 mL) volumes (Supporting Information, Figure S2).
GSPECT-derived ventricular volumes and RHC-derived
pressures data were combined to calculate RV loading and
contractility. Lumped RV afterload [PA elastance (EaPA)] was
estimated as the sPAP divided by the stroke volume (derived
from thermodilution CO). The choice to utilize sPAP instead
of mPAP for EaPA assessment stems from the observation
that when pulmonary vascular impedance is elevated, sPAP
provides a closer approximation of end-systolic pressure,
whereas mPAP tends to underestimate it.15,16 RV con-
tractility was estimated using the simplified formula for
end-systolic elastance (Ees) calculated as the RV maximal
pressure/end-systolic volume (derived from GSPECT).17 From
these measurements, we derived ventricular–arterial cou-
pling, calculated as RV Ees/EaPA. PA compliance was calcu-
lated as the RHC-derived stroke volume/PA pulse pressure,
and the pulmonary vascular resistance (PVR) was calculated
as transpulmonary gradient (mPAP � PAWP)/CO.18 RV
diastolic compliance was determined by the ratio of
end-diastolic pressure (EDP) to end-diastolic volume (EDV), a
measurement that has been shown to agree with the more
rigorous diastolic elastance coefficient β calculated from a cur-
vilinear adjustment of end-systolic and EDP/EDV ratios.19 Pul-
monary hypertension was defined as mPAP > 20 mmHg.20

Right ventricular dyssynchrony analysis

Phase analysis of GSPECT data was performed by a semiauto-
matic software (QBS Cedars-Sinai, Los Angeles, CA) as previ-
ously described.21,22 The program performed Fourier transfor-
mation on the 16-frame time–activity curve of each
myocardial sample to derive the first harmonic function. The
temporal onset of ventricular mechanical contraction during
the cardiac cycle of each myocardial sample was considered
to be the phase of the inflection point of the thickening curve
on a horizontal line representing the average myocardial
count over a cardiac cycle.23 The onset of ventricular mechan-
ical phase information from the RV myocardial samples col-
lected was used to generate a phase distribution, which is
displayed in histogram. Phase standard deviation [PSD, i.e.
the standard deviation (SD) of the phase distributions during
cardiac cycle in degrees] was used to express dyssynchrony
as previously described (Figure 1).22,24 In unselected patients
and control subjects, the repeatability of phase analysis ap-
proach is high and mainly attributable to automated genera-
tion of dyssynchrony parameters.22,25

Data analysis

Data are shown as mean ± SD or median and [25th–75th
inter-quartile range (IQR)] for continuous variables (accord-

ing to distribution) and total count (n) with proportion (%) for
categorical variables. One-way ANOVA and Kruskal–Wallis
tests were used to compare continuous variables between
groups depending on the normality of the distribution, and
the w2 test was used for categorical variables. Normality was
assessed using the Shapiro–Wilk test. Trend tests were per-
formed by using the Cochran–Armitage or Cuzick’s trend test
for categorical variables, and the Jonckheere–Terpstra test or
linear regression for continuous variables, as appropriate. To
assess the association of each variable with the severity of
RV dyssynchrony (PSD), separate multiple logistic regression
analyses were conducted. Variables not normally distributed
had been log-transformed before the analysis. Pearson r or
Spearman’s coefficient (for abnormally distributed variables)
was calculated for correlations. Highly significant univariate
variables (P value <0.001) were included in the multivariate
model. Cox proportional hazard regression was used to ana-
lyse the factors associated with the adverse outcome, defined
as combined endpoint of death, urgent transplantation, or left
ventricular assist device (LVAD) implantation without heart
transplantation, as done before.26–28 Kaplan–Meier curves
with the log-rank statistics were used to illustrate the out-
come. The effect of preload and afterload modulation on hae-
modynamic and GSPECT parameters was tested using paired
t-test or the Wilcoxon signed-rank test as appropriate. A P
value<0.05 was considered significant. All analyses were per-
formed using JMP Pro 17.0 statistical software (SAS Institute,
Inc., Cary, NC).

Results

Baseline characteristics: heart failure with
reduced ejection fraction vs. controls

Patients with HFrEF (n = 148) were mostly middle-aged men
with severe symptoms [77% in New York Heart Association
(NYHA) Class III/IV] treated with optimized medical therapy
(Supporting Information, Table S1). The median duration of
HF was 3.6 [1.4; 7.5] years. As expected, patients with HFrEF
displayed dilatation and impaired function of both ventricles
compared with controls (n = 36), wider QRS duration, and
higher natriuretic peptides. Nearly half (42%) of patients with
HFrEF displayed RV dysfunction [RV ejection fraction (RVEF)
≤ 35%]. The median time between RHC and GSPECT was
1 day (IQR, 0–1 day). At baseline, the majority of patients
with HFrEF had combined post-capillary and pre-capillary pul-
monary hypertension [mPAP 34.3 ± 10.8 mmHg, PAWP
22.8 ± 8.5 mmHg, PVR 2.9 (1.9; 4.2) WU], with low CO
(3.8 ± 0.9 L/min) (Supporting Information, Table S2). A total
of 128 patients (87%) with HFrEF had pulmonary hyperten-
sion, and 110 (74%) had PVR > 2 WU.
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Right ventricular dyssynchrony

Patients with HFrEF showed higher degree of RV
dyssynchrony compared with controls (Supporting Informa-
tion, Table S2). Based on the distribution in HF patients, RV
dyssynchrony tertiles were created with cut-offs ≤30°
(N = 49), 31–49° (N = 54), and ≥50° (N = 45). Patients with
HFrEF falling in the lowest tertile of RV synchrony had lower
heart rate and higher prevalence of ischaemic HF aetiology
compared with patients in the highest tertile. In haemody-
namic examination, patients with lower degree of RV
dyssynchrony showed more favourable afterload (lower
EaPA) and intracardiac pressures (lower PAWP), a better sys-
tolic function (higher CO and RVEF/LVEF and more preserved
RV ventricular–arterial coupling ratio), and lower RV/LV vol-
umes compared with higher tertiles (Table 1).

The degree of RV dyssynchrony was directly correlated
with RV volumes (end-diastolic: r = 0.172, P = 0.036; end-sys-
tolic: r = 0.353, P < 0.001) and inversely correlated with RVEF
(r = �0.525, P < 0.001) (Figure 2A–C and Table 2). From a
haemodynamic perspective, increased RV afterload
(expressed by the lumped RV afterload parameter PA elas-
tance) and decreased RV end-systolic elastance were corre-
lated with greater RV dyssynchrony (Supporting Information,
Figure S3A,B). In addition, worse ventricular–arterial coupling
ratio, larger LV volumes, and lower LVEF (Supporting Informa-
tion, Figure S3C–F and Table 2), as well as higher PAWP and
lower CO, were correlated with RV dyssynchrony. Patients
with native left bundle branch block (LBBB) had more RV
dyssynchrony than those with native right bundle branch
block (RBBB) (45.7 ± 13.9° vs. 30.9 ± 11.1°, P < 0.001), re-
gardless of QRS duration (Figure 2D,E). Those with non-isch-
aemic HF aetiology showed worse RV dyssynchrony
(44.3 ± 17.8° vs. 35.8 ± 15.8°, P = 0.003), larger RV volumes
(end-diastolic: 302 ± 98 vs. 243 ± 83 mL, P < 0.001; end-sys-
tolic: 199 ± 86 vs. 138 ± 69 mL, P < 0.001), and lower RVEF
(36 ± 13% vs. 46 ± 15%, P < 0.001) compared with ischaemic
patients (Supporting Information, Figure S4). No significant
differences in terms of RV dyssynchrony were found among
patients with and without AF (37 ± 19° vs. 41 ± 17°,
P = 0.414). Among clinical parameters, a faster heart rate
was correlated with a higher degree of RV dyssynchrony
(Table 2).

In multivariable regression analysis, baseline low RVEF
remained the only independent predictor of RV dyssynchrony.
Excluding RVEF from the multivariate model, ventricular–
arterial coupling and LVEF emerged as significant predictors
of RV dyssynchrony (Table 2).

Preload and afterload modulation

The median time between RHC and GSPECT in this subgroup
of patients was 2 days (IQR, 1–4 days). Compared with base-Ta
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line, intravenous sildenafil (N = 15) decreased RA [�52 (�60;
�37) %] and RV [RV EDP: �50 (�69; �25) %] pressure, RV
afterload [EaPA �43 (�54; �26) %], and PAWP [�20 (�43;
0) %] (Figure 3A) while increased CO [14 (2; 30) %] (all
P < 0.01). It also reduced RV volumes [end-diastolic: �16
(�28; �8) %; end-systolic: �39 (�48; �16) %] and increased
RVEF [+23 (20; 52) %] (Figure 3B) (all P < 0.01), without sig-
nificantly affecting RV Ees [0.01 (�0.11; 0.12) mmHg/mL]
(Supporting Information, Table S3). On the left side, sildenafil
infusion significantly reduced systolic blood pressure [�6.1
(�11.6; �0.5) mmHg] and systemic vascular resistance
[�376 (�564; �188) dyn/s/cm�5]. RV dyssynchrony de-
creased following sildenafil administration [�15.0° (�22.0°;
5.0°), P = 0.004] (Figure 3C).

Preload increase with passive leg raise (N = 135) signifi-
cantly increased RA pressure [+26 (10; 46) %], RV EDP [27
(11; 56) %], RV afterload [EaPA +11 (�3; 29) %), and PAWP
[15 (3; 36) %] (all P < 0.05), without a relevant impact on
CO [+1 (�9; 5) %]. A slight albeit significant increase was
noted in RV volumes [end-diastolic: +5 (�4; 16) %; end-sys-
tolic: +5 (�8; 18) %, all P < 0.05], without significant changes
in RVEF [0 (�12; 13) %] and RV Ees [�0.01 (�0.04; 0.02)

mmHg/mL] (Supporting Information, Table S3). Preload
modulation had a modest influence on RV dyssynchrony
in the overall population (P = 0.080) (Supporting Informa-
tion, Table S3) but resulted in a significant RV dyssynchrony
improvement in the subgroup of patients who underwent
PDE5 inhibitors administration to test afterload reduction
(Supporting Information, Figure S5). The effect of preload
modulation was not significantly different between patients
with and without AF [�1.9° (�11.7°; 7.9°) vs. �2.7° (�5.9°;
0.4°), P = 0.373].

Outcome

During a median follow-up of 206 days (IQR, 58–439 days),
there were 83 composite events including 44 deaths, 33 assist
device implantations, and 16 urgent cardiac transplantations.
In univariable Cox regression analysis, the risk of composite
outcome increased with higher RV dyssynchrony (Figure 4).
In particular, patients in the highest tertiles of RV
dyssynchrony (i.e.>30°) had an increased risk of adverse clin-
ical events compared with those in the lower tertile {T2/T3 vs.

Figure 2 Correlation between right ventricular (RV) dyssynchrony and (A) RV end-diastolic volume, (B) RV end-systolic volume, and (C) RV ejection
fraction [all in heart failure with reduced ejection fraction (HFrEF) patients]. (D) RV dyssynchrony in HFrEF patients with left bundle branch block
(LBBB), right bundle branch block (RBBB), and normal conduction. (E) Correlation between RV dyssynchrony and QRS duration in HFrEF patients. As-
terisk stands for P < 0.05.
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T1: hazard ratio [HR] 1.98 [95% confidence interval (CI) 1.20–
3.24], P = 0.007}. Even after adjusting Cox analysis for the var-
iables independently associated with RV dyssynchrony at mul-
tivariable analysis (i.e. RVEF, LVEF, and right ventricular–arte-
rial coupling), a higher degree of dyssynchrony remained
associated with worse outcomes [T2/T3 vs. T1: HR 1.81 (95%
CI 1.02–3.19), P = 0.041]. A sensitivity analysis using as pri-
mary endpoint the composite of death or urgent cardiac
transplantation (i.e. excluding LVAD implantation, being this
event possibly influenced by referral bias to our tertiary cen-
tre) showed similar results [T2/T3 vs. T1: HR 1.96 (95% CI
1.18–3.26), P = 0.009].

Discussion

Our findings show that among patients with advanced HFrEF
and native ventricular conduction, increases in RV
dyssynchrony correlated with impaired RV structure and
function and were predictive of greater risk of adverse out-
comes. Patients with more dyssynchronous RV shortening
had greater impairments in ventricular chambers contractility
by combined pressure–volume analysis and larger ventricular
volumes. Higher RV dyssynchrony was associated with more
adverse haemodynamics—such as increased RV afterload—
and conversely, afterload reduction with sildenafil improved

Figure 3 Change in (A) pulmonary artery (PA) wedge pressure, (B) right ventricular (RV) ejection fraction, and (C) RV dyssynchrony after sildenafil in-
fusion (N = 15). Median values before and after sildenafil are reported on the relative sides of the chart. In (C), different colours represent changes in
RV dyssynchrony tertiles of individual patients before and after sildenafil. Asterisk stands for P < 0.05.

Figure 4 Kaplan–Meier curves for the composite outcome of death, urgent transplantation, or assist device implantation without heart transplanta-
tion stratified by right ventricular (RV) dyssynchrony tertiles.
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RV synchrony. These data point to an important, previously
unrecognized role for RV dyssynchrony as an adverse finding
in HFrEF and suggest that therapies to improve RV synchrony,
including RV afterload reduction, may be helpful to improve
clinical outcomes in patients with advanced HFrEF.

Prior studies on RV dyssynchrony have focused almost ex-
clusively on patients with PAH, where it constitutes an estab-
lished and independent prognostic factor.2,29 In PAH, a com-
bination of increased afterload and morphological RV
remodelling was the major determinant of RV dyssynchrony.2

As a novel observation, our study shows that the same pa-
rameters likely play a role in patients with HFrEF and RV
dyssynchrony. Moreover, previous studies mainly focused
on single imaging methods, meanwhile, our approach in-
volved the simultaneous collection and combination of both
dyssynchrony and pressure/volume data using GSPECT and
RHC.

Increased afterload may induce RV dyssynchrony in HFrEF
through several mechanisms. Due to the complex shape of
the right ventricle, pulmonary hypertension causes inhomo-
geneity of RV’s regional wall stress, leading to a non-uniform
duration of contraction.30,31 Non-synchronous patterns of re-
gional ventricular contraction impair overall RV systolic func-
tion, the strongest correlate of RV dyssynchrony in our study,
meanwhile have less an impact on RV remodelling. Primary
alterations of the LV32 or loading conditions33 might further
reduce the RV mechanical efficiency and consequently in-
crease RV dyssynchrony in patients with HFrEF.34 In this re-
gard, previous experimental observations showed that LV
contraction accounts for up to 40% of RV work, with septal
contraction being the most important contributor to ventric-
ular interdependence.32 In our study, we found that patients
with LBBB had more RV dyssynchrony than patients with
RBBB, regardless of QRS duration. This is not surprising, be-
cause LBBB induces a typically abnormal contraction of the
interventricular septum with marked early systolic shortening
and leftward motion,24 reducing in turn RV systolic efficiency
and intraventricular synchrony.4 On the contrary, RBBB-type
delay shows modest effects on interventricular septum
activation,35 thus inducing a lower degree of dyssynchrony.
Correcting LV dyssynchrony by CRT has been demonstrated
to ameliorate RV dyssynchrony improving septum delay.4 In
contrast to LV dyssynchrony, QRS duration was poorly corre-
lated with RV dyssynchrony in HFrEF patients, as also demon-
strated in previous studies among patients with PAH and in
healthy volunteers.31,36

Patients with non-ischaemic HF aetiology had a higher de-
gree of RV dyssynchrony compared with patients with ischae-
mic HF. The most likely reason could be that the former
group had a larger prevalence of primary myocardial tissue
disease also affecting the right ventricle. In line, our finding
that non-ischaemic HF patients showed larger RV volumes
and lower RVEF compared with ischaemic patients seems to
corroborate this hypothesis.

In our study, we observed a correlation between higher
heart rate and the severity of RV dyssynchrony. Although cau-
sality cannot be clearly discerned from our data, it is worth to
be noted that a higher heart rate might occur in sicker ventri-
cles and/or in case of insufficient neurohormonal blockade,
underlying the importance of the optimization of
beta-blocker therapy in patients with HFrEF.

Increased afterload is also a major determinant of impaired
RV systolic function. Indeed, afterload increase is the primum
movens for the development of RV–PA uncoupling (i.e. the in-
crease in RV contractility in response to increased afterload is
not sufficient to support normal systolic function), leading in
turn to a reduction in RV systolic (RVEF, RV Ees) and diastolic
function, as well as to RV dilation,37 all parameters strictly cor-
related with RV dyssynchrony in our study.

We show for the first time in patients with HFrEF that RV
dyssynchrony can be acutely improved by afterload reduc-
tion. As previously demonstrated by our group, the acute in-
fusion of a PDE5 inhibitor has RV afterload-reducing effects,
decreasing PAWP predominantly through relief of pericardial
restraint, and improves right ventricular–arterial coupling, RV
volumes, and RVEF.38,39 This improved haemodynamic profile
causes a relief in intraventricular systolic pressure, and conse-
quently in wall stress in the basal segments, resulting in a re-
duction of dyssynchrony because of shortening of the time to
the contraction onset in the RV free wall.40 In agreement with
our data, previous studies showed that acute hypoxia-induced
raise in afterload induces a robust increase in RV
dyssynchrony.33,36 These data support the importance of ther-
apies to reduce PA pressures for improving RV shortening and
synchrony in HFrEF. However, it should be emphasized that
there is a lack of robust evidence from randomized clinical tri-
als to substantiate the utilization of PAH-specific drugs in the
management of pulmonary hypertension due to left heart dis-
ease in advanced and pre-transplant HFrEF patients.

We found only a marginal effect of preload modulation on
RV dyssynchrony improvement. As cited above, elevated
afterload can cause heterogeneity in RV regional wall stress,
resulting in inhomogeneous duration of contraction.30,31 In
particular, the time to reach peak contraction in the RV
free wall is generally more delayed compared with the
interventricular-septal wall.31 A recent healthy volunteers
study showed that enhanced venous return may mitigate
hypoxia-induced increases in RV dyssynchrony lengthening
the time to peak contraction in the septum, aligning it with
the RV free wall, and consequently reducing overall
dyssynchrony.33 The considerable duration of the leg rise ma-
noeuvre (7 min) required for obtaining GSPECT volumetric
data could potentially have caused significant volume redistri-
bution, affecting to some extent the effect of preload increase
on RV dyssynchrony. Differences in the studied populations
and in the method of preload manipulation (lower body pos-
itive pressure vs. leg raise) may also account for the discrep-
ancies between our study and previous literature. Interest-
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ingly, we found that the effect of preload increases on RV
dyssynchrony improvement became significant when tested
in the subgroup of patients who underwent afterload reduc-
tion. This finding could be attributed to the higher RV
afterload observed in the sildenafil group compared with the
rest of the population, indicating a potentially enhanced role
for preload modulation in this specific subset.

In our study, we showed that a higher degree of RV
dyssynchrony was associated with worse outcomes,
supporting clinical relevance of RV dyssynchrony in HFrEF
patients. Although interesting, these findings should be
interpreted in the context of the demonstrated strong associ-
ations between RV dyssynchrony, RV dysfunction, and RV
afterload. RV pressure overload would cause RV dilatation
and increased RV wall stress, leading to altered cell-to-cell
electric coupling, non-uniform ventricular depolarization,
and RV dyssynchrony. LBBB may further worsen the degree
of RV dyssynchrony.34

Limitations

The current study has inherent limitations. Patients were re-
ferred to our tertiary centre leading to selection bias. We did
not study patients with mild HFrEF or patients with HF with
preserved ejection fraction (HFpEF), so our findings cannot
be extended to all spectra of HF. We report data on a sample
consisting predominantly of males. However, we did not find
any gender difference in RV dyssynchrony at baseline (data
not shown), and previous observations failed to show any in-
fluence of sex on RV dyssynchrony response to alterations in
preload and afterload.33 RV Ees was determined using a sim-
plified formula that did not take V0 (theoretical volume of
the unloaded ventricle) into account during the computation.
Consequently, the accuracy of RV Ees estimation may have
been influenced by the residual dependence of RV contractil-
ity on EDV, particularly when dealing with a dilated right ven-
tricle. For the afterload reduction studies with sildenafil, each
patient served as their own control, and there was no pla-
cebo arm, but this was not a clinical trial as sildenafil was ad-
ministered as part of clinical practice to evaluate reversibility
of pulmonary vascular disease in HFrEF. Some subjects in the
control group showed borderline or mildly increased mPAP/
PAWP. Similarly, controls showed, on average, an RV–PA cou-
pling value at the lower limit of normality. These values were
likely secondary to coexistent comorbidities such as hyper-
tension, coronary artery disease, or mild pulmonary disease.
Nevertheless, the differences in haemodynamics between
the control and HFrEF group were wide and highly significant;
in addition, all control subjects showed no relevant symp-
toms or signs of HF, ventricular dysfunction, or significantly
elevated BNP levels. Therefore, it is likely that these findings
had minimal impact on the validity of our control group. We
conducted all measurements during spontaneous, uncon-

trolled breathing without breath-holding or respiratory gat-
ing, as we assumed that the respiration patterns were not
significantly different between GSPECT and RHC. As a conse-
quence, the combination of pressure and volume data
might have increased data variability, compared with simul-
taneous approach. Preload increase was performed with a
7 min leg rise manoeuvre. A shorter passive leg raise,
boosted with intravenous saline challenge, could have po-
tentially resulted in more pronounced haemodynamic and
dyssynchrony alterations. Owing to a technical limitation
of the GSPECT machine, individuals with a heart rate ex-
ceeding 100 b.p.m. might experience a slight reduction in
the accuracy of ventricular dyssynchrony evaluation. Likely
due to the small sample size, we were able to show signif-
icant differences in the primary composite outcome only
when categorizing the population based on a single thresh-
old (e.g. PSD 30°). Nevertheless, this allowed us to define a
subgroup with an increased risk of clinical events. It is theoret-
ically possible that the decrease in LV afterload resulting from
sildenafil administration could have potentially improved LV
dyssynchrony and consequently participated to ameliorate
RV dyssynchrony by reducing septum delay. Anyway, we can-
not draw definite conclusions on this topic from current data.
Furthermore, our study is primarily mechanistic, lacking direct
or evident clinical implications. Finally, we cannot evaluate
causality whether RV dyssynchrony is a cause or a conse-
quence of RV dysfunction based upon the cross-sectional
study design.

Conclusions

In this multimodality pressure–volume analysis in patients
with advanced HFrEF, increased RV dyssynchrony was associ-
ated with higher RV afterload, lower contractility, and worse
long-term outcome. Modulation of RV afterload attenuated
the severity of RV mechanical dyssynchrony, identifying a
possible therapeutic target. Further studies are warranted
to determine whether amelioration of RV dyssynchrony by
RV afterload reduction may help to improve RV performance
in HFrEF.
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Abstract
While	 phosphodiesterase-	5	 inhibition	 (PED5i)	 may	 prevent	 hypertrophy	 and	 fail-
ure	in	pressure-	overloaded	heart	in	an	experimental	model,	the	impact	of	PDE5i	on	
volume-	overload	 (VO)-	induced	hypertrophy	 is	 unknown.	 It	 is	 also	unclear	whether	
the	hypertrophied	right	ventricle	(RV)	and	left	ventricle	(LV)	differ	in	their	responsive-
ness	to	 long-	term	PDE5i	and	 if	 this	therapy	affects	renal	 function.	The	goal	of	this	
study	was	to	elucidate	the	effect	of	PDE5i	treatment	in	VO	due	to	aorto-	caval	fistula	
(ACF)	and	to	compare	PDE5i	treatment	with	standard	heart	failure	(HF)	therapy	with	
angiotensin-	converting	enzyme	inhibitor	(ACEi).	ACF/sham	procedure	was	performed	
on	male	HanSD	rats	aged	8 weeks.	ACF	animals	were	 randomized	 for	PDE5i	 silde-
nafil,	ACEi	trandolapril,	or	placebo	treatments.	After	20 weeks,	RV	and	LV	function	
(echocardiography,	pressure-	volume	analysis),	myocardial	gene	expression,	and	renal	
function	were	studied.	Separate	rat	cohorts	served	for	survival	analysis.	ACF	led	to	
biventricular	 eccentric	 hypertrophy	 (LV:	+68%,	RV:	+145%),	 increased	 stroke	work	
(LV:	3.6-	fold,	RV:	6.7-	fold),	and	 reduced	 load-	independent	systolic	 function	 (PRSW,	
LV:	−54%,	RV:	−51%).	Both	ACF	ventricles	exhibited	upregulation	of	the	genes	of	my-
ocardial	stress	and	glucose	metabolism.	ACEi	but	not	PDE5i	attenuated	pulmonary	
congestion,	 LV	 remodeling,	 albuminuria,	 and	 improved	 survival	 (median	 survival	 in	
ACF/ACEi	was	41 weeks	vs.	35 weeks	in	ACF/placebo,	p = .02).	PDE5i	increased	cyclic	
guanosine	monophosphate	levels	in	the	lungs,	but	not	in	the	RV,	LV,	or	kidney.	PDE5i	
did	not	improve	survival	rate	and	cardiac	and	renal	function	in	ACF	rats,	in	contrast	to	
ACEi.	VO-	induced	HF	is	not	responsive	to	PDE5i	therapy.
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1  |  INTRODUC TION

Heart	failure	(HF)	is	a	progressive	clinical	syndrome	with	high	mor-
bidity, mortality, and constantly increasing prevalence that imposes 
a	great	burden	on	healthcare	systems	worldwide.	It	is	crucial	to	de-
velop	novel	therapeutic	strategies	to	prevent	or	stabilize	the	course	
of	the	disease.	Right	ventricular	(RV)	dysfunction	and	renal	dysfunc-
tion	accelerate	HF	progression	and	are	associated	with	increased	HF	
mortality.	However,	detailed	pathogenic	mechanisms	of	both	these	
conditions	and	their	role	in	HF	remain	incompletely	understood.

The	aorto-	caval	fistula	(ACF)	represents	a	well-	defined	model	to	
study	advanced	HF,	characterized	by	eccentric	cardiac	hypertrophy	
and dysfunction, neurohormonal alterations including activation of 
the	 renin-	angiotensin-	aldosterone	system	 (RAAS),	 congestion,	and	
renal function impairment.1–4	Blood	 recirculation	via	ACF	 imposes	
the	same	volume	overload	 (VO)	on	 the	 left	and	 right	heart,	which	
makes the model useful for studying biventricular differences in re-
sponse to experimental therapies.5,6

RAAS	 activation	 is	 antagonized	 by	 nitric	 oxide	 and	 natriuretic	
peptides signaling, two systems that stimulate guanylate cyclase to 
produce cyclic guanosine monophosphate (cGMP).	The	concentra-
tion	 of	 cGMP	 is	 strictly	 regulated	 and	 catalyzed	 by	 phosphodies-
terases	including	phosphodiesterase	5	(PDE5)	and	9	(PDE9),	which	
represent potential pharmacological targets for the treatment of 
chronic	HF.7

Although	 it	 is	 not	 significantly	 expressed	 in	 healthy	 heart,	
PDE5	 overexpression	was	 demonstrated	 in	 hypertrophied	 or	 fail-
ing	myocardium	of	both	RV	and	 left	 ventricle	 (LV).8–10	Apart	 from	
its vasodilatory properties, used in clinical practice to treat pulmo-
nary	 hypertension	 or	 erectile	 dysfunction,	 PDE5	 inhibitor	 (PDE5i)	
sildenafil	was	 shown	 to	have	 anti-	hypertrophic	 and	 anti-	apoptotic	
effects on isolated cardiac myocytes.11,12	 In	 experimental	 studies,	
sildenafil prevented and reversed hypertrophy and dysfunction of 
pressure-	overloaded	 LV,13 attenuated fibrosis, decreased pulmo-
nary pressure, and enhanced both systolic and diastolic function of 
pressure-	overloaded	 RV.14–16 Whether these findings are applica-
ble	to	hypertrophy	induced	by	VO	is	uncertain.	Signaling	pathways	
involved	 in	 the	 pressure	 versus	 VO-	induced	 hypertrophy	 differ	
considerably, and these pathological states may therefore require 
different pharmacotherapeutic interventions.17,18 The impact of 
these	interventions	may	vary	between	RV	and	LV,19 but biventricular 
differences are rarely addressed.

In	experimental	HF,	there	 is	a	notable	upregulation	of	PDE5	in	
the kidney,20	 suggesting	 that	 PDE5i	may	 have	 beneficial	 renal	 ef-
fects	in	HF.21,22 The aim of this study was to evaluate the effect of 
long-	term	PDE5i	on	cardiac	and	renal	function	and	survival	in	the	rat	
ACF	model	and	to	identify	potential	differences	in	PDE5i	effects	on	
volume-	overloaded	LV	or	RV.

This	 task	 was	 addressed	 using	 load-	independent	 biventricular	
pressure-	volume	 analysis,	 echocardiography,	 assessment	 of	 renal	
hemodynamics and excretory function, and myocardial gene ex-
pression	 analysis	 of	 selected	 genes	 associated	 with	 HF	 develop-
ment,23,24	 including	 the	 genes	 of	 the	 cGMP-	dependent	 signaling	
pathway.25,26	The	effect	of	PDE5i	on	VO-	induced	HF	was	compared	
to	 an	 angiotensin-	converting	 enzyme	 inhibitor	 (ACEi),	 which	 rep-
resents	a	current	therapeutic	standard	of	HF.27,28

2  |  MATERIAL S AND METHODS

2.1  |  HF model

Male	Hannover	Sprague	Dawley	rats	(HanSD)	aged	8 weeks	weigh-
ing	280–320 g	and	derived	from	an	on-	site	certified	breeding	colony	
at	IKEM	were	randomly	assigned	to	two	groups	and	underwent	nee-
dle	ACF	or	sham	operation	as	described	before.4,29 Briefly, the rats 
were	anesthetized	with	the	ketamine/midazolam	mixture	(Calypsol,	
Gedeon	Richter,	Hungary,	160 mg/kg	and	Midazolam,	Kalcex,	Latvia,	
160 mg/kg,	 i.p.)	 and	 a	 shunt	 was	 created	 between	 the	 infrarenal	
aorta	and	inferior	vena	cava	using	an	18-	gauge	needle	(outer	diam-
eter	1.2 mm).	The	puncture	site	in	the	aorta	was	closed	with	acryla-
mide	tissue	glue	(Histoacryl,	B.	Braun	AG,	Germany).	The	rats	were	
housed	in	an	air-	conditioned	animal	facility	on	a	12/12-	h	light/dark	
cycle	and	were	fed	a	standard	salt/protein	chow	(0.45%	NaCl,	19%–
21%	protein,	SEMED,	Czech	Republic)	with	free	access	to	tap	water.	
Rats	were	weighed	every	week	and	the	development	of	HF	was	as-
sessed by the scoring procedure as described before.3	At	 the	end	
of	the	protocol,	the	creation	of	ACF	was	confirmed	by	laparotomy	
and was found successful in each case. The rats were exsanguinated, 
and the coronary arteries of the explanted heart were rapidly in-
fused with a cardioplegic solution. The organs were weighed, and 
the weight values were factored by body weight. The investigation 
was	performed	in	accordance	with	the	NIH	Guide	for	the	Care	and	
Use	of	Laboratory	Animals	 (NIH	Publication	No.	85-	23,	1996)	and	
Animal	protection	 laws	of	the	Czech	Republic	 (311/1997)	and	was	
approved	by	the	Ethic	Committee	of	IKEM.

2.2  |  Study design

Four	 weeks	 after	 ACF	 creation,	 ACF	 animals	 were	 randomly	 as-
signed	 to	 treatment	 groups	 with	 PDE5i	 sildenafil	 (Vizarsin,	 Krka,	
Slovenia,	 80 mg/kg/day	 dissolved	 in	 drinking	 water,	 N = 76),	 ACEi	
trandolapril	 (Gopten,	 Mylan,	 Ireland,	 6 mg/L	 dissolved	 in	 drinking	
water, N = 84),	 or	placebo	 (N = 87).	After	20 weeks,	 echocardiogra-
phy	 and	 biventricular	 pressure-	volume	 analysis	 (N = 19–30/group),	

K E Y W O R D S
heart	failure,	phosphodiesterase-	5	inhibition,	rats,	right	ventricle,	volume	overload
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myocardial gene expression analysis (qPCR, N = 12–13/group),	renal	
hemodynamic studies (N = 13–16/group),	 and	 cGMP	 tissue	 level	
measurements (N = 8/group)	 were	 performed	 as	 described	 below.	
A	separate	rat	cohort	(N = 22-	43/group)	served	for	survival	analysis	
and assessment of albuminuria.

2.3  |  Echocardiography and hemodynamics

Echocardiography was performed under general anesthesia (keta-
mine/midazolam	 mixture	 given	 intraperitoneally	 as	 described	
above)	using	a	10 MHz	 transducer	 (Vivid	System	7	Dimension;	GE	
HealthCare,	IL,	USA).	RV	fractional	area	change	(FAC)	was	defined	
as	 a	 difference	 between	 end-	diastolic	 and	 end-	systolic	 RV	 area,	
divided	 by	 end-	diastolic	 area.	 RV	 volumes	were	 calculated	 by	 the	
monoplane ellipsoid approximation method.30 Subsequently, ven-
tricular	function	was	invasively	assessed	with	2F	Pressure–Volume	
micromanometer-	tip	 catheters	 (Millar,	Houston,	 TX,	USA)	 simulta-
neously	introduced	into	the	LV	via	the	right	carotid	artery	and	into	
the	RV	via	the	internal	jugular	vein,6 which is considered “gold stand-
ard”	in	the	evaluation	of	systolic	and	diastolic	function	of	the	LV	and	
RV.31	The	volume	signals	were	adjusted	by	end-	diastolic	(EDV)	and	
end-	systolic	volumes	(ESV)	gained	by	echocardiography	shortly	be-
fore invasive recordings as described previously.29 The data were 
obtained	using	an	8-	channel	Power	Lab	 recorder	 and	analyzed	by	
Labchart	Pro	software	(ADInstruments,	Bella	Vista,	NSW,	Australia).

2.4  |  Myocardial gene expression analysis

Samples	 of	RV	 and	 LV	 free	wall	were	placed	 into	RNA	 later,	 total	
RNA	was	 isolated,	and	genomic	DNA	was	removed.	RNA	quantity	
and	 integrity	 were	 measured.	 The	 RNA	 was	 reverse	 transcribed	
and qPCR was performed employing RealTime ready Custom Panel 
384–32	 (Roche,	 p.n.	 05582962001)	 containing	 function	 tested	
pre-	plated	qPCR	assays	for	29	target	genes	(Acadm, Acta1, Angpt1, 
Angpt2, Apln, Aplnr, Atp2a2, Cs, Gucy1a3, Hif1a, Hk1, Il6, Maoa, Myh6, 
Myh7, Nos1, Nos2, Nos3, Nppa, Npr1, Npr2, Pde5a, Pde9a, Pkg, Slc2a1, 
Slc2a4, Tgm2, Tnfrsf1a, Vegfa)	and	3	reference	genes	average	(Hprt1, 
Sdha, Tbp).	The	analysis	was	done	on	a	LightCycler	LC480	 (Roche)	
according to the manufacturer's protocol. The acquired data were 
analyzed	by	the	∆Cp	method	within	the	R/Bioconductor	statistical	
environment.32–34	The	expression	of	mRNA	of	selected	genes	was	
related to a control group. The final results were expressed as the 
fold	change	difference	of	mRNA	of	the	target	gene	between	the	ex-
perimental and control group.

2.5  |  Renal hemodynamics and excretory function

Renal hemodynamic studies were performed according to the previ-
ously described protocol.29,35	Briefly,	the	animals	were	anesthetized	
with	thiopental	sodium	(50 mg/kg,	i.p.,	VAUB	Pharma	a.s.,	Roztoky,	

CZ),	 and	 the	 left	 femoral	 artery	was	 cannulated	 to	measure	 arte-
rial blood pressure. The left kidney was surgically isolated from 
the surrounding tissues and put in a lucite cup. The left ureter was 
catheterized	to	collect	urine,	and	an	ultrasonic	transient-	time	flow	
probe	(1RBF,	Transonic	Systems,	Altron	Medical	Electronic	GmbH,	
Germany)	was	installed	on	the	left	renal	artery	for	continuous	meas-
urement	of	renal	blood	flow.	A	0.5 mL	bolus	of	5%	sinistrin	(Inutest,	
Fresenius	Kabi	Austria	GmbH,	Austria)	was	administered	 to	meas-
ure	the	glomerular	filtration	rate.	Urine	was	gathered	 in	three	30-	
min periods and blood samples were obtained after each collection. 
Urine	volume	was	measured	by	gravimetry;	sodium	and	potassium	
concentrations	were	determined	photometrically.	Values	were	 ex-
pressed per gram of wet kidney weight. The fractional sodium and 
potassium excretion were calculated by standard formulas.

2.6  |  Albuminuria

For	 albumin	excretion	measurement,	 the	 rats	were	placed	 in	 indi-
vidual	metabolic	cages	and	 (after	appropriate	habituation	 training)	
the	urine	was	collected	for	24 h	in	week	1,	4,	12,	20,	24,	28,	32,	and	
44	after	initiation	of	treatment.	Urinary	albumin	was	measured	using	
the	quantitative	sandwich	enzyme	immunoassay	technique	with	the	
commercially	available	ELISA	kit	(ERA3201-	1,	AssayPro,	MO,	USA).

2.7  |  cGMP tissue concentrations

All	analyses	were	performed	with	the	acetylation	protocol	to	achieve	
maximal	 sensitivity.	 Briefly,	 tissue	 samples	 frozen	 in	 liquid	 nitro-
gen	were	crushed	to	a	fine	powder	and	homogenized	in	0.1 M	HCl.	
Precipitated	proteins	were	separated	by	centrifugation	at	20 000 g at 
4°C.	cGMP	levels	were	measured	in	acetylated	supernatants	using	
a	radioimmunoassay	kit	(cGMP-	RIA)	from	IBL	International	(GmbH,	
Hamburg,	 Germany)	 according	 to	 the	 manufacturer's	 protocol.	
Results	are	shown	as	fmol	cGMP	per	milligram	of	wet	tissue	weight.

2.8  |  Statistical analysis

Statistical	analysis	was	performed	using	Graph-	Pad	Prism	software	
v9.4.1	(Graph	Pad	Software,	San	Diego,	CA,	USA).	The	groups	were	
compared	by	one-	way	ANOVA	and	Tukey	post	hoc	tests.	The	com-
parison	of	survival	curves	was	performed	using	the	log-	rank	(Mantel-	
Cox)	 test	 followed	 by	 Gehan-	Breslow-	Wilcoxon	 test.	 Results	 are	
presented	as	means ± SD,	 if	not	stated	otherwise.	A	p-	value	 lower	
than	.05	was	considered	significant.

2.9  |  Nomenclature of targets and ligands

Key	 protein	 targets	 and	 ligands	 in	 this	 article	 are	 hyperlinked	
to corresponding entries in http:// www. guide topha rmaco logy. 
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org,	 the	 common	portal	 for	 data	 from	 the	 IUPHAR/BPS	Guide	 to	
Pharmacology36 and are permanently archived in the Concise Guide 
to	Pharmacology	2019/20.37

3  |  RESULTS

3.1  |  Organ weights and signs of HF

Twenty-	four	 weeks	 after	 ACF	 creation,	 70%	 of	 ACF	 rats	 exhib-
ited	 clinical	 signs	 of	HF.	 ACF	 animals	 had	 similar	 tibial	 length	 but	
the body weight was increased (+10%,	 p < .01),	 likely	 due	 to	 con-
gestion (Table 1; Supporting Information 1).	ACF	 led	 to	significant	

biventricular	hypertrophy,	more	pronounced	for	the	RV	than	for	the	
LV	 (+145%,	p < .001	and + 68%,	p < .001),	 to	 increased	 lung	weight	
(+41%,	p < .001)	due	 to	congestion,	 and	 to	 reduced	kidney	weight	
(−17%,	p < .001),	probably	related	to	hypoperfusion.	ACEi	treatment	
lowered	body	weight	(−9%,	p < .01)	and	lung	weight	(−14%,	p < .05),	
indicating	 reduced	 congestion.	 PDE5i	 treatment	 did	 not	 alter	 the	
body and organ weight values (Table 1).

3.2  |  Echocardiography

Echocardiography (Table 1; Figure 1A)	 revealed	 LV	 dilatation,	
eccentric remodeling with relative wall thinning (relative wall 

TA B L E  1 Baseline	characteristics	and	echocardiography.

Sham/placebo ACF/placebo ACF/PDE5i ACF/ACEi p (ANOVA)

Body	weight	(BW),	g 550 ± 47 607 ± 71** 584 ± 45 550 ± 50## .0006

Tibial length, mm 43.1 ± 1.08 43.5 ± 1.42 43 ± 1.77 43.2 ± 1.09 .6

Heart	weight/BW,	g kg−1 2.97 ± 0.24 5.92 ± 0.77*** 6 ± 0.69*** 5.53 ± 0.86*** <.0001

LV	weight/BW,	g kg−1 2.03 ± 0.17 3.42 ± 0.45*** 3.54 ± 0.39*** 3.15 ± 0.38***§§ <.0001

RV	weight/BW,	g kg−1 0.53 ± 0.05 1.3 ± 0.23*** 1.33 ± 0.21*** 1.22 ± 0.18*** <.0001

Atrial	weight/BW,	g kg−1 0.33 ± 0.06 0.99 ± 0.22*** 0.99 ± 0.19*** 0.89 ± 0.26*** <.0001

Lung	weight/BW,	g kg−1 3.51 ± 0.37 4.96 ± 1.18*** 5.01 ± 0.88*** 4.28 ± 0.71*#§ <.0001

Liver	weight/BW,	g kg−1 34.2 ± 5.02 31.4 ± 5.55 32.6 ± 4.71 30.5 ± 6.96 .2

Kidney	weight/BW,	g kg−1 6.67 ± 0.64 5.52 ± 0.11*** 5.8 ± 0.54*** 5.78 ± 0.6*** <.0001

Heart	failure	score	(0–7) 0.03 1.6*** 1.5** 1.15* .0008

Echocardiography: Left ventricle

End-	diastolic	dimension,	mm 6.68 ± 0.64 12.52 ± 1.16*** 12.81 ± 1.01*** 11.5 ± 0.92***##§§§ <.0001

Posterior wall thickness, mm 2.65 ± 0.29 2.12 ± 0.25*** 2.14 ± 0.2*** 2 ± 0.33*** <.0001

Relative wall thickness 0.76 ± 0.12 0.33 ± 0.05*** 0.32 ± 0.05*** 0.34 ± 0.05*** <.0001

Fractional	shortening,	% 58.2 ± 4.8 38.3 ± 5.93*** 38.8 ± 5.46*** 42.7 ± 5.06***# <.0001

Heart	rate,	min−1 457 ± 30.4 367 ± 36.9*** 358 ± 45.3*** 392 ± 39.2***§ <.0001

Stroke volume, mL 0.29 ± 0.08 1.47 ± 0.33*** 1.63 ± 0.37*** 1.27 ± 0.31***§§§ <.0001

Cardiac	output,	mL min−1 130 ± 31.1 534 ± 103*** 570 ± 90.4*** 493 ± 120***§ <.0001

Mitral	regurgitation	grade	(1–4) 0.29 1.31** 1.22* 1.21* .006

Echocardiography: Right ventricle

RVD1,	mm 3.61 ± 0.34 6.89 ± 1.27*** 6.55 ± 0.71*** 6.54 ± 1.31*** <.0001

RVD2,	mm 3.49 ± 0.25 6.8 ± 1.23*** 6.56 ± 0.81*** 6.92 ± 1.43*** <.0001

RVD3,	mm 9.7 ± 0.72 13.7 ± 1.45*** 13.4 ± 0.98*** 12.9 ± 1.4*** <.0001

RV	diastolic	area,	mm2 31.8 ± 1.96 90.1 ± 21.2*** 84.8 ± 12.9*** 86.3 ± 21.1*** <.0001

Fractional	area	change,	% 49.4 ± 4.1 41.8 ± 10.3** 42.2 ± 6.5* 43.9 ± 6.6 .006

TAPSE,	mm 3.05 ± 0.21 3.94 ± 0.74*** 4.29 ± 0.75*** 3.96 ± 0.58*** <.0001

RV	global	strain,	% −9.3 ± 2.39 −13.2 ± 3.41** −13.8 ± 4.43** −12.6 ± 3.81* .004

RV	global	strain	rate,	s−1 1.4 ± 0.31 1.97 ± 0.44*** 2.11 ± 0.46*** 1.89 ± 0.27** <.0001

Tricuspid	regurgitation	grade	(1–4) 0.43 1.25** 1.11 0.95 .01

Note:	Values	are	expressed	as	means ± SD.	N = 19	in	sham/placebo	group,	N = 30	in	ACF/placebo	group,	N = 20	in	ACF/PDE5i	group	and	N = 26	in	
ACF/ACEi	group.	Tukey	post	hoc	test:	*p < .05,	**p < .01,	***p < .001	versus	sham/placebo,	#p < .05,	##p < .01,	###p < .001	versus	ACF/placebo,	§p < .05,	
§§p < .01,	§§§p < .001	versus	ACF/PDE5i.
Abbreviations:	ACEi,	angiotensin-	converting	enzyme	inhibitor;	ACF,	Rat	model	of	aorto-	caval	fistula;	LV,	left	ventricle;	PDE5i,	phosphodiesterase-	5	
inhibitor;	RV,	right	ventricle;	RVD1,	right	ventricular	basal	diameter	at	end-	diastole;	RVD2,	right	ventricular	mid	diameter	at	end-	diastole;	RVD3,	right	
ventricular	longitudinal	diameter	at	end-	diastole;	TAPSE,	tricuspid	annular	plane	systolic	excursion.
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thickness	 reduced	 by—57%,	 p < .001),	 and	 LV	 systolic	 dysfunc-
tion	 (LV	 fractional	 shortening	 [FS]	 reduced	by—34%,	p < .001)	 in	
ACF	rats.	Due	to	blood	recirculation	via	the	systemic	shunt,	car-
diac	output	was	increased	4.1-	fold	(p < .001).	The	RV	was	also	di-
lated	and	had	depressed	global	systolic	function	(RV	FAC	reduced	
by—15%,	 p < .01).	 Regional	 echocardiographic	 parameters	 of	 RV	
function	(TAPSE,	global	longitudinal	strain)	were	affected	by	pro-
nounced ventricular remodeling/dilatation and falsely augmented 
RV	 systolic	 function.	 ACEi	 limited	 LV	 remodeling	 and	 enhanced	
global	LV	systolic	function	(FS,	+10%,	p < .05)	but	PDE5i	treatment	
did not show any beneficial effects.

3.3  |  Invasive hemodynamics and 
pressure- volume analysis

In	 ACF,	 invasive	 hemodynamics	 (Table 2; Figure 1B)	 disclosed	 re-
duced	systemic	mean	(−21 mmHg,	p < .01)	and	diastolic	blood	pres-
sure	 (−29 mmHg,	 p < .001),	 elevated	 end-	diastolic	 filling	 pressures	
(more	 in	 the	 LV,	+5.6 mmHg,	 p < .001)	 and	 volumes	 (identically	 in	
both	 ventricles,	 LV	 6.4-	fold,	 RV	 5.9-	fold,	 p < .001),	 and	 increased	
ventricular	wall	 stress	 (2.7-	fold,	p < .001),	as	discussed	previously.5 
Maximal	LV	pressure	was	reduced	(−33 mmHg,	p < .001),	but	maximal	
RV	pressure	was	raised	(+11.8 mmHg,	p < .001),	and	RV	stroke	work	
was	 increased	 relatively	more	 (6.7-	fold,	p < .001)	 compared	 to	 the	
LV	(3.6-	fold,	p < .001),	due	to	additional	pulmonary	hypertension.	RV	

load-	independent	systolic	function	was	similarly	reduced	compared	
to	 the	 LV	 (preload-	recruitable	 stroke	work,	 LV:	 −54%,	p < .01,	 RV:	
−51%,	p < .05).	 ACEi	 lowered	 systemic	 blood	 pressure	 (−25 mmHg,	
p < .001),	and	reduced	LV	volumes	(EDV	−20%,	ESV	−39%,	p < .01),	
wall	stress	(−19%,	p < .05),	and	filling	pressure	(−2.4 mmHg,	p < .05).	
PDE5i	 tended	 to	 reduce	 transpulmonary	 pressure	 gradient	 (prob-
ably	 due	 to	 vasodilatation	 in	 the	 pulmonary	 vascular	 bed),	 but	 it	
had	a	neutral	 effect	on	LV	and	RV	parameters.	Neither	 treatment	
affected	the	load-	independent	systolic	ventricular	function	of	RV	or	
LV	(Figure 1B).

3.4  |  Myocardial gene expression analysis

mRNA	 expression	 analysis	 of	 selected	 genes	 by	 qPCR	 (Figure 2; 
Supporting Information 2, for a full list see materials and methods 
section)	 revealed	 ACF-	induced	 upregulation	 of	 several	 genes	 as-
sociated	 with	 myocardial	 stress,	 especially	 natriuretic	 peptide	 A	
(Nppa,	RV	549-	fold,	LV	21-	fold,	p < .05).	ACF	rats	exhibited	elevated	
myosin	heavy	chain	 isotype	7	to	6	ratio	 (Myh7/Myh6,	RV	8.4-	fold,	
LV	 4.9-	fold,	p < .05),	 angiopoietin	 2	 to	 1	 ratio	 (Angpt2/1,	 LV	 19.8-	
fold, p < .05),	downregulated	apelin	 (Apln,	RV	0.7-	fold,	LV	0.6-	fold,	
p < .05)	 and	citrate	 synthase	 (Cs,	 LV	0.5-	fold,	p < .05),	 and	upregu-
lated	monoamine	oxidase-	A	(Maoa,	LV	9.2-	fold,	p < .05)	and	transglu-
taminase-	2	 (Tgm2,	LV	2.2-	fold,	p < .05),	genes	that	were	previously	
linked	to	ACF.38 There was an apparent metabolic shift from fatty 

F I G U R E  1 Effects	of	ACF,	PDE5i,	and	ACEi	on	selected	parameters	of	ventricular	systolic	function.	(A)	Global	systolic	function	measured	
by	echocardiography.	(B)	Contractility	(PRSW)	measured	by	pressure-	volume	analysis.	ACEi,	angiotensin-	converting	enzyme	inhibitor;	ACF,	rat	
model	of	aorto-	caval	fistula;	LV,	left	ventricle;	PDE5i,	phosphodiesterase-	5	inhibitor;	PRSW,	preload	recruitable	stroke	work;	RV,	right	ventricle.	
N = 19–26	in	each	group.	Data	are	presented	as	means ± SD.	*p < .05,	**p < .01,	***p < .001	versus	sham/placebo,	#versus	ACF/placebo.
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6 of 12  |     TYKVARTOVA et al.

acid	oxidation	to	glycolysis	reflected	by	an	elevated	ratio	 (RV	3.2-	
fold,	 LV	2.8-	fold,	p < .05)	 of	 glycolytic	 enzyme	hexokinase	1	 (Hk1)	
to	medium-	chain	acyl-	CoA	dehydrogenase	(Mcad)	and	an	increased	
ratio of glucose transporters Glut1/Glut4	 (LV	2-	fold,	p < .05).	Gene	
expression	changes	caused	by	ACF-	induced	VO	were	similar	in	both	
ventricles	 and	 were	 partially	 reversed	 by	 ACEi	 treatment.	 ACEi	
downregulated Nppa	 (RV	 0.6-	fold,	 p < .05)	 and	 Myh7/Myh6 ratio 

(RV	0.5-	fold,	LV	0.6-	fold,	p < .05).	There	was	also	a	trend	to	down-
regulated Maoa	 (RV	 0.2-	fold,	 LV	 0.4-	fold)	 and	 reduced	Hk1/Mcad 
ratio	 (LV	0.4-	fold).	ACEi	downregulated	Tgm2	 (LV	0.6-	fold,	p < .05)	
and reduced Glut1/Glut4	(LV	0.5-	fold,	p < .05)	ratio	in	ACF	LV.	PDE5i	
had	no	beneficial	effects.	ACF	or	the	treatments	did	not	alter	the	
expression	 of	 genes	 of	 cGMP-	dependent	 signaling	 pathway,	 that	
is,	NO	synthase	1–3	 (Nos 1–3),	 natriuretic	peptide	 receptor	1	 and	

TA B L E  2 Hemodynamic	data	from	pressure-	volume	analysis.

Sham/placebo ACF/placebo ACF/PDE5i ACF/ACEi p (ANOVA)

Systemic circulation

SBP,	mmHg 143 ± 28.3 131 ± 21.2 124 ± 21.6* 106 ± 14***###§ <.0001

DBP,	mmHg 113 ± 25.3 84 ± 14*** 82 ± 15.9*** 71 ± 12.9***# <.0001

MBP,	mmHg 128 ± 26.8 107 ± 16.7** 103 ± 18*** 87 ± 13.4***## <.0001

PP,	mmHg 29.3 ± 5.6 47 ± 8.4*** 42.7 ± 8.6*** 35.2 ± 6.6###§§ <.0001

SVR,	mmHg min mL−1 1.04 ± 0.26 0.21 ± 0.05*** 0.19 ± 0.06*** 0.19 ± 0.04*** <.0001

Left ventricle

LV	EDP,	mmHg 6.35 ± 2.25 11.9 ± 4.14*** 11.1 ± 3*** 9.51 ± 2.16*# <.0001

LV	EDV,	mL 0.31 ± 0.09 1.97 ± 0.54*** 2.14 ± 0.54*** 1.58 ± 0.39***##§§§ <.0001

LV	mass/EDV,	g mL−1 3.8 ± 0.91 1.1 ± 0.25*** 1.01 ± 0.23*** 1.17 ± 0.28*** <.0001

LV	ESV,	mL 0.02 ± 0.01 0.5 ± 0.28*** 0.51 ± 0.21*** 0.31 ± 0.12***##§§ <.0001

LV	max	pressure,	mmHg 153 ± 26.8 120 ± 17.4*** 120 ± 18.7*** 105 ± 12.6***# <.0001

LV	max	wall	stress,	
mmHg mL g−1

43 ± 13.1 117 ± 34.5*** 118 ± 24.1*** 95 ± 20.2***#§ <.0001

Stroke	work,	mmHg mL 20.3 ± 6.17 73.1 ± 21.9*** 83.9 ± 29.1*** 70.3 ± 26.1*** <.0001

dP/dt	max,	mmHg s−1 10 405 ± 3965 8812 ± 3042 9800 ± 2445 8782 ± 2606 .3

PRSW,	mmHg 73.2 ± 42.2 33.6 ± 17.4** 34.2 ± 21.8** 36.6 ± 23.3** .0003

dP/dt	min,	mmHg s−1 −10 591 ± 3139 −5363 ± 1606*** −5939 ± 1651*** −5353 ± 1858*** <.0001

Tau, ms 11.2 ± 2.48 16.7 ± 3.8*** 14.2 ± 3.43 13.4 ± 3.5## <.0001

Right ventricle

RV	EDP,	mmHg 4.04 ± 1.38 6.2 ± 1.95* 5.7 ± 2.59 5.03 ± 1.51 .03

RV	EDV,	mL 0.12 ± 0.01 0.71 ± 0.28*** 0.64 ± 0.16*** 0.7 ± 0.3*** <.0001

RV	mass/EDV,	g mL−1 2.37 ± 0.35 1.22 ± 0.31*** 1.26 ± 0.27*** 1.03 ± 0.24*** <.0001

RV	ESV,	mL 0.038 ± 0.005 0.033 ± 0.2*** 0.274 ± 0.09*** 0.287 ± 0.168*** <.0001

RV	max	pressure,	mmHg 34.1 ± 4.9 45.9 ± 6.39*** 44.5 ± 3.44*** 42.6 ± 6.16*** <.0001

RV	max	pressure—LVEDP	
gradient,	mmHg

27.9 ± 6.2 35.1 ± 5.31** 33.3 ± 2.72 33.9 ± 6.83* .01

RV	max	wall	stress,	
mmHg mL g−1

15.2 ± 3.15 35.8 ± 9.24*** 35.8 ± 8.26*** 43.8 ± 16*** <.0001

Stroke	work,	mmHg mL 1.09 ± 0.14 7.33 ± 2.46*** 7.65 ± 2.29*** 7.09 ± 2.88*** .0004

dP/dt	max,	mmHg s−1 2222 ± 788 2908 ± 767 2700 ± 446 2689 ± 1079 .2

PRSW,	mmHg 33.9 ± 10.77 16.7 ± 10.79* 13.4 ± 9.32* 15.6 ± 7.02* .01

dP/dt	min,	mmHg s−1 −1621 ± 297 −1610 ± 442 −1709 ± 245 −1603 ± 493 .9

Tau, ms 20.7 ± 12.79 20.7 ± 9.54 16.3 ± 4.65 20.7 ± 14.8 .7

Note:	Values	are	expressed	as	means ± SD.	N = 19	in	sham/placebo	group,	N = 30	in	ACF/placebo	group,	N = 20	in	ACF/PDE5i	group	and	N = 26	in	
ACF/ACEi	group.	Tukey	post	hoc	test:	*p < .05,	**p < .01,	***p < .001	versus	sham/placebo,	#p < .05,	##p < .01,	###p < .001	versus	ACF/placebo,	§p < .05,	
§§p < .01,	§§§p < .001	versus	ACF/PDE5i.
Abbreviations:	ACEi,	angiotensin-	converting	enzyme	inhibitor;	ACF,	rat	model	of	aorto-	caval	fistula;	DBP,	diastolic	blood	pressure;	dP/dt	max,	
maximum	ventricular	pressure	over	time;	dP/dt	min,	minimum	ventricular	pressure	over	time;	EDP,	ventricular	end-	diastolic	pressure;	EDV,	ventricular	
end-	diastolic	volume;	ESV,	ventricular	end-	systolic	volume;	LV,	left	ventricle;	MBP,	mean	blood	pressure;	PDE5i,	phosphodiesterase-	5	inhibitor;	
PP,	pulse	pressure;	PRSW,	preload	recruitable	stroke	work;	RV,	right	ventricle;	SBP,	systolic	blood	pressure;	SVR,	systemic	vascular	resistance;	Tau,	
ventricular diastolic time constant.
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F I G U R E  2 Effects	of	ACF,	PDE5i,	and	ACEi	on	gene	expression	of	selected	cardiac	markers	of	stress	and	metabolism.	mRNA	expression	
analysis	of	selected	genes	that	reflect	myocardial	stress,	substrate	metabolism,	and	bioenergetics.	(A)	Natriuretic	peptide	A	(Nppa).	(B)	Myh7/
Myh6	ratio.	(C)	Monoamine	oxidase	A	(Maoa).	(D)	Transglutaminase	2	(Tgm2).	(E)	Apelin	(Apln).	(F)	Hk1/Mcad	ratio.	(G)	Glut1/Glut4	ratio.	(H)	
Citrate synthase (Cs).	(I)	Angiopoetin	(Angpt)	2/1	ratio.	Data	are	presented	as	means ± SD.	The	changes	are	normalized	to	sham/placebo	RV.	
N = 12–13	in	each	group.	ACF,	rat	model	of	aorto-	caval	fistula;	PDE5i,	phosphodiesterase-	5	inhibitor;	ACEi,	angiotensin-	converting	enzyme	
inhibitor;	RV,	right	ventricle;	LV,	left	ventricle;	Myh7/Myh6	ratio,	myosin	heavy	chain	isotype	7	to	6	ratio;	Hk1/Mcad ratio, ratio of glycolytic 
enzyme	hexokinase	to	medium-	chain	acyl-	CoA	dehydrogenase;	Glut1/Glut4	ratio,	glucose	transporter	1/4	ratio.	*p < .05	versus	sham/
placebo, #versus	ACF/placebo,	§versus	ACF/PDE5i,	ϕversus	RV	of	the	same	group.
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8 of 12  |     TYKVARTOVA et al.

2 (Npr1 and Npr2),	 soluble	 guanylate	 cyclase	 (Gucy1a3),	 cGMP-	
dependent protein kinase (Pkg),	 phosphodiesterase	5	 (Pde5a),	 and	
phosphodiesterase	9	(Pde9a, Supporting Information 2).

3.5  |  Renal hemodynamics and excretory function

In	 comparison	with	healthy	 controls,	ACF	animals	 exhibited	 signifi-
cantly lower renal blood flow (Figure 3A,	4.19 ± 1.65	vs.	7.18 ± 1.69,	
p < .001),	 decreased	 diuresis	 (Figure 3B,	 urine	 flow	 3.94 ± 3.33	
vs.	 6.83 ± 2.2,	 p < .05),	 and	 decreased	 fractional	 sodium	 excretion	
(Figure 3C,	0.09 ± 0.19	vs.	0.36 ± 0.32,	p < .05).	There	was	a	trend	to-
ward	higher	fractional	potassium	excretion	(32.8 ± 4.9	vs.	16.4 ± 10.1),	
probably due to secondary hyperaldosteronism (Figure 3D).	 ACEi	
tended	 to	 raise	 renal	 blood	 flow	 (5.49 ± 1.48	 vs.	 4.19 ± 1.65),	 urine	
flow	 (4.27 ± 2.36	 vs.	 3.94 ± 3.33),	 and	 fractional	 sodium	 excretion	
(0.24 ± 0.24	 vs.	 0.09 ± 0.19)	 and	 to	 decrease	 fractional	 potassium	
excretion	 (24.8 ± 3.9	 vs.	 32.8 ± 4.9);	 however,	 the	 differences	 were	
not	 statistically	 significant.	 PDE5i	 did	 not	 cause	 any	 beneficial	 ef-
fects. Glomerular filtration rate was not significantly different among 

groups,	 though	 it	 tended	 to	 be	 lower	 in	ACF	 animals	 compared	 to	
sham-	operated	rats	(Figure 3E,	0.75 ± 0.97	vs.	0.91 ± 0.65).

3.6  |  Albuminuria

Aging	 of	 both	 ACF	 and	 sham-	operated	 animals	was	 accompanied	
by gradually increasing albuminuria, which was effectively sup-
pressed	with	ACEi	(Figure 3F).	At	the	end	of	the	study,	albuminuria	
of	ACEi-	treated	ACF	animals	was	even	lower	than	in	healthy	controls	
(3000 ± 2000 μg/24 h	vs.	8000 ± 3000 μg/24 h,	p = .001).	PDE5i	had	
no beneficial effect.

3.7  |  Survival

At	 the	end	of	 the	 study	 (55 weeks	after	 induction	of	ACF),	 all	 un-
treated	 ACF	 animals	 were	 dead.	 Median	 survival	 in	 ACF/pla-
cebo	 group	 was	 35 weeks,	 identical	 to	 that	 in	 PDE5i-	treated	 rats	
(Figure 4A).	On	the	contrary,	ACEi	significantly	improved	the	survival	

F I G U R E  3 Effects	of	ACF,	PDE5i,	and	ACEi	on	renal	hemodynamics,	excretory	function,	and	albuminuria.	(A)	Renal	blood	flow.	(B)	Urine	
flow.	(C)	Fractional	sodium	excretion.	(D)	Fractional	potassium	excretion.	(E)	Glomerular	filtration	rate.	(F)	Albuminuria.	Data	in	A–E	are	
expressed	per	gram	of	wet	kidney	weight	and	presented	as	means ± SD.	ACEi,	angiotensin-	converting	enzyme	inhibitor;	ACF,	rat	model	of	
aorto-	caval	fistula;	PDE5i,	phosphodiesterase-	5	inhibitor.	N = 13–16	in	each	group.	*p < .05,	***p < .001	versus	sham/placebo,	#versus	ACF/
placebo, §versus	ACF/PDE5i.
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rate	(median	survival	in	ACF/ACEi	group	was	41 weeks,	p = .02	com-
pared	to	untreated	ACF	rats).	The	beneficial	influence	of	ACEi	was	
most apparent in the first weeks after initiation of treatment; how-
ever,	ACEi-	treated	ACF	rats	started	to	die	rapidly	after	week	40	and	
only 2 of them survived till the end of the study (the survival rate 
at	55 weeks	after	induction	of	ACF	was	5%).	We	observed	3	deaths	
(14%)	in	the	sham-	operated	control	group,	probably	due	to	old	age.

3.8  |  cGMP tissue levels

Myocardial	 cGMP	 levels	 were	 increased	 in	 ACF	 RV	 (19.6 ± 7	 vs.	
4.1 ± 3.1,	 p < .05)	 and	 LV	 (16 ± 5	 vs.	 5.3 ± 3,	 p < .05),	 probably	 due	
to	 stimulation	of	NP-	receptor-	associated	particulate	 guanylate	 cy-
clases	by	elevated	levels	of	natriuretic	peptides.	PDE5i	raised	cGMP	
concentration	in	the	lungs	(63 ± 19	vs.	21 ± 8.6,	p < .05),	however,	not	
in the myocardium and the kidney (Figure 4B).

4  |  DISCUSSION

The	study	describes	the	impact	of	long-	term	PDE5i	and	ACEi	treat-
ments	 in	 a	 rat	HF	model	 due	 to	 chronic	VO	 induced	by	ACF.	The	
main	 finding	 is	 that	 long-	term	 therapy	with	 PDE5i	 sildenafil	 does	
not improve the survival rate, and cardiac and renal function of ani-
mals	with	ACF.	 There	were	 no	 relevant	 differences	 in	 the	 LV	 and	
RV	responses	to	long-	term	PDE5i	treatment.	Finally,	long-	term	ACEi	
therapy	 improved	 survival	 of	 ACF	 rats	 despite	 relatively	 small	 ef-
fects on cardiac remodeling, myocardial gene expression, and renal 
hemodynamics.	The	results	indicate	that	cGMP-	dependent	signaling	
pathway	does	not	play	a	major	role	in	response	to	ACF,	while	sup-
porting	the	role	of	ACEi	in	treating	HF	due	to	VO.

While	 the	 effects	 of	 PDE5i	 on	 hypertrophy	 and	 cardiac	 dys-
function were repeatedly studied in pressure overloaded heart,13–15 
there is a paucity of studies that examined the effects on volume 
overloaded heart. To our knowledge, this is the first such a complex 

F I G U R E  4 Effects	of	ACF,	PDE5i,	and	
ACEi	on	survival	rate	and	cGMP	tissue	
levels.	(A)	Survival	rates.	(B)	cGMP	tissue	
levels in the right and left ventricle, 
kidney,	and	lungs.	Data	in	(B)	are	
expressed	as	fmol	cGMP	per	milligram	
of wet tissue weight and presented 
as	means ± SD.	N = 8	in	each	group.	
ACEi,	angiotensin-	converting	enzyme	
inhibitor;	ACF,	rat	model	of	aorto-	
caval	fistula;	cGMP,	cyclic	guanosine	
monophosphate;	LV,	left	ventricle;	PDE5i,	
phosphodiesterase-	5	inhibitor;	RV,	right	
ventricle.	*p < .05	versus	sham/placebo,	
#versus	ACF/placebo,	§versus	ACF/PDE5i.
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evaluation	of	long-	term	PDE5i	treatment	in	VO	that	leads	to	overt	
HF.	In	the	present	study,	employing	comprehensive	analysis	of	both	
RV	 and	 LV	 structure	 and	 load-	independent	 function,	 myocardial	
gene expression, renal function assessment, and survival, we have 
not	demonstrated	any	benefit	of	PDE5i	after	20 weeks	of	treatment.	
A	lack	of	protective	effect	of	PDE5i	treatment	on	ACF	RV	was	de-
scribed previously,14	however,	that	study	was	limited	to	RV	assess-
ment	and	sildenafil	was	administered	for	4 weeks	only.

In	another	experimental	VO	model,	Kim	et	al.	demonstrated	a	signifi-
cant	attenuation	of	adverse	LV	remodeling	and	improvement	of	exercise	
capacity	following	a	4-	month	sildenafil	treatment.39	However,	the	rats	in	
that	study	exhibited	only	a	compensated	LV	hypertrophy	rather	than	true	
HF,	without	increased	chamber	filing	pressures.	Endothelial	NO	synthase	
(NO	synthase	3)	was	downregulated	in	untreated	mitral	regurgitation	and	
it	was	increased	by	sildenafil.	In	our	study,	the	expression	of	NO	synthase	
3	had	a	 trend	 to	decrease	 in	ACF,	with	no	effect	of	PDE5i	 treatment,	
which may explain the discrepant results between the two different mod-
els.	Eskesen	et	al.	observed	improved	LV	function	and	less	LV	remodeling	
after	PDE5i	in	a	rat	HF	model	of	aortic	regurgitation,	which	is	however	a	
model	of	combined	pressure	and	VO,	so	the	beneficial	effects	of	PDE5i	
could be explainable by the reduction of pressure component.40

There may be several possible explanations for the lack of effi-
cacy	 of	 PDE5i	 treatment	 in	 preventing	 hypertrophy	 and	 failure	 of	
VO	heart.	First,	 the	administered	dose	of	sildenafil	could	be	 insuf-
ficient	 to	 suppress	 PDE5	 activity.	 However,	 this	 is	 improbable,	 as	
this	dose	is	well	above	that	previously	shown	to	raise	plasma	cGMP	
levels in rats,16	and	we	measured	elevated	cGMP	levels	in	the	lungs	
of	sildenafil-	treated	rats,	which	confirmed	the	effectiveness	of	treat-
ment.	Second,	cGMP	synthesis	in	ACF	myocardium	could	be	insuffi-
cient.	We	observed	increased	cGMP	concentrations	both	in	ACF	RV	
and	LV,	likely	due	to	stimulation	of	particulate	guanylate	cyclase	by	
elevated	 levels	of	natriuretic	peptides.	However,	subcellular	cGMP	
pool	 compartmentalization	 may	 also	 play	 a	 role,	 because	 PDE5i	
was	demonstrated	 to	exclusively	 increase	 the	cGMP	generated	by	
soluble	guanylate	cyclase	in	response	to	NO,	while	the	cGMP	pool	
derived	 from	 natriuretic	 peptides-	stimulated	 particulate	 guanylate	
cyclase was not affected in rat cardiomyocytes.41 The third possi-
ble	 explanation	 could	 be	 the	 cGMP	 degradation	 by	 phosphodies-
terases	other	than	PDE5,	particularly	PDE9.42	However,	we	did	not	
observe Pde9a	gene	upregulation	in	ACF	hearts.	Finally,	the	cGMP-	
dependent signaling pathway may not be involved in the myocardial 
response	to	ACF-	induced	VO,	and	our	gene	expression	data	support	
this	mechanism.	ACF	 did	 not	 alter	 the	 expression	 of	 genes	 of	 the	
cGMP-	dependent	 signaling	 pathway,	 arguing	 against	 a	 substantial	
role	of	 this	pathway	 in	 response	 to	VO,	at	 least	 in	 the	ACF	model	
of	advanced	HF.	In	addition,	both	ACF	LV	and	RV	exhibited	eccen-
tric hypertrophy, decreased contractility, and upregulation of genes 
connected with myocardial stress (Nppa, Myh7/Myh6 ratio),	and	met-
abolic switch from fatty acid oxidation to glycolysis (increased Glut1/
Glut4 and Hk1/Mcad ratio).	The	presented	data	provide	no	evidence	
for	the	heart	chamber-	specific	responsiveness	to	long-	term	PDE5i.

Among	other	phosphodiesterases,	PDE5	is	also	highly	expressed	
in the kidney and was proposed to contribute to the blunted renal 

response to elevated levels of endogenous natriuretic peptides in 
advanced	HF.43,44	In	the	present	study,	we	have	not	seen	any	bene-
ficial	effect	of	PDE5i	treatment	on	renal	hemodynamics	and	excre-
tory	 function.	Several	experimental	 studies	 in	dogs	with	overt	HF	
induced by rapid ventricular pacing demonstrated improvement of 
renal	function	following	administration	of	PDE5i	either	alone43,45 or 
in combination with exogenous brain natriuretic peptide46 or with 
PDE9	inhibition.47	In	all	the	above	studies,	phosphodiesterase	inhi-
bition	 was	 associated	 with	 increased	 renal	 cGMP	 concentrations.	
However,	 in	 our	 study,	 sildenafil	 failed	 to	 significantly	 raise	 renal	
cGMP	 level,	 although	 it	 tended	 to	 be	 higher	 in	 sildenafil-	treated	
compared	to	placebo-	treated	rats.	Based	on	our	results,	 it	 is	 likely	
that	renal	PDE5	activity	is	not	upregulated	by	ACF-	induced	VO.

A	significant	amount	of	PDE5	is	present	in	the	lung	tissue,	and	
inhibiting	PDE5	leads	to	a	decrease	in	pulmonary	vascular	resistance	
both	in	experimental	models	and	also	in	patients	with	HF	and	pul-
monary hypertension.48–50	Based	on	our	cGMP	data,	upregulation	
of	PDE5	is	likely	to	occur	in	the	lungs	of	ACF	rats,	as	PDE5i-	treated	
animals	have	highly	increased	lung	cGMP	concentration.50

Finally,	 our	 study	 demonstrated	 that	 long-	term	ACEi	 improves	
the	survival	of	ACF	rats	despite	relatively	small	effects	on	cardiac	
remodeling, myocardial gene expression, and renal hemodynamics. 
ACEi	 treatment	 decreased	 systemic	 blood	 pressure,	 lowered	 LV	
maximal	 and	 filling	 pressures,	 reduced	 LV	wall	 stress	 and	 LV	 vol-
umes, attenuated albuminuria, diminished pulmonary congestion, 
and	 reduced	body	weight	of	ACF	animals,	 likely	due	 to	 alleviating	
congestion.	However,	treatment	with	ACEi	had	no	effect	on	RV	pa-
rameters,	 did	 not	 enhance	 load-	independent	 LV	 systolic	 function,	
and did not significantly raise renal blood flow, urine flow, and frac-
tional sodium excretion, confirming our previous observations.51,52 
The	exact	mechanisms	of	how	ACEi	protects	against	 increased	HF	
mortality	due	 to	ACF-	induced	VO,	despite	modest	effects	on	car-
diorenal function, deserve further investigation. Jarkovska et al. sug-
gested	the	anti-	arrhythmic	effect	of	ACEi	in	ACF	rats.53

The present study has several limitations. Only the resting hemo-
dynamics was tested, because of technical reasons we did not per-
form	preload	changing	maneuvers	 (vena	cava	balloon	 inflation),	and	
therefore we cannot report arterial and ventricular elastance values. 
We tested the changes in myocardial gene expression only, but we 
did not perform proteomic analysis. We also did not measure protein 
kinase G activity and plasma and renal angiotensin levels as markers of 
PDE5i	and	ACEi	efficacy,	respectively.	This	study	does	not	include	a	
sham/control	group	treated	with	PDE5i	or	ACEi,	which	could	add	to	a	
deeper understanding of individual treatments, but our question was 
narrowed	down	to	the	effect	of	treatment	in	rats	with	HF,	and	thus	the	
primary	focus	was	on	translational	research.	Despite	the	known	dif-
ferences	between	sexes	in	various	HF	models,	our	current	study	has	
deliberately focused on only one gender. This approach stems from 
our previous investigation, in which no distinctions between sexes 
were	observed	in	relation	to	the	ACF	model	within	the	HanSD	strain.54

In	conclusion,	the	study	shows	that	PDE5i	does	not	improve	sur-
vival	rate	and	does	not	change	the	cardiac	and	renal	function	of	ACF	
rats	with	advanced	HF.	The	cGMP-	dependent	signaling	pathway	does	
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not	seem	to	play	a	major	role	in	response	to	ACF-	induced	VO.	In	con-
trast,	mortality	in	the	ACF	model	was	reduced	by	ACEi	treatment.
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