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IMPORTANCE Out-of-hospital cardiac arrest (OHCA) has poor outcome. Whether intra-arrest
transport, extracorporeal cardiopulmonary resuscitation (ECPR), and immediate invasive
assessment and treatment (invasive strategy) is beneficial in this setting remains uncertain.

OBJECTIVE To determine whether an early invasive approach in adults with refractory OHCA
improves neurologically favorable survival.

DESIGN, SETTING, AND PARTICIPANTS Single-center, randomized clinical trial in Prague,
Czech Republic, of adults with a witnessed OHCA of presumed cardiac origin without return
of spontaneous circulation. A total of 256 participants, of a planned sample size of 285, were
enrolled betweenMarch 2013 and October 2020. Patients were observed until death or day
180 (last patient follow-up ended onMarch 30, 2021).

INTERVENTIONS In the invasive strategy group (n = 124), mechanical compression was
initiated, followed by intra-arrest transport to a cardiac center for ECPR and immediate
invasive assessment and treatment. Regular advanced cardiac life support was continued
on-site in the standard strategy group (n = 132).

MAIN OUTCOMES ANDMEASURES The primary outcomewas survival with a good neurologic
outcome (defined as Cerebral Performance Category [CPC] 1-2) at 180 days after
randomization. Secondary outcomes included neurologic recovery at 30 days (defined as
CPC 1-2 at any time within the first 30 days) and cardiac recovery at 30 days (defined as no
need for pharmacological or mechanical cardiac support for at least 24 hours).

RESULTS The trial was stopped at the recommendation of the data and safety monitoring
board when prespecified criteria for futility were met. Among 256 patients (median age, 58
years; 44 [17%] women), 256 (100%) completed the trial. In themain analysis, 39 patients
(31.5%) in the invasive strategy group and 29 (22.0%) in the standard strategy group
survived to 180 days with good neurologic outcome (odds ratio [OR], 1.63 [95% CI, 0.93 to
2.85]; difference, 9.5% [95% CI, −1.3% to 20.1%]; P = .09). At 30 days, neurologic recovery
had occurred in 38 patients (30.6%) in the invasive strategy group and in 24 (18.2%) in the
standard strategy group (OR, 1.99 [95% CI, 1.11 to 3.57]; difference, 12.4% [95% CI, 1.9% to
22.7%]; P = .02), and cardiac recovery had occurred in 54 (43.5%) and 45 (34.1%) patients,
respectively (OR, 1.49 [95% CI, 0.91 to 2.47]; difference, 9.4% [95% CI, −2.5% to 21%];
P = .12). Bleeding occurredmore frequently in the invasive strategy vs standard strategy
group (31% vs 15%, respectively).

CONCLUSIONS AND RELEVANCE Among patients with refractory out-of-hospital cardiac arrest,
the bundle of early intra-arrest transport, ECPR, and invasive assessment and treatment
did not significantly improve survival with neurologically favorable outcome at 180 days
compared with standard resuscitation. However, the trial was possibly underpowered to
detect a clinically relevant difference.

TRIAL REGISTRATION ClinicalTrials.gov Identifier: NCT01511666

JAMA. 2022;327(8):737-747. doi:10.1001/jama.2022.1025
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O ut-of-hospital cardiacarrest (OHCA) is a significant so-
cioeconomic burden to society.1 In a large trial, 50%
of patients who attained stable return of spontane-

ous circulation (ROSC) during initial resuscitation and were
transferred to thehospital for postresuscitation care achieved
neurologically favorable survival.2 However, refractory car-
diac arrest (ie, prolonged cardiac arrest and cardiac arrest
without ROSC in the field) is associated with poor clinical
outcomes.3 In patientswithoutROSC, the odds of survival are
lowwhen transport to thehospital occurs duringongoing car-
diopulmonary resuscitation (CPR), usually less than 4%.4,5

Temporary replacement of a failing circulation by extra-
corporeal life support (ECLS), amethod called extracorporeal
cardiopulmonary resuscitation (ECPR), has been recognized
as a potential approach to refractory cardiac arrest.6-8

Despite encouraging results of nonrandomized studies, a
meta-analysis,9 and 1 recently published small randomized
trial,10 the benefit of ECPR in refractory OHCA remains
uncertain.11,12 Recent European Resuscitation Guidelines13

provideaweak recommendation forECPR,whichmaybecon-
sidered as a rescuemethodwhen conventional CPR is failing,
with very low certainty of evidence.

The purpose of this randomized clinical trial was to com-
pare the bundle of early intra-arrest transport to the hospital
usingmechanical CPR, ECPR, and immediate invasive assess-
ment and treatment vs standard treatment in refractory
OHCA for achieving survival with good neurologic outcome
at 180 days.

Methods
Study Design
This randomized clinical trial was conducted at a single cen-
ter in Prague, Czech Republic, fromMarch 1, 2013, to October
25, 2020 (with final follow-up on March 30, 2021). The study
protocol, including statistical analysis plan (Supplement 1),
was published in detail prior to study initiation,14 and the
study was approved by the institutional review board of the
General University Hospital and First Faculty of Medicine,
Charles University in Prague (192/11S-IV).

Each participant’s legal representative was informed of
the participant’s study enrollment and was asked for written
informed consent as soon as possible. All patients who
regained normal neurologic function were asked to provide
their written consent regarding the use of their data. Consent
requirements were waived for patients who died at the scene
and never reached the hospital and for participants without
known legal representatives. As specified in the protocol, a
data and safety monitoring board reviewed the data on
patient outcome and complications every 6 months or after
every 30 patients enrolled, whichever came first. An inde-
pendent contract research organization verified and moni-
tored the study data.

Participants
Adults aged 18 to 65 years receiving ongoing resuscitation
for witnessed OHCA of presumed cardiac etiology were eli-

gible for enrollment in the trial, given that they had received
a minimum of 5 minutes of advanced cardiac life support
without ROSC and when the ECPR team was available at the
cardiac center. Patients who had unwitnessed cardiac arrest
or presumed noncardiac cause, had suspected or confirmed
pregnancy, attained ROSC within 5 minutes during initial
resuscitation, regained consciousness, had obvious life-
limiting comorbidities, bleeding diathesis, known do-not-
resuscitate order, or known prearrest Cerebral Performance
Category (CPC)15 3 or greater were excluded (Figure 1;
eTable 1 in Supplement 2).

Enrollment and Randomization
Enrollment was conducted with the close cooperation of
the Prague Emergency Medical Service dispatch center.
The study coordinator in the cardiac center was notified by
an automatic Short Message Service alert on every occasion
when the dispatch center initiated telephone-assisted
bystander chest compressions and activated a rapid response
vehicle for a witnessed collapse suspected to be cardiac arrest
of presumed cardiac cause. A telephone connection was sub-
sequently established during the ongoing chest compressions
between the cardiac center coordinator and the physician
or paramedic on scene (randomization call). The coordinator
logged into a web-based secured randomization system
that was available 24 hours per day and maintained by the
Institute of Biostatistics and Analyses, Faculty of Medicine,
Masaryk University, Brno. An assigned patient number
and intervention group, ie, invasive group or standard group,
was recorded. The log-in link was accessible from all comput-
ers within the cardiac center and from the smartphone of
the coordinator.

For randomization, the patient’s estimated age and sex as
well as confirmation of the inclusion/exclusion criteria were
recorded (eTable 1 in Supplement 2). Randomization into the
standard strategy or invasive strategy group was based on 4
strata (men ≤45 years, men >45 years, women ≤45 years,

Key Points
Question In patients with witnessed refractory out-of-hospital
cardiac arrest, does early intra-arrest transport, extracorporeal
cardiopulmonary resuscitation, and invasive assessment and
treatment improve outcomes compared with standard
resuscitation?

Findings In this randomized clinical trial that included 256
patients, survival with neurologically favorable outcome (Cerebral
Performance Category 1-2) at 180 days occurred in 31.5% in the
invasive strategy group and 22.0% in the standard resuscitation
group, a difference that was not statistically significant.

Meaning Among patients with refractory out-of-hospital cardiac
arrest, the bundle of early intra-arrest transport, extracorporeal
cardiopulmonary resuscitation, and invasive assessment and
treatment did not significantly improve survival with
neurologically favorable outcome at 180 days compared with
standard resuscitation, although the trial was possibly
underpowered to detect a clinically relevant difference.
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women>45years),with block size of 8. Theblock sizewasnot
disclosed to research personnel.

Intervention
Patients randomized to the standard strategy group received
continued advanced cardiac life support on site. The use of
drugs, further defibrillations, or other interventions followed
recommended guidelines.16,17 If ROSC was achieved (defined
as a cardiac electrical activity with palpable pulse), transport
to the hospital was initiated and an early invasive strategy
(ie, coronary angiography) was encouraged.

Amechanical chestcompressiondevice (LUCAS,LundUni-
versity Cardiac Arrest System; Physio-Control Inc/Jolife AB,
Lund, Sweden) was originally reserved for the invasive strat-
egy group only; however, following the publication of a ma-
jor trial on mechanical chest compression,18 the attachment
of amechanical chest compression device was left to the dis-
cretion of the emergency physician and was allowed for use
at any point during CPR.

In the invasive strategy group, intra-arrest intranasal
evaporative cooling via a RhinoChill device (BeneChill Inc)
was initiated if feasible (this device became unavailable
during the course of the study in 2016) and the patient
was immediately transferred directly to the cardiac center
catheterization laboratory during ongoing CPR with the

intention of proceeding with ECPR if ROSC was not achieved
en route or on admission. The use of drugs, further defibrilla-
tions en route, or other interventions during transport
followed European Resuscitation Council guidelines.16,17

The team, including study coordinator, intensivist, perfu-
sionist (a specialist responsible for an ECLS), interventional
cardiologist, study data manager, and interventional and
intensive care unit nurses simultaneously prepared all the
necessary equipment. A dry-primed extracorporeal life sup-
port machine was ready to be used in the catheterization
laboratory when needed.

On admission, the overall status, ROSC presence, and
ECLS implantation inclusion/exclusion criteria (eTable 1 in
Supplement 2) were evaluated. The ECLS cannulation was
performed on the catheterization table during ongoing
mechanical CPR using a femoro-femoral approach. After
commencement of ECLS and following the completion of the
invasive diagnostic and therapeutic procedures (ie, coronary,
and eventually pulmonary or aortic angiography and percu-
taneous coronary intervention, if appropriate), an antegrade
perfusion cannula was implanted in the cannulated limb
under ultrasound guidance. Patients receiving ECLS were
continuously anticoagulated with heparin unless contraindi-
cated, with a target activated partial thromboplastin time of
50 to 70 seconds.

Figure 1. Prehospital Flow of Participants in a Study of Intra-arrest Transport, Extracorporeal Cardiopulmonary
Resuscitation, and Immediate Invasive Assessment and Treatment in Refractory Out-of-Hospital Cardiac Arrest

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

358 Without return of spontaneous
circulation assessed for inclusion

3987 Excluded
1601 Declared dead at scene before

randomization
1263 Return of spontaneous circulation

before randomization
677 Unwitnessed cardiac arrest
363 Noncardiac cause
49
34

Age <18 y
Data not available

94 Excluded
36 Age >65 y
29 Physician decision not to enroll
19 Referred to other institution
4 ECLS or ICU bed capacity not available
4 Reason unknown
1 Mechanical CPR device not functional
1 Polymorbidity

8 Excludedb

7 Consent not obtained
1 Randomized after study stopped by DSMB

264 Randomizeda

124 Randomized to invasive strategy and
included in the primary outcome analysis
115 Received invasive strategy

as randomized
9 Received standard strategy

132 Randomized to standard strategy and
included in the primary outcome analysis
121 Received standard strategy

as randomized
11 Received invasive strategy

DSMB indicates data and
safety monitoring board;
ECLS, extracorporeal life support;
CPR, cardiopulmonary
resuscitation; ICU, intensive care
unit; OHCA, out-of-hospital cardiac
arrest; ROSC, return of spontaneous
circulation.
a Randomization into standard
strategy and invasive strategy
groups was based on 4 strata
(men �45 years, men >45 years,
women �45 years, women
>45 years), with block size of 8.

b Seven patients were excluded
after randomization because
consent was refused and
information was not available as
to howmany were randomized to
each group for analysis.
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Postresuscitation care was standardized in both study
groups. All patients admitted to the hospital had an immedi-
ate biochemical evaluation, an urgent bedside echocardio-
gram, and whole-body computed tomography if feasible and
clinically indicated. In-hospital target temperature manage-
ment to 33 °C was initiated as soon as possible either via
ECLS heat exchanger or other routine measures (intravascu-
lar or surface feedback device cooling). Following the publi-
cation of a target temperature management trial,19 in cases
with early awakening or complications of hypothermia, a
strict temperature management to 36 °C was allowed instead
of 33 °C. All other postarrest critical care management,
including withdrawal of life-sustaining therapy, complied
with European Resuscitation Council guidelines and other
generally accepted approaches.16-18,20

A crossover from the standard strategy group to the inva-
sive strategygroup (andviceversa)wasallowed in selectedpa-
tients. In the standard to invasive strategy group, the deci-
sionwasmadebasedontherequestofanemergencyphysician.
At least 2 additional unsuccessful defibrillations were re-
quired after randomization before a crossover was accepted
by the cardiac center coordinator. The crossover from inva-
sive strategy to standard strategywas acceptedwhencontinu-
ing care with invasive measures was deemed to be futile.
The terminationof resuscitationefforts followed theEuropean
Resuscitation Council guidelines,16,17 although the final deci-
sion was based on the discretion of the emergency physician
or cardiac intensivist in charge.

Outcomes
Primary Outcome
Primary outcome was 180-day survival with favorable neuro-
logic status defined as no or minimal neurologic impairment
(CPC 1 or 2). The CPC schema ranges from 1 (defined as con-
scious,alert,abletowork),2 (conscious,sufficientcerebral func-
tion for independentactivitiesofdaily life, able towork in shel-
teredenvironment),3 (conscious,dependentonothers fordaily
support), 4 (comatous, vegetative state) to 5 (brain death).

Neurologic outcome was assessed by a neurologist in
a blinded fashion.

Secondary Outcomes
Secondaryoutcomes included30-daysurvivalwithcardiac re-
covery (noneedforpharmacologicalormechanicalcardiacsup-
port for 24 hours) and neurologic recovery (CPC 1 or 2) at any
point within the first 30 days after cardiac arrest.

Exploratory Analyses
Survival to 180dayswas assessed as a post hoc outcome. Post
hoc subgroup analyses for the primary outcome were per-
formed in the following subgroups: older than 65 years vs 65
years or younger, sex, place of cardiac arrest, initial rhythm,
pH belowmedian value vs above, lactate level belowmedian
value vs above, and cause of cardiac arrest.

Complications
Bleeding complications were assessed based on Thromboly-
sis inMyocardial Infarction classification21 under “major” cat-

egory, defined as any intracranial hemorrhage (excludingmi-
crohemorrhages <10mm), fatal bleeding directly resulting in
death within 7 days, or overt bleeding associated with a de-
crease in hemoglobin concentration of 5 g/dL or a 15% abso-
lute decrease in hematocrit. Organ lacerations were assessed
both by morphological examinations (mainly computed to-
mography) andduring autopsies. Technical complications re-
lated to ECLS were gathered and reported by perfusionists.

Power Analysis and Sample Size Calculation
Sample sizedeterminationwascomputed for the statistical su-
periority of invasive strategy over standard strategy using a
2-tailed testwith α = .05 and90%power. A 10%6-month sur-
vivalwith favorableneurologic outcome in the standard strat-
egygroupwasexpected.Three scenarioswere suggested: 10%
increaseof primaryoutcome,with 571 patients expected tobe
enrolled; 15% increase, with 285 patients; and 20% increase,
with 176 patients.14

Statistical Analysis
A complete case analysis, with no assumptions made for
missing data, was performed for primary and secondary out-
comes. In the main analysis, patient data were analyzed
according to randomization group, and data from patients
who crossed over were analyzed by original group assign-
ment. A post hoc analysis pooled all patients treated with
ECPR (both those allocated to the invasive strategy group
and receiving ECPR and those allocated to the standard strat-
egy group and receiving ECPR after crossover to the invasive
strategy group).

Continuous data were evaluated for a normal distribution
by Shapiro-Wilk test. Numeric variables are expressed as
medians and IQRs. The 2-sided Mann-Whitney test was used
to compare cardiac arrest times and laboratory values.
Categorical values were compared using the 2-sided Fisher
exact test (for 2 × 2 table) or χ2 test. The primary and second-
ary outcomes are reported by odds ratios and absolute differ-
ences with 95% confidence intervals.

The survival analysis was performed by the Kaplan-
Meier analysis and log-rank test and consideredpatients alive
at day 180 regardless of their neurologic status. A subgroup
analysis was computed using logistic regression and analysis
of interaction between given stratification and study group.
Because of the potential for type I error due tomultiple com-
parisons, findings for secondaryoutcomesandsubgroupanaly-
ses should be interpreted as exploratory.

A 2-sided P < .05 was considered statistically significant.
Statistical analyseswereperformedwithMedCalc version 19.7
(MedCalc SoftwareLtd) andSPSSversion26.0.0.0 (IBMCorp).

Results
The studywas terminated onOctober 25, 2020, at the recom-
mendation of the data and safety monitoring board (Supple-
ment 3) because the standardized test statistics for results of
primaryendpoint in the study intersectedaprespecified stop-
ping rule for futility at n = 256 (eFigure 1 in Supplement 2).
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During the study enrollment period from March 1, 2013,
to October 25, 2020, 4345 attended cardiac arrests occurred
within the Prague region. After exclusion of those without
presumed cardiac cause, those that lacked a witness,
patients who achieved ROSC, or patients who died without
consideration for study enrollment, 358 patients with arrest
refractory to initial resuscitation efforts remained. Of these,
264 were eligible for the study enrollment and randomized.
Later, 8 patients were withdrawn; for 7, consent was not
obtained from the relatives, and 1 patient was erroneously
randomized after the study was already stopped.

In total, 256 patients were analyzed, 124 allocated to the
invasive strategy group and 132 to the standard strategy

group. Overall, in 20 patients (7.6%), a crossover was ac-
cepted. There were 11 crossovers from the standard strategy
group to the invasive strategy group (all except 1 involved
patients with refractory ventricular fibrillation) and 9 cross-
overs from the invasive strategy group to the standard strat-
egy group (Figure 1).

Patient and Cardiac Arrest Characteristics
Table 1 reports the main demographics of the study popula-
tion. The median age was 59 years (IQR, 48-66) for the inva-
sive strategy group and 57 years (IQR, 47-65) for the standard
strategy group, and 44 of the 256 patients (17%) were
women. Hypertension, diabetes, and coronary artery disease

Table 1. Baseline Demographics and Prehospital Resuscitation Characteristics of Included Patients in a Study
of Intra-arrest Transport, Extracorporeal Cardiopulmonary Resuscitation, and Immediate Invasive Assessment
and Treatment in Refractory Out-of-Hospital Cardiac Arrest

Characteristics

No. (%)
Invasive strategy
(n = 124)

Standard strategy
(n = 132)

Age, median (IQR), y 59 (48-66) 57 (47-65)

Sex

Men 102 (82) 110 (83)

Women 22 (18) 22 (17)

Medical history, No./total (%)a

Hypertension 47/108 (44) 42/83 (51)

Diabetes 19/104 (18) 17/83 (21)

Coronary artery disease 17/104 (16) 17/83 (21)

Chronic heart failure 11/106 (10) 5/79 (6)

COPD 8/105 (8) 2/79 (3)

Chronic kidney disease 3/104 (3) 2/79 (3)

Implanted ICD 3/121 (3) 0/89

Location of cardiac arrest

Public place 44 (36) 54 (41)

Home 42 (34) 34 (26)

EMS 19 (15) 17 (13)

Car 8 (7) 7 (5)

Workplace 5 (4) 14 (11)

Hotel 4 (3) 6 (5)

Health facility 2 (2) 0

Initial rhythmb

Ventricular fibrillation 72 (58) 84 (64)

Asystole 31 (25) 24 (18)

Pulseless electrical activity 21 (17) 24 (18)

Bystander CPRc 123 (99) 129 (98)

Telephone-assisted bystander CPR 96 (77) 107 (81)

Time from collapse to EMS arrival,
median (IQR), min

8 (7-11) 9 (7-11)

Time from collapse to ACLS,
median (IQR), min

10 (7-13) 11 (8-14)

Time to telephone-assisted CPR,
median (IQR), min

3 (2-5) 2 (1-4)

Time from collapse to randomization,
median (IQR), min

24 (21-30) 26 (19-31)

No. of prehospital epinephrine doses,
median (IQR), mg

4 (2-5) 5 (3-7)

No. of prehospital defibrillation attempts,
median (IQR)

4 (2-6) 4 (2-7)

Mechanical CPRd 114 (92) 104 (79)

Intermittent ROSCe 41 (33) 45 (34)

Hypothermia initiated in fieldf 21 (17) 12 (9)

Abbreviations: ACLS, advanced
cardiac life support; COPD, chronic
obstructive pulmonary disease;
CPR, cardiopulmonary resuscitation;
EMS, emergencymedical service;
ICD, implantable cardioverter-
defibrillator; ROSC, return of
spontaneous circulation.
a The information for several
categories was obtained later during
patient care from EMS, caregivers,
relatives, and chart reviews and
might not have been available to
caregivers during initial treatment.

bAs determined by EMS.
c High rate of bystander CPR
consistent with generally high rate
in Prague (>80%) as reported in
a Eureca 2 study.27

dUse of LUCAS device (Lund
University Cardiac Arrest System;
Physio-Control Inc/Jolife AB).

e Defined as an unsustained palpable
pulse with organized ECG rhythm.

f Prehospital hypothermia provided
bymeans of intranasal evaporative
cooling was used in the invasive
strategy group and those patients in
the standard strategy group who
crossed over to the invasive
approach. This method became
unavailable during the course of the
study in 2016; therefore, the
percentage of use is low.
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were prevailing comorbidities. The most frequent cause of
cardiac arrest was acute coronary syndrome in both the inva-
sive strategy group (64/124 [52%]) and the standard strategy
group (63/132 [48%]).

Cardiac arrest occurred most commonly in a public place
(44/124 patients [36%] in invasive strategy group, 54/132
[41%] in the standard strategy group). Ventricular fibrillation
was the most common initial rhythm (72/124 patients [58%]
in the invasive strategy group and 84/132 [64%] in the stan-
dard strategy group). Bystander CPR was performed in 123 of
124 cases (99%) in the invasive strategy group and in 129
of 132 (98%) in the standard strategy group, as well as
telephone-assisted dispatch center CPR in 96 of 124 (77%)
and 107 of 132 (81%), initiated within median of 3 (IQR, 2-5)
and 2 (IQR, 1-4) minutes after the collapse in the respective
groups. Patients were randomized within a median of 24
(IQR, 21-30) and 26 (IQR, 19-31) minutes after collapse for the
invasive strategy and standard strategy groups, respectively.

Primary Outcome
Survival with favorable neurologic outcome at 180 days oc-
curred in 39 of 124 patients (31.5%) in the invasive strategy
group and 29 of 132 patients (22%) in the standard strategy
group, a difference thatwas not statistically significant (odds
ratio, 1.63 [95%CI,0.93 to2.85]; absolutedifference,9.5%[95%
CI, −1.3% to 20.1%]; P = .09) (Table 2). There were nomissing
data for the primary outcome analysis.

Secondary Outcomes
Neurologic recovery at 30 days occurred in 38 of 124
patients (30.6%) in the invasive strategy group and 24 of 132
(18.2%) in the standard strategy group (odds ratio, 1.99 [95%
CI, 1.11 to 3.57]; absolute difference, 12.4% [95% CI, 1.9% to
22.7%]; P = .02).

Cardiac recovery at 30 days occurred in 54 of 124
patients (43.5%) in the invasive strategy group and 45 of 132
(34.1%) in the standard strategy group (odds ratio, 1.49 [95%
CI, 0.91 to 2.47]; absolute difference, 9.4% [95% CI, −2.5 to
21%]; P = .12).

Resuscitation and Hospitalization Procedures
andOutcomes
In the invasive strategy group, a median of 4 (IQR, 2-5) epi-
nephrine doses were used, compared with 5 (IQR, 3-7) in the
standard strategy group (P = .002), while the number of pre-
hospital defibrillations was median of 4 (IQR, 2-6) in the in-
vasive strategy group vs 4 (IQR, 2-7) in the standard strategy
group. Intermittent ROSC was identified in 41 of 124 patients
(33%) in the invasive strategy group and45of 132 (34%) in the
standard strategy group.

As Table 3 describes in detail, more patients in the inva-
sive strategy group were admitted to the hospital after a
shorter time of transport from the scene. The overall CPR
time was longer in the invasive strategy group (median, 58
[IQR, 43-70] vs 46 [IQR, 33-68] minutes, P = .04), as every
effort was made to bring the patient to the hospital catheter-
ization laboratory for ECPR.

Among patients admitted to the hospital, target tem-
perature management was used in 117 of 123 patients (95%)
in the invasive strategy group and 61 of 87 (70%) in the
standard strategy group (P < .001). Those who did not re-
ceive temperature control (6 in the invasive strategy group
and 26 in the standard strategy group) either had contraindi-
cations (mainly advanced hemodynamic instability) or died
early, before reaching the intensive care unit (eTable 2 in
Supplement 2).

An invasive assessment with diagnostic angiography
was performed in 120 of 123 admitted patients (98%) in the
invasive strategy group and 67 of 87 (77%) in the standard
strategy group (P < .001), corresponding mainly to coronary
angiography. Immediate PCI was performed successfully in
56 of 62 patients (90%) in the invasive strategy group and 24
of 30 (80%) in the standard strategy group (P = .20). Of note,
in 3 patients, emergency balloon aortic valvuloplasty was
performed. On admission, patients in invasive strategy vs
standard strategy group had lower pH (median, 6.93 [IQR,
6.8-7.1] vs 7.03 [IQR, 6.9-7.2]; P = .001) and higher serum lac-
tate levels (median, 12.5 [IQR, 9.2-16] mmol/L vs 10.4 [IQR,
7.5-13.5] mmol/L; P = .01).

Table 2. Primary and Secondary Outcomes in a Study of Intra-arrest Transport, Extracorporeal Cardiopulmonary Resuscitation, and Immediate
Invasive Assessment and Treatment in Refractory Out-of-Hospital Cardiac Arrest

No. (%)
Absolute difference, %
(95% CI) P value

Invasive strategy
(n = 124)

Standard strategy
(n = 132)

Primary outcome

Survival with minimal or no
neurologic impairment at 180 da

39 (31.5) 29 (22.0) 9.5 (−1.3 to 20.1) .09

Secondary outcomes

Survival with minimal or no
neurologic impairment at 30 da

38 (30.6) 24 (18.2) 12.4 (1.9 to 22.7) .02

Cardiac recovery at 30 db 54 (43.5) 45 (34.1) 9.4 (−2.5 to 21) .12
a Defined as Cerebral Performance Category 1 or 2. The Cerebral Performance
Category schema ranges from 1 (defined as conscious, alert, able to work),
2 (conscious, sufficient cerebral function for independent activities
of daily life, able to work in sheltered environment), 3 (conscious, dependent
on others for daily support), 4 (comatous, vegetative state) to 5 (defined as
brain death). All patients observed to death or 180 days.

bDefined as absence of both pharmacological andmechanical cardiac support
for at least 24 hours.
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Cause of death was different between the groups, with
multiple organ failure syndrome being the most frequent
cause in the invasive strategy group (35/84 [42%]) and refrac-
tory arrest in the standard strategy group (67/101 [66%]).

Table 3. Additional Outcomes Related to Transport, Hospitalization,
and Intervention in a Study of Intra-arrest Transport, Extracorporeal
Cardiopulmonary Resuscitation, and Immediate Invasive Assessment
and Treatment in Refractory Out-of-Hospital Cardiac Arrest

Prehospital and early hospital events

No. (%)
Invasive
strategy
(n = 124)

Standard
strategy
(n = 132)

Arrived to hospital 123 (99) 87 (66)

Time from collapse to hospital arrival,
median (IQR), min

49 (44-60) 60 (50-69)

Transport time - time from
randomization to admission,
median (IQR), min

26 (19-33) 33 (25-42)

Prehospital declaration of death 1 (1) 45 (34)

Declaration of death within 1 h
of hospital admission

10 (8) 19 (14)

Time of CPR (time to death/ROSC
or ECLS), median (IQR), min

58 (43-70) 46 (33-68)

Duration of CPR, min

<30 14 (11) 26 (20)

≥30 and <45 19 (15) 33 (25)

≥45 91 (73) 73 (55)

Sustained ROSC on admissiona 34 (27) 58 (44)

Hospitalization events

Target temperature
management used,
No./total (%)b

117/123 (95) 61/87 (70)

Extracorporeal life support

ECLS implanted 82 (66) 10 (8)

Time to ECLS,
median (IQR), min

61 (55-70)
[n = 81]

62 (51-73)
[n = 10]

Time of implantation
(door to ECLS),
median (IQR), min

12 (9-15)
[n = 80]

16 (11-17)
[n = 10]

Invasive assessment, No./total (%)

Diagnostic angiography 120/123 (98) 67/87 (77)

Coronary angiography 115/120 (96) 66/67 (99)

Aortography 28/120 (24) 13/67 (19)

Left ventricle angiography 26/120 (22) 21/67 (31)

Pulmonary angiography 22/120 (18) 5/67 (8)

Emergency invasive interventions,
No./total (%)

PCI (both for ACS and CAD)c

Successful 56/62 (90) 24/30 (80)

Unsuccessful 6/62 (10) 6/30 (20)

Balloon valvuloplasty 0/120 3 (4)

Laboratory values on admission

pH [reference, 7.36-7.44],
median (IQR)

6.93 (6.8-7.1) 7.03 (6.9-7.2)

Lactate [reference, 0.5-2.0],
median (IQR), mmol/L

12.5 (9.2-16) 10.4 (7.5-13.5)

Cause of cardiac arrest
(including autopsy findings)

Acute coronary syndrome 64 (52) 63 (48)

Coronary artery disease-chronic 14 (11) 18 (14)

Pulmonary embolism 12 (10) 12 (9)

Chronic heart failure 8 (7) 6 (5)

Myocarditis 6 (5) 2 (2)

Accidental hypothermia 3 (2) 1 (1)

Bleeding-other 3 (2) 0

(continued)

Table 3. Additional Outcomes Related to Transport, Hospitalization,
and Intervention in a Study of Intra-arrest Transport, Extracorporeal
Cardiopulmonary Resuscitation, and Immediate Invasive Assessment
and Treatment in Refractory Out-of-Hospital Cardiac Arrest (continued)

Prehospital and early hospital events

No. (%)
Invasive
strategy
(n = 124)

Standard
strategy
(n = 132)

Cardiomyopathy 3 (2) 6 (5)

Unknown 3 (2) 12 (9)

Aortic stenosis 2 (2) 6 (5)

Aortic dissection type A 2 (2) 2 (2)

Pulmonary hypertension 2 (2) 0

Intracranial hemorrhage 1 (1) 2 (2)

Other 1 (1) 1 (1)

Sepsis 0 1 (1)

Cause of death

No. 84 101

Multiple organ failure 35 (42) 17 (17)

Brain death 21 (25) 9 (9)

Refractory arrest 13 (16) 67 (66)

Cardiogenic shock 10 (12) 4 (4)

Bleeding 4 (5) 0

Unknown 1 (1) 4 (4)

Withdrawal of life-sustaining
therapy

21 (17) 14 (11)

Evaluated for organ donationd 21 (17) 3 (2)

Accepted for organ donation 13 (11) 2 (2)

Complications/other events,
No./total (%)

Bleeding—anye 36/116 (31) 10/69 (15)

Overt 24/36 (67) 8/10 (80)

Intracranial hemorrhage 8/36 (22) 2/10 (20)

Fatal 4/36 (11) 0/10

Organ lacerations 4/114 (4) 3/103 (3)

Technicalf 3/124 (2) 0/132

Abbreviations: ACS, acute coronary syndrome; CAD, coronary artery
disease; CPC, cerebral performance category; CPR, cardiopulmonary
resuscitation; ECLS, extracorporeal life support; MOF, multiple organ failure
syndrome; PCI, percutaneous coronary intervention; ROSC, return of
spontaneous circulation.
a Defined as a palpable pulsewith organized ECG rhythm for at least 20minutes.
b Target temperature management indicates all cooling categories,
including intravascular and surface feedback device cooling and ECLS
heat exchanger cooling.

c PCI was deemed successful if resulting in residual stenosis of less than 50%
with Thrombolysis in Myocardial Infarction grade 2 or 3 flow.

dEvaluation by the transplant center as a potential donor.
e Bleeding complications were assessed based on Thrombolysis in Myocardial
Infarction classification21 under “major” category, defined as any intracranial
hemorrhage (excludingmicrohemorrhages <10mm), fatal bleeding directly
resulting in death within 7 days, or overt bleeding associated with
a decrease in hemoglobin concentration of 5 g/dL or or a 15% absolute
decrease in hematocrit.

f Any device failures during periresuscitation care, mainly focused on
extracorporeal life support components.
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Withdrawal of life-sustaining therapies occurred in 21 of 124
patients (17%) in the invasive strategy group and 14 of 132
(11%) in the standard strategy group. Organ donation, both
considered and accepted, was more frequent in the invasive
strategy group (Table 3).

In the invasive strategy group, 11 of 124 patients (9%)were
declareddeadonsceneorduring transportordiedwithin1hour
after admission, comparedwith64of 132 (49%) in thestandard
strategygroup(P < .001).Thirty-fourof124patients (27%) inthe
invasivestrategygroupand58of132(44%) inthestandardstrat-
egy group achieved sustained ROSC (P = .01). For details of re-
suscitationoutcomes,seeTable3andeFigure2inSupplement2.

Complications
In the invasivestrategygroup,moremajorbleedingeventswere
observed (31%vs 15%), including fatal, intracranial, andovert
bleeds (Table 3). By contrast, organ lacerations causedbyCPR
occurred in4patients (3.5%) in the invasive strategygroupand
3 (2.9%) in the standard strategy group, and technical com-
plications occurred in 3 patients (2.4%) in the invasive strat-
egy group and 0 patients in the standard strategy group
(eTables 3 and4 in Supplement 2). Protocol deviations are de-
scribed in eTable 5 in Supplement 2.

Additional Analyses
ECPROutcomes and Crossover Groups
ECPR for ongoing refractory cardiac arrest at admission to the
hospitalwas implemented in 10patients in the standard strat-
egy group, exclusively in those crossed over to the invasive
strategy (10 of 11 crossovers; 1 reached sustained ROSC en
route), and in 82 of 124 patients (66%) randomized to the in-
vasive strategy group. Three patients in the invasive strategy
group implanted with ECLS died within 1 hour after admis-
sion.Amongthosewhoultimately receivedECPR,survivalwith
a favorable neurologic outcome at 180 days occurred in 4 of
10(40%)of thosecrossedover fromthestandardstrategygroup
to the invasive strategy group and in 16 of 82 (20%)whowere
randomized to the invasive group and received ECPR, corre-
sponding to overall neurologically favorable outcome at 180
daysof22%(20/92patients)whenpatientswhoreceivedECPR
from both groups are pooled. All other patients in the stan-
dard strategy groupwhodid not obtain stable ROSC andwere
not crossed over died.

While 5 of 11 patients (45%) who were randomized to the
standard strategy and crossed over to the invasive approach
had favorableneurologic outcomeat 180days, nopatientwho
wasrandomizedtothe invasivestrategygroupandcrossedover
to standard resuscitation survived (n = 9).

Survival to 180Days
Of the256participants, 68 (27%) survived to 180dayswith fa-
vorable neurologic outcome. Comparison of 180-day Kaplan-
Meier survival analysis in theentire invasive strategyandstan-
dard strategy groups is shown in eFigure 3 in Supplement 2.

Subgroup Analysis
Post hoc subgroup analysis is provided in Figure 2. Details of
number of patients in different times of CPR subgroups with

favorable neurologic outcome are reported in eFigure 4 in
Supplement 2.

Discussion
In this single-center randomizedclinical trial, an invasive strat-
egy encompassing the bundle of early intra-arrest transport,
extracorporeal cardiopulmonaryresuscitation,and invasiveas-
sessment in refractory out-of-hospital cardiac arrest of pre-
sumedcardiacorigindidnotsignificantly improve180-daysur-
vival with favorable neurologic outcome compared with
standard care. The study was terminated after enrolling 256
patients by the decision of the data and safety monitoring
board,while reaching a stopping rulewithinprespecified sce-
narios.However, consideringwide confidence intervals in the
between-groupdifference for theprimaryoutcome, the study
may have been underpowered to detect a clinically impor-
tant difference in favor of the invasive strategy group.

In the predefined secondary outcome analysis, a signifi-
cantly improved 30-day neurologic recovery defined as CPC 1
or 2 was shown in favor of invasive strategy, in contrast to
cardiac recovery, which was not statistically different
between the groups. Invasive approach was associated with
an increased risk of bleeding complications, an inherent com-
plication of ECPR.23

Prague Emergency Medical Service is a single emergency
service that covers the area of Prague, serving 1.25 million
individuals, and operates with 1 dispatch center using a rapid
response vehicle system with an emergency physician.
Approximately 500 to 600 resuscitated cardiac arrests occur
in Prague each year,24 and patients with presumed cardiac
etiology who achieve ROSC are distributed to several cardiac
centers. During the study period, randomized patients con-
stituted 6% of all persons who experienced cardiac arrest and
received CPR (Figure 1). This is comparable to the propor-
tions in Vienna and other studies that have suggested 4% to
6% of OHCAs to be suitable for an intra-arrest transport
approach.25,26 However, in these studies, potential candi-
dates were evaluated retrospectively, whereas in this study,
patients were evaluated during ongoing on-scene CPR. More
than 90% of bystander CPR in this study affirms previously
reported generally high percentage of bystander CPR in
Prague,27 in line with more than 77% of patients receiving
concurrently telephone-assisted CPR. Patients were random-
ized after a median of 24 (IQR, 21-30) and 26 (IQR, 19-31) min-
utes of ongoing cardiac arrest, thus including approximately
15 minutes of advanced cardiac life support. This is a reason-
able time to consider rescue interventions such as ECPR fol-
lowed by immediate coronary reperfusion.22,28 Patients
experienced true refractory OHCAs, withmany being resusci-
tated for more than 45 minutes in both groups while a still
substantial proportion of patients ultimately achieved sus-
tained ROSC.

Until now, to our knowledge, only 1 small, randomized
study (ARREST) in refractory OHCA has been published.10

The study was prematurely stopped after 30 randomized
patients based on a recommendation of the data and safety
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monitoring board because of superiority of early extracorpo-
real membrane oxygenation (ECMO)–facilitated resuscitation
vs standard advanced cardiac life support treatment. The
ARREST trial showed that ECMO-facilitated resuscitation for
patients with OHCA and refractory ventricular fibrillation sig-
nificantly improved survival to hospital discharge and func-
tional status compared with patients receiving standard
advanced cardiac life support (6/14 patients [43%] vs 1/15
[7%]; risk difference, 36.2% [95% CI, 3.7% to 59.2%]; poste-
rior probability of ECMO superiority, 0.9861). Cumulative
6-month survival was also significantly better in the early
ECMO group.10 The ARREST study differed from the present
study mainly in 2 aspects: only patients presenting with
shockable rhythms were considered, and patients were ran-
domized after being transferred to the hospital, ie, after
approximately 50 minutes of CPR. In contrast, the present
study randomized patients during on-scene ongoing CPR,
thus comparing different treatment scenarios to consider at
the point of impending refractoriness, rather than ultimate
rescue option after 50 minutes of unsuccessful CPR, when
a standard approach has negligible chance for success.3,28,29

An ongoing question related to intra-arrest transport and
early invasive treatment for refractory OHCA is the timing of

when such an approach should be considered. In this study,
the timeline that was adhered to matched the timeline as
plannedintheprotocolandprobablyrepresentsarealistic time-
line in semicrowded urban areas using in-hospital ECPR for
OHCA.Patientswere admittedwithinamedianof49 (IQR,44-
60)minutes of collapse in the invasive strategy group, repre-
senting approximately 26 minutes of retrieval and transport
from the scene to the hospital. The initial decision process to
randomize patients after adequate time allowing to achieve
ROSC prehospitally thuswell correlates with the proposed 16
minutes of professional on-scene CPR22 and may be consid-
ered a satisfactory approach to select truly refractory cases,
given that 64% of patients in this study experienced cardiac
arrest longer than 45 minutes.

Still, converting on-scene CPR into intra-arrest transport
eventually followed by ECPR may not improve outcome.3,26

Questions remain as to whether it is possible to identify pa-
tients early duringCPRwhomayultimately benefit fromsuch
anapproach.Several studieshaveassessed the relationshipbe-
tween the length of cardiac arrest and ECPR treatment.28-30

To our knowledge, there have been no other studies in
a cardiac arrest population that randomized patients on-
line via a web-based randomization process during ongoing

Figure2.PostHocAnalysis, PrimaryOutcomeAccording toSubgroups inaStudyof Intra-arrestTransport, ExtracorporealCardiopulmonaryResuscitation,
and Immediate Invasive Assessment and Treatment in Refractory Out-of-Hospital Cardiac Arrest

P value for
interaction

Favors
standard strategy

Favors
invasive strategy

1010.1
OR (95% CI)

Survival with minimal or no neurologic
impairment at 180 d, No./total No. (%)

Invasive strategy Standard strategy
Age, y

OR (95% CI)Difference, % (95% CI)

29/89 (32.6) 24/97 (24.7)<65 1.47 (0.78-2.79)7.8 (–5.1 to 20.8)
10/35 (28.6) 5/35 (14.3)≥65 2.40 (0.72-7.95)14.3 (–4.6 to 33.2)

Sex
34/102 (33.3) 24/110 (21.8)Men 1.79 (0.97-3.30)11.5 (–0.5 to 23.5)
5/22 (22.7%) 5/22 (22.7)Women 1.00 (0.24-4.10)0.0 (–24.8 to 24.8)

Place of cardiac arrest

3/19 (15.8) 3/17 (17.6)EMS 0.88 (0.15-5.05)–1.9 (–26.3 to 22.6)
11/42 (26.2) 7/34 (20.6)Home 1.37 (0.47-4.03)5.6 (–13.4 to 24.6)

8/19 (42.1) 6/27 (22.2)Other 2.55 (0.70-9.21)19.9 (–7.3 to 47.1)

17/44 (38.6) 13/54 (24.1)Public 1.99 (0.83-4.74)14.6 (–3.8 to 32.9)

Initial rhythm
35/72 (48.6) 28/84 (33.3)Shockable 1.89 (0.99-3.62)15.3 (0.0 to 30.6)

pHa

29/54 (53.7) 25/49 (51.0)≥6.95 1.11 (0.51-2.42)2.7 (–16.6 to 22.0)
10/69 (14.5) 3/30 (10.0)<6.95 1.53 (0.39-5.99)4.5 (–9.1 to 18.1)

Lactatea

12/70 (17.1) 4/29 (13.8)≥11.6 mmol/L 1.29 (0.38-4.40)3.3 (–12.0 to 18.7)
27/52 (51.9) 23/49 (46.9)<11.6 mmol/L 1.22 (0.56-2.67)5.0 (–14.5 to 24.5)

Cardiac arrest cause
18/64 (28.1) 14/63 (22.2)ACS 1.37 (0.61-3.07)5.9 (–9.2 to 21.0)
9/14 (64.3) 5/18 (27.8)CAD 4.68 (1.04-21.04)36.5 (4.0 to 69.0)
5/8 (62.5) 2/6 (33.3)CHF 3.33 (0.36-30.70)29.2 (–21.3 to 79.6)
7/38 (18.4) 8/45 (17.8)Other 1.04 (0.34-3.20)0.6 (–16.0 to 17.3)

.48

.46

.41

.54

.70

.94

.12

4/52 (7.7) 1/48 (2.1)Nonshockable 3.92 (0.42-36.35)5.6 (–2.7 to 13.9)

ACS indicates acute coronary syndrome; CAD, coronary artery disease; CHF, chronic heart failure; CPR, cardiopulmonary resuscitation; EMS, emergencymedical
service; OR, odds ratio; ROSC, return of spontaneous circulation.
a For pH and lactate level, the first values after admission are used.
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on-sceneCPR.Theoverall pooledneurologically favorable sur-
vival at 180days of 27% (31.5% in the invasive strategy group,
22% in the standard strategy group, 22% in the pooled ECPR
group) is comparable to that in other nonrandomized studies
evaluating ECPR (29%31 and 33%32).

If an early invasive approach is to be considered, it should
be provided in a well-functioning prehospital system linked
to a cooperating ECPR cardiac arrest center.33

Studiesof refractoryOHCAtreatedbyECPR inherently ad-
dresspotential organdonation34,35; potential donorswere fre-
quently considered, and organ donations occurred.

Limitations
This study has several limitations. First, the study had a
single-center design and limited enrollment. Second, a priori
scenarios of expected benefit provided by invasive approach
were not reached, presumably because of higher-than-
expected survival in the standard strategy group. Third, the
study may have thus been underpowered to detect a statisti-
cally significant difference for the primary outcome. Fourth,

the study design allowed crossover. The trial was designed to
represent routine clinical care, and EMS crews thus decided
to transport some patients receiving ongoing CPR for ECPR
despite being originally randomized to the standard strategy
group. For crossover from invasive to standard intervention,
patients were apparently deemed not to be candidates for
advanced therapies, but such determinations may contain a
degree of subjectivity that could influence outcomes. None-
theless, the rate of crossover was low (7.5%) compared with
other studies.36,37

Conclusions
Among patients with refractory out-of-hospital cardiac arrest,
the bundle of early intra-arrest transport, ECPR, and invasive
assessment and treatment did not significantly improve sur-
vival with neurologically favorable outcome at 180 days com-
paredwith standard resuscitation. However, the trial was pos-
sibly underpowered to detect a clinically relevant difference.
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Summary
Background Many patients with acute coronary syndrome have concurrent metabolic risk factors that affect risk of 
major adverse cardiovascular events (MACE). We aimed to assess the effects of the PCSK9 inhibitor alirocumab 
compared with placebo on MACE according to baseline metabolic risk factors.

Methods We performed a post-hoc analysis of the ODYSSEY OUTCOMES trial, which was a multicentre, double-
blind, randomised controlled trial done in 1315 hospitals and outpatient clinics in 57 countries. Patients aged 40 years 
or older with recent acute coronary syndrome (ie, in the past 1−12 months) and elevated concentrations of atherogenic 
lipoproteins, despite high-intensity or maximum-tolerated statin treatment, were eligible for enrolment. Between 
Nov 2, 2012, and Feb 9, 2017, patients were randomly assigned (1:1) to 75 mg alirocumab by subcutaneous injection 
every 2 weeks or matching placebo, beginning 1−12 months after acute coronary syndrome and were followed up for 
a median of 2·8 years (IQR 2·3−3·4). Patients and investigators were masked to group assignment and treatment 
dose adjustment. The primary outcome was a composite of death from coronary artery disease, non-fatal myocardial 
infarction, fatal or non-fatal ischaemic stroke, or unstable angina requiring hospital admission. Analysis of MACE 
according to an ordinal number of metabolic risk factors was done post hoc. Metabolic risk factors were defined as 
blood pressure of at least 130/85 mm Hg or treatment with antihypertensive medication, triglyceride concentration of 
at least 150 mg/dL, HDL cholesterol concentration less than 40 mg/dL for men and 50 mg/dL women, fasting plasma 
glucose concentration of at least 100 mg/dL or treatment with glucose-lowering medication, and BMI of at 
least 30 kg/m2. Risk of MACE and effect of alirocumab were assessed according to the number of metabolic risk 
factors. ODYSSEY OUTCOMES is registered with ClinicalTrials.gov, number NCT01663402.

Findings Of 18 924 patients, 3882 (41%) of 9462 in the alirocumab group and 3859 (41%) of 9462 in the placebo group 
had three or more metabolic risk factors. In the placebo group, MACE incidence increased monotonically with each 
metabolic risk factor from 7·8% (no risk factors) to 19·6% (five risk factors; HR 1·18, 95% CI 1·13−1·24 per metabolic 
risk factor). Alirocumab decreased relative risk of MACE consistently across categories defined by the number of 
metabolic risk factors (pinteraction=0·77), but absolute risk reduction (aRR) increased with the number of metabolic risk 
factors (no risk factors aRR 0·7%, −1·81 to 3·29 vs five risk factors aRR 3·9%, −1·45 to 9·25; pinteraction<0·001). Similarly, 
when patients with diabetes were excluded, the incidence of MACE in the placebo group increased from 
7·7% in patients with no metabolic risk factors to 14·6% in those with five metabolic risk factors and aRR with 
alirocumab increased from 0·91% in patients with no metabolic risk factors to 3·82% in those with five factors. 
Alirocumab was well tolerated in all subgroups defined by the presence of metabolic risk factors.

Interpretation Accumulation of metabolic risk factors was associated with higher risk of MACE in patients with recent 
acute coronary syndrome. Alirocumab reduced MACE consistently, but aRR increased with number of metabolic risk 
factors.

Funding Sanofi and Regeneron Pharmaceuticals.

Copyright © 2022 Elsevier Ltd. All rights reserved.

Introduction
Several metabolic factors have been associated with 
increased risk of major adverse cardiovascular events 
(MACE), including diabetes or increased fasting plasma 
glucose concentrations, abdominal obesity, hypertension, 

low concentrations of HDL cholesterol, and high trigly
ceride concentrations. A collection of these meta bolic risk 
factors has been termed metabolic syndrome and is 
associated with elevated risk of MACE and death.1–4 
Current guidelines emphasise the impor tance of 
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managing metabolic syndrome and recommend lifestyle 
modifications and pharma cological therapy, including 
lipidlowering drugs, especially for secondary prevention.5–7 
Highintensity statin therapy has been shown to decrease 
risk of MACE in patients with metabolic syndrome and 
chronic coronary artery disease8 or acute coronary 
syndrome.9 Nevertheless, residual risk in individuals with 
metabolic syndrome remains high.

Inhibitors of proprotein convertase subtilisin/kexin 
type 9 (PCSK9) reduce concentrations of LDL cholesterol 
by up to 60% and decrease risk of MACE in patients with 
chronic atherosclerotic cardiovascular disease10 or acute 
coronary syndrome.9 In the placebocontrolled FOURIER 
trial, evolocumab reduced relative risk of MACE in statin
treated patients with chronic atherosclerotic cardio vascular 
disease at similar rates in patients with or without metabolic 
syndrome and in patients with or without diabetes.11 In the 
placebocontrolled ODYSSEY OUTCOMES trial, patients 
with recent acute coronary syndrome on high intensity or 
maximumtolerated statin treatment had a reduced relative 
risk of MACE when randomly assigned to alirocumab, 
regardless of diabetes status.12

In this posthoc analysis of the ODYSSEY OUTCOMES 
trial, we aimed to describe the association of metabolic 
risk factors with risk of MACE in a population of patients 
with acute coronary syndrome on highintensity or 
maximumtolerated statin therapy and assess the effect 

of alirocumab according to the number of metabolic risk 
factors present.

Methods
Study design and participants
In this study we did a posthoc analysis of the results 
of the ODYSSEY OUTCOMES trial. ODYSSEY 
OUTCOMES was a randomised, doubleblind trial9 that 
compared the efficacy and safety of alirocumab versus 
placebo in patients with recent acute coronary syndrome 
(ie, in the past 1−12 months) on highintensity or 
maximumtolerated statin treatment. The study was done 
at 1315 hospitals and outpatient clinics in 57 countries, and 
enrolment occurred between Nov 2, 2012, and Feb 9, 2017. 
18 924 patients aged 40 years or older with elevated 
concentrations of atherogenic lipoproteins (LDL 
cholesterol ≥70 mg/dL, non−HDL cholesterol ≥100 mg/dL, 
or apolipoprotein B ≥80 mg/dL), despite highintensity or 
maximumtolerated statin treatment, were eligible for 
enrolment and randomly assigned to placebo or 
alirocumab. The study protocol, design, and primary 
results have been published elsewhere.9,13 The trial was 
approved by the institutional review board or ethics 
committee at each site. All participants provided written 
informed consent. 

Patients were randomly assigned (1:1) to 75 mg 
alirocumab by subcutaneous injection every 2 weeks or 

Research in context

Evidence before this study
We searched PubMed from Jan 1, 2010, to June 30, 2021, for 
articles published in English, investigating the effect of 
proprotein convertase subtilisin or kexin type 9 inhibitors on 
cardiovascular events using the terms “alirocumab”, 
“evolocumab”, “PCSK9 inhibitor”, and “cardiovascular event”. 
Inhibitors of proprotein convertase subtilisin/kexin type 9 
(PCSK9) reduce LDL cholesterol concentrations by up to 60% 
and decrease risk of major adverse cardiovascular events 
(MACE) in patients with acute coronary syndrome. Many 
patients with acute coronary syndrome have concurrent 
metabolic risk factors that affect risk of MACE and efficacy of 
lipid-lowering therapy. In the cardiovascular outcomes FOURIER 
trial, the PCSK9 inhibitor evolocumab reduced relative risk of 
MACE in statin-treated patients with chronic atherosclerotic 
cardiovascular disease to a similar degree in patients with or 
without metabolic syndrome, and in patients with or without 
diabetes. In the placebo-controlled ODYSSEY OUTCOMES trial, 
patients with acute coronary syndrome on high intensity or 
maximum-tolerated statin treatment had a reduced relative 
risk of MACE when randomly assigned to the PCSK9 inhibitor 
alirocumab regardless of diabetes status. However, 
the association of metabolic risk factors (hypertension, 
hypertriglyceridaemia, low HDL cholesterol, hyperglycaemia, 
obesity) with risk of MACE in patients with acute coronary 
syndrome on high-intensity or maximum-tolerated statin 

therapy, and the effect of alirocumab according to the number 
of metabolic risk factors is unknown.

Added value of this study
In the ODYSSEY OUTCOMES trial, 91·5% of patients with recent 
acute coronary syndrome (ie, in the past 1–12 months) had at 
least one metabolic risk factor and 68·8% had two or more. 
Despite high-intensity or maximum-tolerated statin therapy, 
each metabolic risk factor (except low HDL cholesterol) 
remained significantly associated with increased risk of MACE, 
and accumulation of metabolic risk factors in patients with 
recent acute coronary syndrome substantially increased risk for 
further cardiovascular events. Alirocumab reduced relative risk 
of MACE irrespective of the number of metabolic risk factors, 
but absolute benefit increased with the number of metabolic 
risk factors. Absolute risk reduction, and potentially relative risk 
reduction, appeared more pronounced in patients with at least 
three metabolic risk factors than in patients with less than three 
factors, especially in patients without diabetes.

Implications of all the available evidence
Patients with multiple metabolic risk factors, including patients 
without diabetes, might derive a large absolute benefit of 
alirocumab treatment after acute coronary syndrome. Counting 
the number of risk factors could be a simple way for clinicians to 
identify patients considered for PCSK9 inhibitor therapy after 
acute coronary syndrome.
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matching placebo, beginning 1−12 months after acute 
coronary syndrome and were followed up for a median of 
2·8 years (IQR 2·3−3·4). Patients were randomly 
assigned centrally and stratified by country using an 
interactive voiceresponse or webresponse system.9,13

The aim of the treattotarget design was to achieve an 
LDL cholesterol concentration of 25−50 mg/dL in 
patients receiving alirocumab. Alirocumab was blindly 
titrated from 75 mg to 150 mg if the LDL cholesterol 
concentration was 50 mg/dL or more. If LDL cholesterol 
concentration was less than 15 mg/dL on two consecutive 
measurements on 75 mg alirocumab, placebo was blindly 
substituted for the rest of the trial. In patients on 150 mg 
alirocumab, the dose could be titrated down to 75 mg if 
LDL cholesterol concentration was less than 15 mg/dL on 

two consecutive measurements. The trial had a double
blind design, with patients and investigators masked to 
treatment assignment, dose adjustments, and lipid 
concentrations.

Outcomes
The primary outcome for this analysis was composite of 
death from coronary artery disease, nonfatal myocardial 
infarction, fatal or nonfatal ischaemic stroke, or unstable 
angina requiring hospital admission. The analysis of 
subgroups defined by metabolic syndrome status at 
baseline (ie, presence of three or more metabolic risk 
factors) was prespecified in a statistical analysis plan, 
published elsewhere;9 the analysis of MACE according to 
ordinal number of metabolic risk factors was done on a 

Figure 1: Profile of the post-hoc analysis
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posthoc basis. Metabolic risk factors were defined using 
the following criteria: hypertension (blood pressure of at 
least 130/85 mm Hg or use of antihypertensive medi
cation; β blocker and angiotensinconverting enzyme 
inhibitor or angiotensin receptor blocker were considered 
as antihypertensive therapy only if a hypertension diag
nosis was indicated by the investigator); hyper
triglyceridaemia (triglycerides ≥150 mg/dL); low HDL 
cholesterol concentration (<40 mg/dL in men and 
<50 mg/dL in women); dysglycaemia (fasting plasma 
glucose concentration ≥100 mg/dL or use of glucose
lowering medication); and obesity (BMI ≥30 kg/m²). An 
alternative measure of abdominal obesity, waist circum
ference, was not recorded in the trial.1,14 Additionally, 
diabetes was defined as a fasting plasma glucose 
concentration of at least 125 mg/dL or use of glucose
lowering medi cation. Patients with missing laboratory or 
categorical data at baseline were considered as not 
meeting criteria. The effect of alirocumab was compared 
across subgroups by ordinal number of metabolic risk 
factors and between subgroups with at least three and 
fewer than three metabolic risk factors; patients with at 
least three metabolic risk factors correspond with the 
definition of metabolic syndrome when the criterion of 
waist circumference is substituted by BMI. As diabetes is 
a strong independent risk factor for cardiovascular 
events, we aimed to examine burden of risk and benefit 
of alirocumab by metabolic risk factors in all patients and 
after exclusion of patients with diabetes.

Statistical analysis
Design assumptions of the ODYSSEY OUTCOMES trial 
included incidence of the composite primary outcome 
of 11·4% at 4 years in the placebo group and a median 
baseline LDL cholesterol concentration of 2·3 mmol/L 

(90 mg/dL), with an anticipated 50% lower LDL 
cholesterol concentration in the alirocumab group than 
in the placebo group,13 projected to result in an expected 
15% lower risk of the primary outcome with alirocumab 
than with placebo.

The ODYSSEY OUTCOMES trial was not designed to 
enrol a specific number of patients within each subgroup 
defined by status of metabolic syndrome at baseline, 
hence no power calculation has been made on any of the 
subgroups. Calculations were based on the primary 
efficacy variable and have been previously described 
elsewhere.13,15 In brief, we estimated that in the ODYSSEY 
OUTCOMES trial 1613 events would be needed to have 
90% power (with onesided logrank test at the overall 
0·025 α level) to show an effect versus placebo assuming 
15% risk reduction associated with alirocumab treatment 
(ie, hazard ratio [HR] 0·85) and considering two interim 
analyses: a first interim analysis for futility and a second 
for efficacy.15

Controls of type I and type II error were ensured using 
gamma (−5) spending function for type II error (futility) 
and gamma (−22) for type I error (efficacy). Analyses 
presented in this Article are post hoc, hence there was no 
adjustment for multiplicity.

KaplanMeier curves are presented by randomised 
treatment and subgroups with at least three and fewer 
than three metabolic risk factors. HR and 95% CI were 
generated using proportional hazard models, including 
treatment, region, sex, age, subgroup, and treatmentby
subgroup interaction as covariates. Possible heterogeneity 
of randomised treatment effects on MACE for selected 
subgroups was tested by incorporating interaction terms 
into proportional hazards models for relative risk 
reductions and by quantitative interactions based on 
observed incidences for absolute risk reductions. pinteraction 
less than 0·1 was considered a sign of potential treatment 
interaction. The intentiontotreat population was used 
for the efficacy analysis.

ODYSSEY OUTCOMES is registered with 
ClinicalTrials.gov, number NCT01663402.

Role of the funding source
The funders selected the study sites and monitored and 
supervised data collection, did the statistical analysis, 
contributed to data interpretation, and provided input on 
the report. The executive steering committee decided to 
publish the manuscript and takes responsibility for the 
completeness and accuracy of the data and the fidelity of 
the trial to the protocol.

Results
Of 18 924 patients, 3882 (41%) of 9462 in the alirocumab 
group and 3859 (41%) of 9462 in the placebo group had 
three or more metabolic risk factors (figure 1, 
appendix p 10). Overall, 17 311 (92%) patients had at least 
one metabolic risk factor and 13 014 (69%) had two or 
more metabolic risk factors. The prevalence of metabolic 

All  
(n=18 924)

Alirocumab group 
(n=9462)

Placebo group 
(n=9462)

Metabolic risk factors

Dysglycaemia* 10 512 (56%) 5262 (56%) 5250 (56%)

Hypertriglyceridemia† 7085 (37%) 3498 (37%) 3587 (38%)

Hypertension‡ 9408 (50%) 4797 (51%) 4611 (49%)

Low HDL cholesterol§ 8997 (48%) 4480 (47%) 4517 (48%)

BMI ≥30 kg/m2 6262 (33%) 3122 (33%) 3140 (33%)

Number of metabolic risk factors¶

None 1613 (9%) 813 (9%) 800 (9%)

One 4297 (23%) 2161 (23%) 2136 (23%)

Two 5273 (28%) 2606 (28%) 2667 (28%)

Three 4330 (23%) 2162 (23%) 2168 (23%)

Four 2624 (14%) 1300 (14%) 1324 (14%)

Five 787 (4%) 420 (4%) 367 (4%)

Data are n (%). *Fasting plasma glucose of 100 mg/dL or more, or use of glucose-lowering medication. †Fasting 
triglycerides of 150 mg/dL or more. ‡Blood pressure of 130/85 mm Hg or more, or use of antihypertensive medication. 
§HDL cholesterol less than 40 mg/dL in men and less than 50 mg/dL in women. ¶Percentages might not add up to 
100% because of rounding. 

Table 1: Patients with each metabolic risk factor in total population and treatment groups
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risk factors was similar in both groups. At baseline, 
dysglycaemia was present in 10512 (56%) of patients, 
hypertriglyceridaemia in 7085 (37%), hyper tension in 
9408 (50%), low HDL cholesterol in 8997 (48%), and BMI 
of at least 30 kg/m2 in 6262 (33%; table 1; appendix p 2). 
11 183 patients (59%) had fewer than three factors, and 
7741 (41%) had at least three factors (table 1).

Table 2 shows that patients with at least three metabolic 
risk factors were more likely to be female, reside in North 
America or Eastern Europe (less likely to reside in 
Western Europe or Asia), and to have a medical history 
including heart failure, previous myocardial infarction, 
or coronary revascularisation procedures compared with 
those who had fewer than three metabolic risk factors. 
Although statin treatment was used in almost all patients 
in both metabolic risk factor groups and use of evidence
based therapies was high overall, a higher percentage 
among those with at least three metabolic risk factors 

used β blockers and reninangiotensin system inhibitors. 
A more extensive breakdown of baseline characteristics 
in subgroups with zero to five metabolic risk factors is 
shown in the appendix (pp 3–5).

Lipid concentrations in patients on alirocumab or 
placebo in metabolic risk factor groups are shown in the 
appendix (p 11). The concentration of LDL cholesterol was 
similar in patients with three or more versus those with 
fewer than three metabolic risk factors. As expected, 
patients with three or more metabolic risk factors had 
higher concentrations of triglyceride, nonHDL cholesterol, 
and apolipoprotein B, and a lower concentration of HDL 
cholesterol. Alirocumab had a similar lowering effect on 
concentrations of total cholesterol, LDL cholesterol, 
triglycerides, nonHDL cholesterol, and apolipoprotein B, 
and an increasing effect on HDL cholesterol concentration 
compared with placebo in both metabolic risk factor 
groups (appendix p 11).

Three or more metabolic risk factors Fewer than three metabolic risk factors

Alirocumab (n=3882) Placebo (n=3859) Alirocumab (n=5580) Placebo (n=5603)

Age, years 58·2 (9·1) 58·3 (9·2) 58·7 (9·4) 58·9 (9·5)

Sex

Female 1156 (30%) 1176 (31%) 1234 (22%) 1196 (21%)

Male 2726 (70%) 2683 (69%) 4346 (78%)  4407 (79%)

Race

White 3155 (81%) 3137 (81%) 4345 (78%) 4387 (78%)

Black 112 (3%) 113 (3%) 123 (2%) 125 (2%)

Asian 403 (10%) 416 (11%) 848 (15%) 831 (15%)

Other 212 (6%) 193 (5%) 264 (5%) 260 (5%)

Region of enrolment

North America 697 (18%) 703 (18%) 738 (13%) 733 (13%)

South America 590 (15%) 559 (15%) 703 (13%) 736 (13%)

Western Europe 701 (18%) 734 (19%) 1383 (25%) 1357 (24%)

Eastern Europe 1201 (31%) 1170 (30%) 1518 (27%) 1548 (28%)

Asia 365 (9%) 371 (10%) 785 (14%) 772 (14%)

Rest of world 328 (8%) 322 (8%) 453 (8%) 457 (8%)

Index ACS subtype

STEMI 1294 (33%) 1203 (31%) 2007 (36%) 2032 (36%)

NSTEMI 1925 (50%) 1969 (51%) 2649 (48%) 2632 (47%)

Unstable angina 656 (17%) 682 (18%) 912 (16%) 932 (17%)

PCI or CABG for ACS index 2765 (71%) 2727 (71%) 4033 (72%) 4151 (74%)

Median time from index ACS event to 
randomisation, months

3·8 (2·9) 3·7 (2·7) 3·6 (2·8) 3·6 (2·7)

BMI, kg/m² 31·1 (5·1) 31·1 (5·0) 26·7 (3·8) 26·7 (3·8)

Systolic blood pressure, mm Hg 132·3 (15·4) 131·9 (15·8) 124·3 (15·4) 123·9 (15·6)

Diastolic blood pressure, mm Hg 79·7 (9·7) 79·7 (9·9) 75·9 (9·4) 75·5 (9·4)

Heart rate, bpm 68·6 (10·3) 68·5 (10·4) 65·6 (10·1) 65·8 (10·0)

eGFR, mL/min per 1·73 m2 78·8 (20·3) 78·8 (20·4) 80·0 (18·7) 80·5 (18·2)

Fasting glucose (mg/dL) 127·8 (49·1) 128·2 (50·2) 102·7 (29·0) 102·7 (28·7)

HbA1c 6·6% (1·4) 6·6% (1·5) 5·9% (1·0) 5·9% (0·9)

Haemoglobin, g/L 141·9 (14·5) 141·9 (14·4) 142·0 (13·5) 141·9 (13·4)

Total cholesterol, mg/dL 168·9 (39·0) 169·9 (39·7) 164·8 (35·0) 164·3 (35·5)

LDL cholesterol, mg/dL 91·3 (33·2) 91·9 (33·1) 93·2 (29·6) 92·5 (29·1)

(Table 2 continues on next page)
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Three or more metabolic risk factors Fewer than three metabolic risk factors

Alirocumab (n=3882) Placebo (n=3859) Alirocumab (n=5580) Placebo (n=5603)

(Continued from previous page)

HDL cholesterol, mg/dL 39·6 (9·3) 39·5 (9·2) 47·7 (11·5) 47·4 (11·6)

Triglycerides, mg/dL 191·0 (94·1) 193·7 (102·6) 118·2 (55·0) 120·4 (58·8)

Non-HDL cholesterol, mg/dL 130·7 (38·1) 129·6 (37·3) 117·1 (32·6) 117·4 (32·6)

Apolipoprotein B, g/L 0·884 (0·229) 0·878 (0·227) 0·798 (0·198) 0·797 (0·195)

High-sensitivity C-reactive protein, mg/L 4·30 (6·90) 4·28 (6·88) 3·25 (7·74) 3·13 (7·06)

Previous myocardial infarction 866 (22%) 867 (23%) 924 (17%) 976 (17%)

Previous PCI 804 (21%) 774 (20%) 822 (15%) 841 (15%)

Previous CABG 269 (7%) 255 (7%) 252 (5%) 271 (5%)

Previous stroke 165 (4%) 149 (4%) 141 (3%) 156 (3%)

Family history of premature coronary heart disease 1449 (37%) 1453 (38%) 1959 (35%) 1912 (34%)

Cerebrovascular disease 245 (6%) 225 (6%) 235 (4%) 245 (4%)

Peripheral artery disease 170 (4%) 179 (5%) 203 (4%) 207 (4%)

Hypertension 2984 (77%) 2871 (74%) 3221 (58%) 3173 (57%)

Heart failure 666 (17%) 651 (17%) 699 (13%) 798 (14%)

Diabetes 1597 (41%) 1555 (40%) 708 (13%) 785 (14%)

Cigarette smoking

Current 915 (24%) 900 (23%) 1367 (25%) 1378 (25%)

Former 1559 (40%) 1625 (42%) 2316 (42%) 2311 (41%)

Never 1408 (36%) 1333 (35%) 1897 (34%) 1914 (34%)

Cardiovascular medication

β blocker 3378 (87%) 3381 (88%) 4620 (83%) 4611 (82%)

Aspirin 3706 (96%) 3694 (96%) 5344 (96%) 5342 (95%)

P2Y12 inhibitor 3361 (87%) 3349 (87%) 4935 (88%) 4896 (87%)

ACE inhibitor or ARB 3177 (82%) 3158 (82%) 4179 (75%) 4202 (75%)

Statin 3773 (97%) 3755 (97%) 5457 (98%) 5480 (98%)

Data are number (%) or mean (SD). ACE=angiotensin-converting enzyme. ACS=acute coronary syndrome. ARB=angiotensin receptor blocker. CABG=coronary artery bypass 
grafting. CHD=coronary heart disease. eGFR=estimated glomerular filtration rate. PCI=percutaneous coronary intervention. STEMI=ST-elevated myocardial infarction. 
NSTEMI=non-ST-elevated myocardial infarction

Table 2: Baseline characteristics in total population and treatment groups according to presence of at least three or fewer than three metabolic risk factors

Figure 2: Effect of alirocumab on MACE in subgroups by number of metabolic risk factors in (A) the overall study population and (B) after exclusion of patients with diabetes
aRR=absolute risk reduction. MACE=major adverse cardiovascular event. *HR in placebo group 1·18 (95% CI 1·13 to 1·24) per incremental risk factor.
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In the placebo group, incidence of MACE increased 
monotonically with each metabolic risk factor from 7·8% 
(no risk factors) to 19·6% (five risk factors; overall 
HR 1·18, 95% CI 1·13−1·24 per metabolic risk factor; 
figure 2A). The relative risk of MACE in the placebo 
group associated with the presence of each of the 
five meta bolic risk factors is in the appendix (p 6). 
Dysglycaemia had the strongest association with risk of 
MACE (HR 1·43, 95% CI 1·26–1·62), followed by 
hypertension (HR 1·31, 95% CI 1·16–1·49). In the 
placebo group, patients with at least three metabolic risk 
factors (corresponding with presence of metabolic 
syndrome) had a greater risk of MACE than those with 
fewer than three risk factors (521 [14%] of 3859 
vs 531 [10%] of 5603; HR 1·43, 95% CI 1·27−1·62; 
figure 3A, 4A).

Alirocumab decreased the relative risk of MACE 
consistently across categories defined by the number of 
metabolic risk factors (pinteraction=0·77), but absolute risk 
reduction (aRR) increased per incremental metabolic risk 
factor from 0·74% (95% CI −1·81 to 3·29) with 0 risk 
factors to 3·90% (−1·45 to 9·25) with five risk factors 
(pinteraction<0·001; figure 2A; appendix pp 12−16). Similarly, 
relative reductions in MACE by alirocumab were 
consistent in patients with at least three versus fewer than 
three metabolic risk factors (HR 0·80, 95% CI 0·71−0·91 
vs HR 0·90, 0·79−1·02; pinteraction=0·22; figures 3A, 4A). 
However, aRR with alirocumab was greater in patients 
with at least three metabolic factors than in those with 
fewer than three factors (aRR 2·60%, 95% CI 1·15−4·06 
vs aRR 0·87%, −0·19 to 1·94; pinteraction=0·08; figure 4A). 
The corresponding number needed to treat for a median 
of 2·8 years to avoid one primary endpoint event was 38 
for patients with at least three metabolic risk factors 
compared with 115 for patients with fewer than three 
factors. The effect of alirocumab on MACE remained 
similar after inclusion of baseline concentration of LDL 
cholesterol into the model and in ontreatment analysis 
(appendix pp 17, 18).

An analysis excluding patients with diabetes yielded 
qualitatively similar results as in the full study population. 
Incidence of MACE in the placebo groups increased 
from 7·7% (no metabolic risk factors) to 14·6% (five factors; 
figure 2B). Alirocumab consistently decreased relative 
risk of MACE across subgroups defined by ordinal 
number of metabolic risk factors (pinteraction=0·32); however, 
aRR increased with increasing number of metabolic 
risk factors from none to five (aRR 0·91, 95% CI 
−1·65 to 3·47 vs aRR 3·82, −4·14 to 11·79; pinteraction<0·001; 
figure 2B; appendix pp 12–15). In the comparison of 
subgroups without diabetes who had at least three 
metabolic risk factors versus fewer than three factors 
(corresponding with the presence or absence of metabolic 
syndrome), there was an interaction of the effect of 
alirocumab on MACE: benefit appeared more pronounced 
in patients with at least three metabolic risk factors 
(HR 0·73, 95% CI 0·59−0·90) than in patients with fewer 

than three metabolic risk factors (HR 0·93, 95% CI 
0·81−1·07; pinteraction=0·05; figures 3B, 4B). Again, the effect 
of alirocumab on MACE was minimally affected by the 
inclusion of baseline concentration of LDL cholesterol 
into the model and in the treatment analysis 
(appendix pp 17, 18). aRR with alirocumab was higher in 
patients with at least three metabolic risk factors than in 
those with fewer than three factors (aRR 2·76%, 95% CI 
1·04−4·49 vs aRR 0·54%, 95% CI −0·57 to 1·64; 
pinteraction=0·04; figure 4B). The corresponding number 
needed to treat for a median of 2·8 years to avoid one 
primary endpoint event was 36 for patients with at least 
three factors versus 185 for patients with fewer than three 
factors.

Overall alirocumab was well tolerated with incidence of 
serious adverse events and treatmentemergent adverse 
events similar to placebo, except for injection site reactions 

Figure 3: Kaplan-Meier curves for MACE and effect of alirocumab in subgroups with at least three or fewer 
than three metabolic risk factors in (A) the overall study population and (B) after exclusion of patients with 
diabetes
HR=hazard ratio. MACE=major adverse cardiovascular event. MetRF=metabolic risk factor.
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which were more frequent with alirocumab. Treatment 
emergent adverse events were more common in the group 
with at least three metabolic risk factors compared to 
those with fewer than three metabolic risk factors. 
Incidence of type 2 diabetes in patients without diabetes at 
baseline was higher in the group with at least three factors 
than those with fewer than three metabolic risk factors, 
and in patients with prediabetes at baseline than in those 
with normoglycaemia (appendix 7). However, the 
incidence of the new diabetes onset in each subgroup 
was similar in the alirocumab and placebo groups 
(appendix p 8).

Discussion
There are three key findings from this posthoc analysis. 
First, in the ODDESSY OUTCOMES trial, 
91·5% of patients with recent acute coronary syndrome 
had at least one metabolic risk factor and 68·8% had two 
or more. Second, despite highintensity or maximum
tolerated statin therapy, metabolic risk factors (except low 
concentration of HDL cholesterol) remained associated 
with increased risk of MACE, and accumulation of 
metabolic risk factors in patients with past acute coronary 
syndrome substantially increased risk for further 
cardiovascular events. Third, alirocumab reduced risk of 
MACE irrespective of the number of metabolic risk 
factors, but the absolute benefit increased with the 
number of risk factors. aRR, and potentially the relative 
risk reduction, appeared more pronounced in patients 
with at least three metabolic risk factors (corresponding 
with the presence of metabolic syndrome) than in those 
with fewer than three factors, especially in patients 
without diabetes.

The accumulation of metabolic risk factors and 
associated metabolic syndrome are known risk factors 
for MACE.1–4 Highintensity statin therapy reduces risk in 
this population.8,16 Our analysis indicates that accum
ulation of metabolic risk factors remains associated with 
increased risk of MACE after acute coronary syndrome, 
even when patients received evidencebased therapy, 

including highintensity or maximumtolerated statin 
treatment, use of β blockers, reninangiotensin system 
blockers, dual antiplatelet therapy, and coronary 
revascularisation procedures. Moreover, in the placebo 
group, each metabolic risk factor except low HDL 
cholesterol (ie, dysglycaemia, hyper triglyceridaemia, 
hypertension, and BMI ≥30 kg/m²) was significantly 
associated with increased risk of MACE. The absence of 
association of risk after acute coronary syndrome with 
HDL cholesterol concentration was also observed in an 
analysis of the dalOUTCOMES trial, comparing 
dalcetrapib with placebo in patients with acute coronary 
syndrome.17

Reduction of MACE associated with alirocumab in 
patients with and without at least three metabolic risk 
factors in our study was in accordance with other analyses 
from the ODYSSEY OUTCOMES trial, demonstrating 
consistent reduction in MACE across various subgroups, 
with more pronounced aRR in patients at higher 
risk.9,12,18–23 Of particular importance was the observation 
in the ODYSSEY OUTCOMES trial of similar risk of 
MACE in patients with baseline normoglycaemia and 
prediabetes compared with markedly increased risk in 
patients with diabetes.12 Because dysglycaemia comprises 
patients with prediabetes or diabetes, we assessed the 
effect of metabolic risk factors other than diabetes on risk 
and risk reduction with alirocumab. In patients without 
diabetes, the risk of MACE remained strongly associated 
with a larger ordinal number of metabolic risk factors 
and with at least three factors versus fewer than three 
factors. Relative reduction in risk of MACE with 
alirocumab was more pronounced in the subgroup with 
at least three metabolic risk factors. Importantly, the 
subgroup of patients without diabetes with at least three 
factors had more than fivetimes greater aRR with 
alirocumab than did the subgroup without diabetes and 
fewer than three risk factors (2·76% vs 0·54%). This 
suggests that in patients without diabetes, the 
accumulation of more metabolic risk factors helps to 
identify individuals in whom a greater absolute benefit of 

Figure 4: Effect of alirocumab on MACE in subgroups according to presence of at least three and fewer than three metabolic risk factors in (A) the overall 
study population and (B) after exclusion of patients with diabetes
aRR=absolute risk reduction. HR=hazard ratio. MACE=major adverse cardiovascular event. MetRF=metabolic risk factor.
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alirocumab might be expected. The risk of recurrent 
cardiovascular events in patients with at least three 
metabolic risk factors remains high despite intensive 
lipidlowering therapy with a statin and PCSK9 inhibitor 
and highly prevalent use of other evidencebased 
treatments, which indicates a need for additional 
therapies to improve the prognosis of these patients.

Our results are consistent with a report from the 
FOURIER trial11 showing that patients with chronic 
atherosclerotic cardiovascular disease and metabolic 
syndrome remain at higher risk of future cardiovascular 
events despite statin therapy, and that treatment with the 
PCSK9 inhibitor evolocumab is associated with a 
reduction in cardio vascular events regardless of the 
presence or absence of diabetes.

In the ODYSSEY OUTCOMES trial, waist circum
ference (the criterion for abdominal obesity required for 
the diagnosis of metabolic syndrome) was not recorded; 
therefore, patients with strictly defined metabolic syn
drome1 could not be identified. To mitigate this limitation, 
the presence of obesity was evaluated according to BMI 
(≥30 kg/m²), another recognised factor associated with 
increased risk.14,24–26 and incorporated in some definitions 
of metabolic syndrome.27 In clinical practice, weight is 
measured more commonly than waist circumference.28 
Thus, the present analytical framework might have 
practical relevance in the decision to treat with a PCSK9 
inhibitor. The absence of ethnicspecific thresholds for 
BMI is a potential source of bias. Baseline lipid 
concentrations including triglyceride concen trations in 
the ODYSSEY OUTCOMES trial were measured in 
patients who already received highintensity or maximally 
tolerated dose of statin. Because statins generally reduce 
triglycerides, the true prevalence of hypertriglyceridaemia 
according to the definition of metabolic syndrome1 was 
probably higher than observed in the present analysis. 
Median followup in the ODYSSEY OUTCOMES trial 
was 2·8 years. Longer observation might have revealed 
greater differences in risk between metabolic risk factor 
groups and greater risk reduction with alirocumab, as 
has been shown in a subset of the overall study cohort 
eligible for at least 3 years of observation.29,30 The safety 
observations from the present analysis should also be put 
in the context of a brief followup. Although we focused 
on metabolic risk factors, recognising that other clinical 
characteristics affect risk of MACE following acute 
coronary syndrome and that other highrisk subgroups 
can be defined by those criteria is important.20–22,31 
Statistical inference should be considered in the context 
of the fact that the trial was not powered for the current 
subgroup analyses and that there was no allowance for 
multiplicity of assessments.

Metabolic risk factors remain important factors for 
subsequent MACE despite highintensity or maximum
tolerated statin therapy in patients with recent acute 
coronary syndrome. Alirocumab treatment resulted in a 
consistent relative reduction in the risk of MACE in 

patients with or without accumulation of multiple 
metabolic risk factors, although absolute risk reduction 
was more pronounced with a greater number of risk 
factors. Both the relative and absolute effects of 
alirocumab were more pronounced in patients with at 
least three factors. Patients with multiple metabolic risk 
factors, including those without diabetes, might derive a 
large absolute benefit of alirocumab treatment after acute 
coronary syndrome. Counting the number of metabolic 
risk factors could help clinicians to identify patients to be 
considered for PCSK9 inhibitor therapy after acute 
coronary syndrome.
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Abstract 
Background: Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is 
increasingly being used for circulatory support in cardiogenic shock patients, although the 
evidence supporting its use in this context remains insufficient. The aim of the Extracorporeal 
Membrane Oxygenation in the Therapy of Cardiogenic Shock (ECMO-CS) trial was to 
compare immediate implementation of VA-ECMO vs. an initially conservative therapy 
(allowing downstream use of VA-ECMO) in patients with rapidly deteriorating or severe 
cardiogenic shock . 
 
Methods: This multicenter, randomized, investigator-initiated, academic clinical trial 
included patients with either rapidly deteriorating or severe cardiogenic shock. Patients were 
randomly assigned to immediate VA-ECMO or no immediate VA-ECMO. Other diagnostic 
and therapeutic procedures were performed as per current standard(s) of care. In the early 
conservative group, VA-ECMO could be used downstream in case of worsening 
hemodynamic status. The primary endpoint was the composite of death from any cause, 
resuscitated circulatory arrest, and implementation of another mechanical circulatory support 
device at 30 days.  
 
Results: A total of 122 patients were randomized; after excluding 5 patients due to the 
absence of informed consent, 117 subjects were included in the analysis, of whom 58 
randomized to immediate VA-ECMO and 59 to no immediate VA-ECMO. The composite 
primary endpoint occurred in 37 (63.8%) and 42 (71.2%) of patients in the immediate VA-
ECMO and the no early VA-ECMO groups, respectively (hazard ratio, 0.72; 95% confidence 
intervals [CI], 0.46 to 1.12; P=0.21). VA-ECMO was used in 23 (39%) of no early VA-
ECMO patients. The 30-day incidence of resuscitated cardiac arrest (10.3.% vs. 13.6%; risk 
difference [RD], -3.2; 95% CI, -15.0 to 8.5), all-cause mortality (50.0% versus 47.5%; RD, 
2.5; 95% CI, -15.6 to 20.7), serious adverse events (60.3% vs. 61.0%; RD, -0.7; 95% CI, -
18.4 to 17.0), sepsis, pneumonia, stroke, leg ischemia, and bleeding was not statistically 
different between the immediate VA-ECMO and the no immediate VA-ECMO groups. 
 
Conclusion: Immediate implementation of VA-ECMO in patients with rapidly deteriorating 
or severe cardiogenic shock did not improve clinical outcomes compared with an early 
conservative strategy that permitted downstream use of VA-ECMO in case of worsening 
hemodynamic status. 
 
Clinical Trial Registration:  
URL: https://www.clinicaltrials.gov; Unique identifier NCT02301819. 
 

Nonstandard Abbreviations and Acronyms 
VA-ECMO Veno-arterial extracorporeal membrane oxygenation 
ECMO-CS  Extracorporeal Membrane Oxygenation in the Therapy of  

Cardiogenic Shock Trial 
LVEF Left ventricular ejection fraction 
SCAI Society for Cardiovascular Angiography and Interventions 
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Clinical Perspective 

 

What is new? 

• In the ECMO-CS (Extracorporeal Membrane Oxygenation in the Therapy of 

Cardiogenic Shock) Trial, immediate implementation of veno-arterial extracorporeal 

membrane oxygenation (VA-ECMO) did not improve outcomes compared with no 

immediate VA-ECMO in patients with severe or rapidly deteriorating cardiogenic 

shock. 

• A large proportion (39%) of patients in the no early VA-ECMO group subsequently 

received VA-ECMO or other mechanical circulatory support due to further 

hemodynamic deterioration. 

 

What are the Clinical Implications? 

• Even in patients with severe or rapidly deteriorating cardiogenic shock, early 

hemodynamic stabilization using inotropes and vasopressors with implementation of 

mechanical circulatory support only in case of further hemodynamic deterioration 

provided outcomes that were not different than immediate insertion of VA-ECMO. 
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Introduction 

Cardiogenic shock is a critical condition with various etiologies, phenotypes, and 

presentations 1. Despite advances in cardiovascular acute and intensive care, early mortality 

from cardiogenic shock remains high 2, 3.   

Multiple mechanical circulatory support systems have been developed over the past few 

decades that can be used for hemodynamic stabilization in this patient population 4. However, 

currently available mechanical circulatory support (MCS) devices have not been 

demonstrated to improve survival in cardiogenic shock. 4. Veno-arterial extracorporeal 

membrane oxygenation (VA-ECMO) is increasingly being used in patients with severe 

circulatory collapse. Compared with other MCS devices VA-ECMO can provide full 

circulatory support and pulmonary gas exchange and rapidly restore organ perfusion in the 

case of right-, left-, or bi-ventricular failure. 4  

According to the current guidelines of the European Society of Cardiology, MCS 

should be considered for hemodynamic stabilization in patients experiencing cardiogenic 

shock (class of recommendation IIa, level of evidence C). VA-ECMO may also be considered 

in patients with fulminant myocarditis and other conditions causing severe cardiogenic shock 

5. A position statement of the Acute Cardiovascular Care Association of the European Society 

of Cardiology recommends the use of VA-ECMO in selected patients with refractory 

cardiogenic shock caused by acute myocardial infarction 6. Two scientific statements from the 

American Heart Association recommend consideration of MCS escalation in appropriately 

selected patients with clinical hypoperfusion or hemodynamic deterioration while on 

inotropes, selecting the MCS type of according to the specific hemodynamic condition(s) 7, 8. 

However, these recommendations are largely based on data from retrospective studies, 

registry analyses, and expert opinions. The first small randomized study comparing VA-

ECMO and conservative therapy in cardiogenic shock included 42 patients and did not find 
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significant differences between the study arms 9, 10. Currently, there are no available data from 

large, prospective, randomized-controlled trials focusing on the use of VA-ECMO in patients 

with cardiogenic shock, however several studies are ongoing (Testing the Value of Novel 

Strategy and Its Cost Efficacy in Order to Improve the Poor Outcomes in Cardiogenic Shock 

[EURO-SHOCK], Assessment of ECMO in Acute Myocardial Infarction Cardiogenic Shock 

[ANCHOR], Extracorporeal Life Support in Cardiogenic Shock 11) 11, 12. 

The aim of the Extracorporeal Membrane Oxygenation in the therapy of Cardiogenic Shock 

(ECMO-CS) trial was to compare immediate implementation of VA-ECMO vs. early 

conservative therapy allowing downstream use of VA-ECMO in case of hemodynamic 

deterioration, on the background of standard care. 

 

Methods 

Trial organization and overview 

The ECMO-CS trial was a multicenter, randomized, investigator-initiated clinical trial 

conducted at four centers in the Czech Republic. The study protocol was approved by the 

Ethics Committees of all participating centers. The trial design has been published 13. The 

protocol was designed by the first two and the last author, and is available as a full text article 

at Supplemental Material. All patients provided informed written consent to participate in the 

study. If patient status did not permit informed consent, it was provided retrospectively after 

improvement of their clinical condition. If a patient died, remained unconscious, or had 

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 

were not used for the analysis. Statistical analyses were performed by an independent 

academic statistical center (Institute of Biostatistics and Analyses, Masaryk University, Brno, 

Czech Republic). The authors confirm the accuracy and completeness of the data and for the 
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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). The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

Trial population 

Patients were eligible for randomization if they had either rapidly deteriorating or severe 

cardiogenic shock, defined by echocardiographic, hemodynamic, and metabolic criteria 

(Table 1). Exclusion criteria include age < 18 years, life expectancy lower than one year, high 

suspicion of pulmonary emboli or cardiac tamponade as a cause of shock, significant 

bradycardia or tachycardia that could be responsible for hemodynamic instability and was not 

treated by pacing or cardioversion, cardiac arrest survivors remaining comatose, hypertrophic 

obstructive cardiomyopathy, peripheral artery disease precluding arterial cannula insertion in 

the femoral artery, moderate to severe aortic regurgitation, aortic dissection, uncontrolled 

bleeding or TIMI major bleeding within last 6 months, and known encephalopathy. Details 

regarding the inclusion and exclusion criteria are provided in the Supplemental Material. 

Trial procedures 

Patients who fulfilled the trial entry criteria were randomly assigned in a 1:1 ratio to one of 

two arms: immediate VA-ECMO or early conservative therapy; the study was unblinded. An 

automated, web-based system was used for randomization with permuted blocks, with 

stratification according to the type of cardiogenic shock (rapidly deteriorating or severe), and 

the trial center. Except for immediate VA-ECMO implementation in the intervention group, 

all other diagnostic and therapeutic procedures were performed as per current standard(s) of 

care, including other cardiovascular interventions (i.e., percutaneous coronary or non-

coronary intervention, cardiac surgery) or mechanical circulatory support. In the early 

conservative group, VA-ECMO could be used downstream in case of further worsening of 
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hemodynamic status, defined as rise of serum lactate by 3 mmol/L in comparison with the 

lowest value during the past 24 hours. The indications and strategies for left ventricular 

venting during the VA-ECMO support and also strategies for prevention or treatment of leg 

ischemia were not defined in the protocol and were left to the discretion of the physicians at 

the participating centers. 

Trial end points 

The primary endpoint was the composite of death from any cause, resuscitated circulatory 

arrest, and implementation of another mechanical circulatory support (including VA-ECMO 

in the conservative arm) at 30 days. Prespecified secondary endpoints included all-cause 

mortality at 30 days, neurological outcome (according to the Cerebral Performance Category 

scale) at 30 days, clinically significant bleeding, leg ischemia, pneumonia, sepsis and 

technical complications. The endpoints (including the safety endpoints) were reported by 

investigators without independent adjudication. 

Power analysis and sample size calculation 

With the sample size of 120 individuals (60 individuals in each arm) the study had 80% 

power to detect 50% reduction of primary endpoint at two-sided alpha of 0.05.  

Statistical analysis 

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 until 30 days. 

Categorical variables are presented as percentages and compared using Pearson Chi Square 

test or Fisher’s exact test. Continuous variables were presented as median (interquartile range) 

and compared using t-test or Mann-Whitney test.  

The time to the occurrence of the primary composite end point (or death) was analyzed using 

the Kaplan-Meier method and compared using log-rank test. Calculation of the 95% 

confidence intervals for point estimates of end point occurrence probability are based on the 
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cumulative risk function (or logarithmic transformation of the survival function). Hazard 

ratios (HR) with 95% confidence intervals were calculated using a Cox proportional hazard 

model with Efron approximation for tie holding. Furthermore, multivariate Cox model was 

used with adjustment for significantly different variables in baseline characteristics. In case 

that proportionality of risk was not met, sensitivity analysis (Weibull AFT model) was 

prepared. Differences in end point proportions between the two categories were investigated 

using risk difference (RD) with 95% confidence intervals. Because of the potential for type 1 

error due to 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) and R version 4.2.1 (R Foundation for 

Statistical Computing, Vienna, Austria). Hypotheses were tested at a significance level of 5%. 

 

Results 

Patients 

Between September 2014 and January 2022, a total of 122 patients were randomly assigned to 

immediate VA-ECMO vs no immediate VA-ECMO. After excluding 5 patients due to 

absence of informed consent (all of them died and informed consent could not be obtained 

from next of kin) 58 subjects were included in the immediate VA-ECMO group and 59 in the 

early conservative therapy group (Figure S1). The baseline characteristics of the two study 

groups at the time of randomization were balanced (Table 2). The median age was 67 (60 to 

74) years in the immediate VA-ECMO group and 65 years (58 to 71 years) in the early 

conservative group. In the immediate VA-ECMO group, fewer patients were smokers. 

Arterial blood lactate level at randomization was 5.3 mmol/L (3.1 to 8.4 mmol/L) in the 

immediate VA-ECMO group and 4.7 mmol/L (3.3 to 7.4 mmol/L) in the early conservative 

group. More than 70% of patients in both groups were on mechanical ventilation. 
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Furthermore, 86.2% of subjects in the immediate VA-ECMO group and 84.7% in the early 

conservative group received norepinephrine and a substantial proportion of both groups 

received dobutamine, milrinone, and vasopressin. The vasoactive-inotropic score was 59.9 

(32.8 to 121.5) in the immediate VA-ECMO group and 61.0 (28.0 to 124.9) in the early 

conservative group (Table 2). The most common cause of cardiogenic shock in both arms was 

ST-segment elevation acute myocardial infarction followed by decompensation of chronic 

heart failure (Table 2). Use of therapeutic interventions, including percutaneous coronary 

intervention and cardiac surgery, did not differ  between study groups (Table S1). Although 

previous cardiac surgery was not an exclusion criterion, finally only primarily non-surgical 

patients were enrolled in the trial, although some of them subsequently required cardiac 

surgery during hospitalization. 

End points 

The composite primary endpoint occurred in 37 (63.8%) patients in the immediate VA-

ECMO group and 42 (71.2 %) in the early conservative group (Table 3). The Kaplan–Meier 

probability estimate at 30 days was 68.9% in the immediate VA-ECMO group and 71.8% in 

the early conservative group (HR, 0.72; 95% confidence intervals [CI], 0.46 to 1.12; P=0.21) 

(Figure 1).  

All-cause mortality at 30 days was comparable between the two groups (50.0% versus 

[vs.] 47.5%; HR, 1.110; 95% CI, 0.660 to 1.866) (Table 3, Figure 2). In the immediate VA-

ECMO group, fewer patients required another MCS device (17.2% vs. 42.4%, respectively; 

HR, 0.380; 95% CI, 0.182 to 0.793). Resuscitated cardiac arrest occurred in 10.3% of the 

immediate VA-ECMO group and 13.6% of the early conservative group (HR, 0.790; 95% CI, 

0.274 to 2.277 (Table 3). Similarly, the incidence of death from any cause or resuscitated 

cardiac arrest, death from any cause, resuscitated cardiac arrest, implementation of another 

MCS device or serious adverse events were comparable between treatment arms (Table 3). 
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The results remained similar after adjustment for smoking status with the respect to composite 

primary endpoint (HR, 0.681; 95 CI, 0.426 to 1.088) and death from any cause (HR, 0.916; 

95% CI, 0.528 to 1.590). 

In the early conservative group, 23 (39%) patients required downstream VA-ECMO 

support, of whom 12 (52.2%) died. Of the 36 patients in the early conservative group who did 

not subsequently receive VA-ECMO 16 (44.4%) died. The mean time from randomization to 

insertion of VA-ECMO in the early conservative arm was 1.9 days. In the subgroup of 81 

patients treated with VA-ECMO in the immediate VA-ECMO arm (58 subjects) or the early 

conservative arm (23 subjects), 41 (50.6%) patients died, as compared with 16 patients 

(44.4%) in the early conservative group who did not subsequently receive VA-ECMO (“as-

treated” comparison; HR, 1.254; 95% CI, 0.703 to 2.238). Beside the 23 patients with VA-

ECMO implementation in the early conservative arm, one patient received long-term MCS 

(HeartMate, Abbott) and three patients required an Impella (Abiomed, US). In the early VA-

ECMO arm two patients received short-term surgical mechanical support (Centrimag, Abbott, 

US), three patients underwent long-term mechanical support implantation (HeartMate, 

Abbott, US) and two patients required an Impella (Abiomed, US).  

At 30 days, 13 patients in each group remained hospitalized and 7 in each group were 

discharged home; 9 subjects in the early VA-ECMO group and 11 patients in the early 

conservative group were transferred to long-term care or rehabilitation (Table S2). 

Neurological status at 30 days was comparable between the groups (Table S2, Figure S2).  

Type and etiology of cardiogenic shock 

A total of 45 patients fulfilled the criteria for rapidly deteriorating cardiogenic shock 

(corresponding to SCAI stage D-E) and 72 experienced severe cardiogenic shock 

(corresponding to SCAI stage D). The incidence of primary composite end point was 72.2% 

in those with severe cardiogenic shock and 60.0% in those with rapidly deteriorating 
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cardiogenic shock (Figure S3); similar results were also observed for all-cause mortality 

(54.2% vs. 40.0%, respectively) (Figure S4). The incidence of primary end point and all-cause 

death was comparable between the immediate VA-ECMO and the early conservative therapy 

groups in both cardiogenic shock types (Figure 3, Table S3). 

In the subgroup of 74 patients with cardiogenic shock caused by acute myocardial 

infarction, the incidence of the primary endpoint and all-cause death was comparable between 

the immediate VA-ECMO and the early conservative groups (Table S4). Similar results were 

observed also in the subgroup of 43 subjects with cardiogenic shock of non-myocardial 

infarction etiology (Table S4). 

Safety 

Serious adverse events occurred in 35 (60.3%) patients in the immediate VA-ECMO group 

and 36 (61.0%) in the early conservative group (RD, -0.7; 95% CI, -18.4 to 17.0). The 

incidence of sepsis and pneumonia were comparable between the two groups; stroke, leg 

ischemia, and bleeding were numerically higher in the VA-ECMO group (Table 4). Similarly, 

the incidence of serious adverse events was comparable between the subgroup of 81 patients 

treated with immediate VA-ECMO in any of the arms and the subgroup of 36 patients in the 

early conservative arm without downstream VA-ECMO use (“as-treated” analysis) (Table 

S5). 

 

Discussion 

Among patients with rapidly progressing or severe cardiogenic shock, immediate 

implementation of VA-ECMO did not improve 30 days clinical outcomes. Immediate VA-

ECMO therapy was not associated with an increased incidence of adverse events and a 

substantial proportion of patients in the early conservative therapy group required VA-ECMO 

later during their hospital stay. 
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Despite recent advances in diagnostic tools and therapeutic interventions, cardiogenic shock 

continues to have high mortality. Cardiogenic shock is a clinical syndrome with various 

etiologies, phenotypes, and presentations 1, 14. The definitions of cardiogenic shock vary 

widely based on the presence of hypotension and hypoperfusion, whereas more accurate 

hemodynamic criteria, confirmation of structural heart disease, or evidence for sufficient heart 

filling are frequently not required for diagnosis 2, 3, 5, 15. The severity of cardiogenic shock was 

recently classified in a statement from the Society for Cardiovascular Angiography and 

Interventions (SCAI) and endorsed by other major cardiovascular societies 1. The aim of our 

study was to compare immediate VA-ECMO with an early conservative therapy in patients 

with rapidly deteriorating or severe cardiogenic shock, defined according to hemodynamic 

criteria, evidence of structural heart disease, and parameters of tissue hypoperfusion that best 

correspond to stage D-E of the SCAI classification. Therefore, the ECMO-CS trial population 

matches well with the conditions in which mechanical circulatory support may—or should 

be—considered according to the current guidelines or scientific statements 5-8. Based on the 

study protocol, for ethical reasons, VA-ECMO could be used in the early conservative group 

later in case of clearly defined further hemodynamic worsening, which was also considered a 

clinically relevant end point. VA-ECMO was used for this indication in a substantial 

proportion of patients.  

Although the incidence of the composite primary end point in our study was higher 

than anticipated, we failed to demonstrate that immediate implementation of VA-ECMO in 

severe or rapidly deteriorating cardiogenic shock improved outcomes compared with an early 

conservative approach. This observation is, in part, in good agreement with the first, small 

randomized trial reporting equal outcomes with VA-ECMO compared with medical therapy 9, 

10. However, our study compared immediate VA-ECMO implementation with an early 

conservative therapy and allowed downstream use of VA-ECMO in the early conservative 
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group. The allowance of VA-ECMO insertion in the early conservative arm in case of further 

hemodynamic worsening on inotropes and vasopressors makes interpretation of the results 

more difficult. However, there are ethical reasons to allow MCS if pharmacological 

stabilization fails, which is a frequent clinical scenario.  

Currently, there is no evidence from randomized controlled trials, supporting the use 

of mechanical circulatory support in cardiogenic shock. The large IABP-Shock II trial (Intra-

Aortic Balloon Pump in Cardiogenic Shock II) randomized 600 patients with acute 

myocardial infarction complicated with cardiogenic shock to routine intra-aortic balloon 

pump use or conservative care 2. The use of balloon pump was not associated with a reduction 

in 30-day all-cause mortality (39.7% versus. 41.3%; P=0.69) 2 and based on these results 

routine use of balloon pumps is not recommended 5-8. More evidence for the use of 

mechanical circulatory support in cardiogenic shock may be derived from the results of the 

four large ongoing randomized clinical trials (EURO-SHOCK, ANCHOR, ECLS-SHOCK, 

DanGer Shock) 8, 12, 16, 17. All these trials are focused on cardiogenic shock caused by acute 

myocardial infarction. The ECLS-SHOCK and EURO-SHOCK trials compare VA-ECMO 

and conservative therapy, the ANCHOR trial compares VA-ECMO plus intra-aortic balloon 

pump and conservative therapy, and DanGer Shock trial compares Impella and conservative 

therapy. In contrast to our study, VA-ECMO (or Impella) use is not recommended in the 

conservative arms in these trials 9, 11, 16, 17.  

The incidence of adverse events in our study was similar in the early VA-ECMO and 

early conservative therapy groups. This observation contradicts several other studies reporting 

a higher occurrence of complication(s) with VA-ECMO in patients with cardiogenic shock 18-

21. However, safety outcomes in the present study could also be influenced by the fact that a 

substantial proportion of the early conservative group also received VA-ECMO or another 

MCS device later and the interpretation is difficult due to limited sample size. 
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Our trial has limitations. First, all patients who participated were white, 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 also was no upper age 

limit for enrollment but exclusion criteria included life expectancy less than one year. Second, 

the trial was designed and the sample size was calculated to find a difference in a composite 

primary outcome. Therefore, all other results must be considered hypothesis generating. The 

small sample size also precluded subgroup analyses. The sample size was calculated based on 

the assumption of 54% incidence of the primary end point in the conservative group 

(assuming 40% mortality 2, 20% incidence of the implantation of another mechanical 

circulatory of whom 60% would survive, and 2% incidence of successfully resuscitated 

cardiac arrest without MCS in the conservative group) and 50% reduction of primary endpoint 

in the VA-ECMO group. We acknowledge that a presumed reduction in the primary endpoint 

of 50% may be excessive, but considering the meta-analysis reporting a 33% reduction in 30-

day mortality with ECMO vs. balloon pump 22 and a lower need for other mechanical support 

in the early VA-ECMO group we believe it was justified; however, it precludes adequate 

evaluation of clinically important benefits from early VA-ECMO below this threshold. Thus, 

larger studies are needed to evaluate smaller, but clinically relevant, degrees of risk reduction 

with VA-ECMO in patients with cardiogenic shock. Third, as mentioned above, the trial did 

not compare VA-ECMO with conservative therapy but immediate VA-ECMO with early 

conservative strategy permitting “bailout” VA-ECMO therapy in case of hemodynamic 

worsening. The results should, therefore, be interpreted accordingly. Furthermore, the 

definition of shock progression allowing VA-ECMO placement in the early conservative arm 

is not perfect. It was based on the rise of lactate that cannot cover all characteristics of the 

extremely complex hemodynamic situation and is also influenced by lactate clearance. Also, 

strategies for venting of the possibly overloaded left ventricle by increased afterload caused 
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by VA-ECMO were not specified in the protocol and these interventions, if needed, were 

performed at the discretion of the attending physicians and according to local practice at the 

individual participating centers. Inadequate use of left ventricular unloading might impair the 

outcomes in the immediate VA-ECMO arm. However, intra-aortic balloon pump was used in 

6 patients in the immediate VA-ECMO arm already at randomization and another 7 patients 

received a percutaneous or surgical left-ventricular assist device later; therefore, a substantial 

proportion of VA-ECMO-treated patients underwent unloading. Fourth, the trial was 

unblinded and the end points were not adjudicated. Finally, inclusion criteria for the study 

were based on shock severity defined by intensity of vasoactive therapy, hemodynamic or 

metabolic parameters and the evidence of cardiac pump failure, not on the specific etiologies. 

Exclusion criteria included several specific conditions that may cause or influence cardiogenic 

shock, including high suspicion of pulmonary embolism, cardiac tamponade, bradycardia, 

tachycardia, aortic regurgitation, or hypertrophic obstructive cardiomyopathy. Moreover, 

cardiac arrest survivors remaining comatose were also excluded. Therefore, our results cannot 

be generalized to all etiologies of shock and to all concomitant conditions and should be 

interpreted in the context of the inclusion criteria.  

In conclusion, immediate implementation of VA-ECMO in patients with rapidly 

deteriorating or severe cardiogenic shock (corresponding to SCAI stage D-E) was feasible but 

did not improve clinical outcomes compared with an early conservative approach permitting 

downstream use of VA-ECMO in cases of hemodynamic worsening. 
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Table 1. Inclusion criteria 

Patients must fulfil criteria for rapidly deteriorating or severe cardiogenic shock:  
 

   
Rapidly deteriorating cardiogenic shock (best corresponds to SCAI stage D-E) 

 

 

Defined as progressive hemodynamic instability necessitating repeated bolus 
administration of vasopressors to maintain mean arterial pressure > 50 
mmHg + impaired left ventricle systolic function (Left ventricle ejection 
fraction (LVEF) < 35% or LVEF 35-55% in case of severe mitral 
regurgitation or aortic stenosis) 

Severe cardiogenic shock (best corresponds to SCAI stage D) 
 All following criteria should be met: 
 1. Hemodynamic:  

 
 

Cardiac Index (CI) < 2.2 L/min/m2 + norepinephrine dose > 0.1 
μg/kg/min + dobutamine dose > 5 μg/kg/min  

or  

 

Systolic blood pressure < 100 mmHg + norepinephrine dose > 0.2 
μg/kg/min + dobutamine dose > 5 μg/kg/min + (LVEF < 35% or 
LVEF 35-55% + severe mitral regurgitation or aortic stenosis) 

 

  
2. Metabolic:  

 

Lactate – two consecutive values ≥ 3 mmol/L (with at least 30 min 
between samples), with non-decreasing trend on steady doses of 
inotropes and/or vasopressors 

or  

 

SvO2 – two consecutive values < 50% (with at least 30 min 
between measurements), with non-increasing trend on steady 
doses of inotropes and/or vasopressors 

  
3. Hypovolemia must be excluded:  

 

Central venous pressure > 7 mmHg or pulmonary capillary wedge 
pressure > 12 mmHg 
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Table 2. Baseline characteristics 

Characteristic All VA-ECMO Conservative P-value 
   N = 117 N = 58 N = 59   
Sex - no. (%) 
     Male 86 (73.5 %) 43 (74.1 %) 43 (72.9 %) 0.878 
     Female 31 (26.5 %) 15 (25.9 %) 16 (27.1 %)  
Age - years (IQR) 66 (59; 73) 67 (60; 74) 65 (58; 71) 0.356 
Medical history - no. (%)     
     Chronic coronary syndrome 39 (34.2 %) 21 (37.5 %) 18 (31.0 %) 0.467 
     Chronic heart failure 27 (23.7 %) 14 (25.0 %) 13 (22.4 %) 0.745 
     Dilated cardiomyopathy 15 (13.3 %)  6 (10.9 %)  9 (15.5 %) 0.471 
     Chronic renal failure 16 (14.2 %)  7 (12.5 %)  9 (15.8 %) 0.616 
     Periphery artery disease 10 (8.8 %)  3 (5.5 %)  7 (11.9 %) 0.324 
     Hypertension 73 (64.0 %) 35 (62.5 %) 38 (65.5 %) 0.737 
     Diabetes 37 (32.5 %) 16 (28.6 %) 21 (36.2 %) 0.384 
     Current smoker 41 (36.9 %) 14 (25.9 %) 27 (47.4 %) 0.019 
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) 0.960 

     Systolic blood pressure (mmHg) 85.0 (80.0; 100.0) 84.0 (80.0; 95.0) 89.0 (79.5; 105.0) 0.282 

     Mean arterial pressure (mmHg) 63.3 (55.3; 72.0) 63.3 (56.7; 68.7) 64.5 (54.3; 75.3) 0.289 

     Heart rate (beats/min) 102.0 (84.0; 120.0) 110.0 (86.5; 130.0) 100.0 (82.0; 110.0) 0.076 

Therapy at randomization - no. (%) 
     Intra-aortic balloon pump 15 (13.3 %) 6 (10.9 %) 9 (15.5 %) 0.471 

     Mechanical ventilation 81 (72.3 %) 41 (74.5 %) 40 (70.2 %) 0.605 

     Renal replacement therapy 7 (6.2 %) 4 (7.3 %) 3 (5.2 %) 0.712 

     Norepinephrine   100 (85.5 %) 50 (86.2 %) 50 (84.7 %)  
          Norepinephrine  dose [μg/kg/min] 0.50 (0.23; 1.24) 0.48 (0.23; 1.36) 0.50 (0.27; 1.19) 0.741 

     Epinephrine   4 (3.4 %) 1 (1.7 %) 3 (5.1 %)  

 

D
ow

nloaded from
 http://ahajournals.org by on N

ovem
ber 9, 2022

  rejstřík



  10.1161/CIRCULATIONAHA.122.062949 

22 
 

          Epinephrine  dose [μg/kg/min] 0.26 (0.14; 0.80) 0.21 (0.21; 0.21) 0.30 (0.07; 1.30) 0.999 
     Dobutamine 64 (54.7 %) 31 (53.4 %) 33 (55.9 %)  
          Dobutamine dose [μg/kg/min] 5.1 (4.9; 8.0) 6.1 (5.0; 9.7) 5.1 (4.7; 7.6) 0.492 

     Milrinone 38 (32.5 %) 22 (37.9 %) 16 (27.1 %)  
          Milrinone dose [μg/kg/min] 0.40 (0.30; 0.50) 0.40 (0.30; 0.50) 0.40 (0.37; 0.51) 0.389 

     Vasopressin  41 (35.0 %) 19 (32.8 %) 22 (37.3 %)  
          Vasopressin dose [U/kg/min] 0.0017 (0.0010; 0.0025) 0.0020 (0.0010; 0.0030) 0.0017 (0.0012; 0.0022) 0.824 

          Levosimendan 32 (29.4 %) 20 (37.0 %) 12 (21.8 %) 0.081 
          Vasoactive-inotropic score - median (IQR) 61.0 (30.0; 124.0) 59.9 (32.8; 121.5) 61.0 (28.0; 124.9) 0.976 

Cause of cardiogenic shock 
     ST-elevation myocardial infarction 59 (50.4 %) 30 (51.7 %) 29 (49.2 %) 0.854 
     Non-ST-elevation myocardial infarction 14 (12.0 %) 7 (12.1 %) 7 (11.9 %) 0.999 
     Decompensation of chronic heart failure 27 (23.1 %) 14 (24.1 %) 13 (22.0 %) 0.829 
     Mechanical complications of myocardial infarction 3 (2.6 %) 1 (1.7 %) 2 (3.4 %) 0.999 
     Other 14 (12.0 %) 6 (10.3 %) 8 (13.6 %) 0.777 

Other causes of cardiogenic shock include myocarditis, aortic stenosis and mitral regurgitation. IQR, interquartile range 
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Table 3. Incidence of the composite primary end point, individual components of the composite primary end point and secondary composite 

outcomes 

End point - no. (%) VA-ECMO Conservative Risk difference (95% CI) 
Hazard ratio  
(95% CI) 

  N = 58 N = 59     
Composite primary outcome - composite of death from any 
cause, implantation of another mechanical circulatory support, 
resuscitated cardiac arrest 

37 (63.8 %) 42 (71.2 %) -7.4 (-24.3 to 9.5) 0.721 (0.463; 1.123) 

 
Death 29 (50.0 %) 28 (47.5 %) 2.5 (-15.6 to 20.7) 1.110 (0.660; 1.866) 

Another mechanical circulatory support 10 (17.2 %) 25 (42.4 %) -25.1 (-41.1 to -9.2) 0.380 (0.182; 0.793) 
Resuscitated cardiac arrest 6 (10.3 %) 8 (13.6 %) -3.2 (-15.0 to 8.5) 0.790 (0.274; 2.277) 

 

Composite of death from any cause or resuscitated cardiac 
arrest 

31 (53.4 %) 32 (54.2 %) -0.8 (-18.9; 17.3) 1.037 (0.633; 1.700) 

Composite of death from any cause, implantation of another 
mechanical circulatory support, resuscitated cardiac arrest and 
serious adverse event 

51 (87.9 %) 50 (84.7 %) 3.2 (-9.2; 15.6) 
 

  
CI, confidence interval    
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Table 4. Adverse events 

Adverse event - no. (%) VA-ECMO Conservative 
Risk difference  
(95% CI) P-value 

  N = 58 N = 59     
Serious adverse events 35 (60.3 %) 36 (61.0 %) -0.7 (-18.4 to 17.0) 0.941 
Bleeding 18 (31.0 %) 12 (20.3 %) 10.7 (-5.0 to 26.4) 0.185 
Leg ischemia  8 (13.8 %)  3 (5.1 %) 8.7 (-1.8 to 19.2) 0.107 
Stroke  3 (5.2 %)  0 (0.0 %) 5.2 (-0.5 to 10.9) 0.119 
Pneumonia 18 (31.0 %) 18 (30.5 %) 0.5 (-16.2 to 17.3) 0.951 
Sepsis 23 (39.7 %) 23 (39.0 %) 0.7 (-17.0 to 18.4) 0.941 
Technical complications  1 (1.7 %)  0 (0.0 %) 1.7 (-1.6 to 5.1) 0.496 
Bleeding, leg ischemia, stroke 22 (37.9%) 14 (23.7%) 14.2 (-2.3; 30.7) 0.096 
Number of adverse events 
0 23 (39.7%) 23 (39.0%)  0.179 
1 9 (15.5%) 11 (18.6%)   
2 11 (19.0%) 19 (32.2%)   
3 6 (10.3%) 4 (6.8%)   
≥4 8 (13.8%) 2 (3.4%)   
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Figure Legends 

 

Figure 1. Cumulative incidence of the composite primary end point. 

 

Figure 2. Cumulative incidence of all-cause death. 

 

Figure 3. Cumulative incidence of primary composite end point and all-cause death according 

to the type of cardiogenic shock and treatment arms. VA-ECMO, early VA-ECMO arm; 

CONS, early conservative arm. Rapidly deteriorating CS, rapidly deteriorating cardiogenic 

shock (corresponds to the SCAI stage D-E); Severe CS, severe cardiogenic shock 

(corresponds to the SCAI stage D).  
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ABSTRACT

BACKGROUND Atrioventricular block is a frequent major complication after alcohol septal ablation (ASA).

OBJECTIVES The aim of this study was to evaluate the outcomes of patients with implanted permanent pacemaker

(PPM) related to a high-grade atrioventricular block after ASA for hypertrophic obstructive cardiomyopathy.

METHODS We used a multinational registry (the Euro-ASA registry) to evaluate the outcome of patients with PPM after

ASA.

RESULTS A total of 1,814 patients were enrolled and followed up for 5.0 � 4.3 years (median ¼ 4.0 years). A total of

170 (9.4%) patients underwent PPM implantation during the first 30 days after ASA. Using propensity score matching,

139 pairs (278 patients) constituted the matched PPM and non-PPM groups. Between the matched groups, there were no

long-term differences in New York Heart Association functional class (1.5 � 0.7 vs 1.5 � 0.9, P ¼ 0.99) and survival

(log-rank P ¼ 0.47). Patients in the matched PPM group had lower long-term left ventricular (LV) outflow gradient

(12 � 12 mm Hg vs 17 � 19 mm Hg, P < 0.01), more pronounced LV outflow gradient decrease (81% � 17% vs

72% � 35%, P < 0.01), and lower LV ejection fraction (64% � 8% vs 66% � 8%, P ¼ 0.02) and were less likely to

undergo reintervention (re-ASA or myectomy) (log-rank P ¼ 0.02).

CONCLUSIONS Patients with hypertrophic obstructive cardiomyopathy treated with ASA have a 9% probability of PPM

implantation within 30 days after ASA. In long-term follow-up, patients with PPM had similar long-term survival and New

York Heart Association functional class but lower LV outflow gradient, a more pronounced LV outflow gradient decrease,

a lower LV ejection fraction, and a lower likelihood of reintervention compared with patients without PPM.
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A lcohol septal ablation (ASA) is used
to treat symptomatic patients with
hypertrophic obstructive cardiomy-

opathy (HOCM).1-4 Because of the proximity
of the perfusion territory of the coronary ar-
tery septal branches to the cardiac conduc-
tion system (especially the right bundle
branch), a significant complication of ASA-
induced targeted myocardial necrosis is peri-
procedural atrioventricular (AV) block
requiring implantation of a permanent pace-
maker (PPM) in 7% to 20% of cases.5-9

Currently, very limited evidence is avail-
able on the outcomes of these patients.10,11

Based on a multinational European registry

(the Euro-ASA registry) of patients who underwent
ASA for HOCM, we determined the short- and long-
term outcomes of patients with PPM implanted for
high-grade ASA-related AV block. Furthermore, we
used propensity score matching analysis to compare
the outcomes of patients with and without PPM.

METHODS

DIAGNOSIS AND PATIENTS. The diagnosis of HOCM
was established by experienced cardiologists based
on typical clinical, electrocardiographic, and echo-
cardiographic features; patients had to have a left
ventricular (LV) outflow tract gradient $30 mm Hg
at rest and/or $50 mm Hg after provocation.

TABLE 1 Clinical and Echocardiographic Characteristics of Study Patients at Baseline and at the Last Clinical Checkup

Unmatched Cohort Matched Cohort

PPM Group
(N ¼ 170)

Non-PPM Group
(N ¼ 1,644) P Value

PPM Group
(N ¼ 139)

Non-PPM Group
(N ¼ 139) P Value

Age, years 62.5 � 12.1 57.5 � 13.6 <0.001 60.6 � 11.8 60.1 � 11.6 0.713

Females 85 (50) 839 (51) 0.809 71 (51) 72 (52) 1.000

ASA alcohol dose, mL 2.2 � 1.1 2.1 � 1.2 0.038 2.2 � 1.1 2.0 � 1.1 0.059

Alcohol dose during the first ASA, mL 2.1 � 1.0 2.0 � 0.9 0.021 2.1 � 1.0 1.9 � 0.8 0.031

Bundle branch block before ASA 55 (33) 203 (12) <0.001 45 (33) 26 (19) 0.013

Basal septum thickness (mm)
Baseline 20.1 � 3.3 20.7 � 3.8 0.101 20.2 � 3.3 20.0 � 2.7 0.982
Last clinical checkup 14.9 � 4.1 15.7 � 4.0 0.013 15.0 � 4.1 15.7 � 3.6 0.069

NYHA functional class
Baseline 2.8 � 0.5 2.7 � 0.6 0.017 2.8 � 0.5 2.7 � 0.5 0.497
Last clinical checkup 1.5 � 0.8 1.4 � 0.9 0.030 1.5 � 0.7 1.5 � 0.9 0.989

NYHA functional class III/IV
Baseline 129 (77) 1111 (68) 0.018 106 (76) 104 (75) 0.889
Last clinical checkup 17 (11) 141 (11) 0.782 10 (8) 21 (18) 0.021

Angina, CCS class
Baseline 1.1 � 1.2 1.0 � 1.1 0.471 1.2 � 1.2 1.1 � 1.1 0.367
Last clinical checkup 0.4 � 0.7 0.5 � 0.8 0.089 0.5 � 0.7 0.5 � 0.7 0.854

LV outflow gradient at rest, mm Hg
Baseline 76.6 � 41.9 67.5 � 35.1 0.015 71.8 � 37.5 69.7 � 34.0 0.737
Last clinical checkup 13.2 � 20.2 17.6 � 19.8 <0.001 11.9 � 12.3 17.1 � 18.9 0.002
>30 mm Hg 13 (8) 260 (16) 0.003 12 (9) 23 (17) 0.069

Percent LV outflow gradient decrease at last clinical
checkup, %

80.9 � 17.3 70.4 � 30.8 <0.001 80.8 � 16.6 71.7 � 35.2 0.001

LV diameter, mm
Baseline 44.2 � 6.3 44.3 � 6.3 0.857 44.5 � 6.2 45.5 � 6.4 0.389
Last clinical checkup 46.7 � 6.0 46.0 � 5.9 0.209 46.8 � 6.1 46.9 � 5.8 0.986

LV ejection fraction, %
Baseline 67.7 � 8.8 69.7 � 8.4 0.015 68.4 � 7.9 67.8 � 8.0 0.395
Last clinical checkup 63.3 � 9.2 66.5 � 8.0 <0.001 63.5 � 8.4 66.1 � 7.9 0.022

Left atrium diameter, mm
Baseline 46.8 � 6.2 45.7 � 6.4 0.016 46.8 � 6.1 46.1 � 5.3 0.205
Last clinical checkup 46.2 � 7.1 44.6 � 6.7 0.003 46.3 � 7.2 45.1 � 6.3 0.127

Mean follow-up duration, years Median 4.8 � 4.1
4.0 (1.5, 7.6)

5.0 � 4.4
4.0 (1.3, 7.8)

4.9 � 4.1
4.1 (1.9, 7.6)

4.7 � 4.0
4.0 (1.3, 6.7)

Values are mean � SD, n (%), or median (quartile 1, quartile 3).

ASA ¼ alcohol septal ablation; CCS ¼ Canadian Cardiovascular Society; LV ¼ left ventricular; NYHA ¼ New York Heart Association; PPM ¼ pacemaker.

ABBR EV I A T I ON S

AND ACRONYMS

ASA = alcohol septal ablation

AV = atrioventricular

BBB = bundle branch block

CCS = Canadian Cardiovascular

Society

HOCM = hypertrophic

obstructive cardiomyopathy

ICD = implantable

cardioverter-defibrillator

LV = left ventricular

NYHA = New York Heart

Association

PPM = permanent pacemaker
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The indication for ASA was intractable clinical
symptoms despite maximal pharmacotherapy. The
decision regarding septal reduction therapy (ASA vs
myectomy) was made after detailed multidisciplinary
discussions and shared decision making with
the patients.

INTERVENTIONS. Procedures were performed in
tertiary invasive centers in 6 European countries. All
patients had been prospectively included in institu-
tional registries and subsequently in the Euro-ASA
registry.8 ASA procedures were performed by expe-
rienced interventional cardiologists, with only 1 or 2
interventionalists performing all procedures in each
center. Details of the technique have been published
in the past4,12; the indication and procedural tech-
nique were at the discretion of the participating
centers. There were no major differences in the
technique or methodology of performing ASA among
sites. The post-ASA patients were observed in the
coronary care unit for $48 hours. If no episodes of AV
block occurred, the periprocedural temporary pace-
maker was removed. The indication and technique for
PPM implantation was at the discretion of the treating
clinicians, and PPMs were usually implanted if high-
grade AV block persisted for $24 hours or occurred
later after the procedure.5-7,13

STUDY DESIGN ANDOUTCOMES. Clinical, demographic,
and echocardiographic data and symptoms were
recorded at baseline and during follow-up. Patients
underwent a clinical examination 1 to 6 months after
ASA and every year thereafter. The follow-up pro-
gram included recording of symptoms, physical and
echocardiographic examination, and electrocardiog-
raphy. All clinical adverse events were confirmed by
reviewing the medical records. The survival of
patients treated in the Czech Republic, Russia, and
Denmark were confirmed by the National Database of
Deaths. The survival of patients treated in the other
countries was recently updated by clinical examina-
tion, telephone call, or mail communication. The
study was performed in compliance with the Decla-
ration of Helsinki.

We identified patients with PPM implanted for
high-grade periprocedural AV block (Table 1) and used
the propensity score to match each patient with a
comparable patient without PPM. We then compared
both short- and long-term outcomes in all groups of
patients.

We assessed the following outcomes: 1) 30-day all-
cause mortality rate, 2) long-term all-cause mortality
rate, 3) long-term New York Heart Association (NYHA)
functional class, 4) long-term LV outflow gradient
and percent LV gradient decrease, 5) long-term LV

ejection fraction, and 6) long-term rate of reinter-
vention (re-ASA or myectomy).

STATISTICAL ANALYSIS. All data were assessed and
edited by 2 research statisticians. Data are presented
as mean � SD or median and quartiles (Q1, Q3) in case
of the follow-up duration and numbers and pro-
portions for categoric variables, respectively. The
Mann-WhitneyU test was used to assess the difference
between continuous variables, and the Fisher exact
test was used for categoric variables. We compared
patients with PPMs implanted during 30 days after
ASA (the PPM group) and patients without PPMs
implanted during this period (the non-PPM group). We
calculated a propensity score for the following base-
line variables: sex, age, LV outflow gradient, LV end-
diastolic diameter, basal interventricular septum
thickness, LV ejection fraction, and NYHA functional
class. The propensity score matching was performed
using the PSMATCH procedure (SAS software, version
9.4; SAS) (Supplemental Figure 1). Records with
missing observations for key variables were not
entered into the matching. The calculation yielded 139
patients with PPM (the matched PPM group) and
matched them with 139 patients without PPM (the
matched non-PPM group). To find risk predictors of
all-cause mortality in the matched cohort, the
following baseline variables were evaluated in a
multivariable model using a backward stepwise algo-
rithm for the Cox proportional hazards survival model:
sex, age, LV outflow gradient, LV end-diastolic diam-
eter, interventricular septum thickness, LV ejection
fraction, NYHA functional class I/II or III/IV, bundle
branch block (BBB) before ASA, total alcohol dose, and
distinguishing of the PPM and non-PPM groups of
patients. The same variables were used in a logistic
regression to find risk predictors of PPM implantation

TABLE 2 Predictors of Pacemaker Implantation During 30 Days After Alcohol

Septal Ablation

Odds Ratio 95% CI P Value

NYHA functional class III/IV (reference
category: NYHA functional class I/II)

1.63 1.07-2.49 0.024

Age (per a unit increase [ie, 1 year of age]) 1.02 1.00-1.03 0.029

LV ejection fraction at baseline (per a unit
increase [ie, 1 percentage point increase])

0.97 0.95-1.00 0.014

IVS thickness at baseline (per a unit increase
[ie, 1 mm if thickness increase])

0.94 0.89-0.99 0.026

BBB before ASA (reference category: no BBB
before ASA)

3.56 2.38-5.31 <0.001

Alcohol dose during the first ASA (per a unit
increase [ie, 1-mL increase])

1.36 1.14-1.63 0.001

BBB ¼ bundle branch block; IVS ¼ interventricular septum; LV ¼ left ventricular; NYHA ¼ New York Heart
Association.
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in which the year of ASA also was performed as a pre-
dictor in the form of 2 categories (ASA in 1996-2009
and ASA in 2010 and later), and instead of the total
alcohol dose, the alcohol dose during the first ASA was
used. Estimates for long-term outcomes were per-
formed using the Kaplan-Meier method (including
95% CIs), and differences were assessed by the log-
rank test. P < 0.05 was considered statistically signif-
icant. All reported P values were 2-sided. All analyses
were performed using SAS software (version 9.4).

RESULTS

A total of 1,977 consecutive patients with symptomatic
HOCM underwent ASA between 1996 and 2021 and
were registered in the Euro-ASA registry, which is a
multinational European registry of ASA patients.8 For
the analysis, we excluded 163 (8.2%) patients,
including 15 (0.8%) patients with myectomy before
ASA, 126 (6.4%) patients with a PPM or implantable
cardioverter-defibrillator (ICD) implanted before ASA,
and 22 (1.1%) patients with an ICD implanted for the
prevention of sudden cardiac death during 30 days
after ASA. The mean follow-up duration of these
patients (n ¼ 163) was 5.3 � 5 years, and a total of 22 of
these patients died, which translated to an all-cause
mortality rate of 2.5 per 100 patient-years.

UNMATCHED COHORT. We analyzed 1,814 ASA pa-
tients (Table 1). A total of 16 (0.9%) patients died
during 30 days after ASA, including 2 (1%) in the PPM

group and 14 (0.9%) in the non-PPM group (P ¼ 0.66)
(Supplemental Table 1).

The PPM group was composed of 170 (9.4%) pa-
tients, 150 (88%) of whom received a PPM during the
first post-ASA week and 20 (12%) a PPM between day
8 and day 30 after the procedure. Later, PPMs were
implanted in a further 56 (3%) patients at a mean of
3.6 � 3.7 years after ASA.

Patients in the PPM group were older (P < 0.01),
more often had a BBB before ASA (P < 0.01), had a
higher NYHA functional class before ASA and at the
last clinical checkup (P ¼ 0.02 and P ¼ 0.03),
received a higher total alcohol dose (P ¼ 0.04), had a
higher LV outflow gradient before ASA (P ¼ 0.02)
and a lower LV outflow gradient at the last clinical
checkup (P < 0.01), had a lower basal septum
thickness at the last clinical checkup (P ¼ 0.01), had
a larger left atrial diameter before ASA and at the
last clinical checkup (P ¼ 0.02 and P ¼ 0.003), and a
lower LV ejection fraction before ASA and at the last
clinical checkup (P ¼ 0.02 and P < 0.01) (Table 1). In
multivariable analysis, the predictors of PPM im-
plantation were older age at baseline, worse NYHA
functional class (III/IV), lower LV ejection fraction,
lower basal septum thickness, higher alcohol dose
during the first ASA, and a BBB before ASA (Table 2).
Patients #60 years were less likely to undergo
PPM implantation than older patients (6.5% vs
12.7%, P < 0.01) (Figure 1).

Overall, the mean duration of follow-up was 5.0 �
4.3 years, and a total of 245 deaths occurred during
9,066 patient-years, which translated to an all-cause
mortality rate of 2.7 per 100 patient-years. Freedom
from all-cause mortality in the PPM group (N ¼ 170) at
1, 5, and 10 years was 98% (95% CI: 94%-99%), 88%
(95% CI: 79%-92%), and 78% (95% CI: 65%-86%),
respectively. This observed mortality was comparable
with the mortality of the non-PPM group (N ¼ 1,644)
(log-rank P ¼ 0.91, Central Illustration).

A total of 194 (11%) patients underwent repeated
septal reduction procedures (re-ASA or myectomy)
attributable to persisting symptoms and/or LV
outflow gradient. The Kaplan-Meier curves describing
reinterventions rates are shown in Figure 2A; patients
in the PPM group were less likely to undergo rein-
terventions (log-rank P ¼ 0.03).

MATCHED COHORT. The matched cohort analysis
comprised 278 patients with 139 patients in the
matched PPM group and 139 in the matched non-PPM
group. One (0.4%) patient died during 30 days
after ASA, including 0 patients and 1 patient in the
matched PPM group and the non-PPM group
(P ¼ 1.00), respectively (Supplemental Table 1).

FIGURE 1 Percent of Permanent Pacemakers (PPMs) Implanted

Relationship between the patient’s age and the probability of PPM implantation within

30 days after alcohol septal ablation (ASA).
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Patients in the matched PPM group more often had
a BBB before ASA (P ¼ 0.01), were treated with a
higher dose of alcohol during the first ASA (P ¼ 0.03),
had a more pronounced reduction of LV outflow
gradient and a lower LV outflow gradient at the
last clinical checkup (P < 0.01 for both), had a lower
LV ejection fraction at the last clinical checkup
(P ¼ 0.02), and had a lower proportion of patients
who had NYHA functional class III/IV in comparison
to the non-PPM group (P ¼ 0.02) (Table 1). The mean
duration of follow-up was 4.9 � 4.1 years, and a total
of 33 deaths occurred during 1,335 patient-years,
translating to an all-cause mortality rate of 2.5 per
100 patient-years.

Freedom from all-cause mortality in the matched
PPM group at 1, 5, and 10 years was 98% (95% CI:
94%-100%), 89% (95% CI: 80%-94%), and 78%
(95% CI, 61%-88%), respectively. This observed mor-
tality was comparable with the survival of the
matched non-PPM group (P ¼ 0.47) (Central
Illustration). In multivariable analysis, the predictors
of all-cause mortality were older age at baseline
(P < 0.01) and BBB before ASA (P ¼ 0.01). A total of 24
(9%) patients underwent repeated septal reduction
procedures. Patients in the matched PPM group

were less likely to undergo reinterventions (log-rank
P ¼ 0.02, Figure 2B).

DISCUSSION

To our knowledge, this is the first study with pro-
pensity score matching analysis evaluating short- and
long-term outcomes of patients with HOCM who
underwent ASA and received a PPM for periproce-
dural AV block. We report the following principal
findings: 1) PPMs were implanted in 9.4% of patients
during 30 days after ASA and in addition in 3.1% of
patients during follow-up; 2) baseline predictors of
PPM implantation within 30 days of ASA were older
age, worse NYHA functional class (III/IV), lower LV
ejection fraction, lower basal septum thickness,
higher alcohol dose during the first ASA, and BBB
before ASA; 3) short- and long-term mortality rates
were similarly low in all evaluated groups; 4) in the
long-term follow-up, patients in the matched PPM
group had a lower LV ejection fraction (still in the
normal range), lower LV outflow gradient, more
pronounced reduction of LV outflow gradient, and a
lower proportion of patients had NYHA functional
class III/IV in comparison to the non-PPM group; and

CENTRAL ILLUSTRATION Survival of Paced Versus Nonpaced Patients After Alcohol Septal Ablation

ASA = Alcohol Septal Ablation; PPM = Permanent Pacemaker; Non-PPM = Non Permanent Pacemaker
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Kaplan-Meier survival curves with 95% CIs describing the freedom from all-cause mortality in (A) the permanent pacemaker (PPM) versus the non-PPM groups and

(B) the matched PPM versus the matched non-PPM groups.
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5) the rate of reinterventions was significantly lower
in the paced patients.

The most frequent significant post-ASA complica-
tion is high-grade AV block requiring PPM implanta-
tion.4-8 The cause for this lies in the anatomical
proximity of the target perfusion territory of the
coronary artery septal branches to the conduction
system. In this regard, our current results are in line
with previous reports indicating that the occurrence
of post-ASA high-grade AV block requiring PPM
placement is approximately 10%,7-9,14 with 97% of
these AV blocks occurring within 5 days after ASA.7,12

In the past, it has been convincingly shown that
certain factors play a key role in the risk of PPM im-
plantation after ASA. Among the most important fac-
tors are preprocedural conduction abnormalities,
especially a left BBB.4-6,11 Also, it has been demon-
strated that the age of patients is a significant factor
contributing to post-ASA conduction disturbances.
For example, Batzner et al15 recently reported
ASA-related PPM ratios of 4%, 9%, and 14% in
patients <40 years, 40 to 60 years, and $60 years of
age, respectively. Interestingly, the procedural expe-
rience of the center performing ASA may significantly
influence these results. Along this line, we have re-
ported that centers with an overall volume >50 ASA
procedures implanted fewer postprocedure PPMs than
centers with less experience (9% vs 15%, P < 0.01).16

Another factor influencing the likelihood of PPM im-
plantation is the type of financial ownership of the
hospital where the procedure is performed. Lam et al13

identified in the 2010 to 2015 U.S. Nationwide

Readmissions Databases 1,296 patients who under-
went ASA; 14% of these received PPMs and 11% ICDs
during the index hospitalization. Notably, private
hospital ownership independently predicted a 2 times
increased probability of PPM or ICD implantation.
Moreover, both devices were mostly implanted within
3 days after ASA. Thus, a “watch-and-wait” strategy
may be used more in governmentally owned hospitals
and may reduce the rate of implanted PPM after ASA.13

In the present study, we confirmed the results of
previous studies regarding the higher risk of ASA-
related PPM implantation in elderly patients, and
we found that patients #60 years of age were almost
half as likely to undergo PPM implantation than pa-
tients >60 years of age (7% vs 13%). Furthermore, we
found additional independent predictors of PPM im-
plantation, including a worse NYHA functional class
(III/IV), lower LV ejection fraction, and lower basal
septum thickness, respectively. Alcohol dose during
the procedure also plays a role because on average a
10% higher dose was used in patients requiring PPMs
compared with those who did not receive PPM.

The long-term implications of PPM implantation
after ASA are scarcely reported.10,11,17,18 In terms of
long-term outcomes of patients with PPM after ASA, 3
results of the present study are of special importance.
First, PPM implantation did not translate into
worsened long-term mortality. Second, PPM patients
had a more pronounced decrease in the LV outflow
gradient during long-term follow-up, which may be
caused by both the more aggressive ASA (higher dose
of alcohol used during the procedure and smaller

FIGURE 2 Repeated Reduction Procedures After Alcohol Septal Ablation

Kaplan-Meier curves with 95% CIs describing the freedom from repeated septal reduction therapy in (A) the permanent pacemaker (PPM) versus the non-PPM groups

and (B) the matched PPM versus the matched non-PPM groups.
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septal thickness, Table 1) and the long-term syner-
gistic effects of PPM pacing on LV hypercontractility
and LV ejection fraction.18 This highlights the difficult
clinical choice between more ablation with better
gradient reduction but a higher pacemaker rate.
Third, the lower LV outflow gradient after ASA in
patients with PPM was linked with a lower probability
of reintervention.

STUDY LIMITATIONS. The limitations of this
study include the following: first, we did not have
functional pacing data, but from our previous study
of a smaller number of patients, it appears that two-
thirds of patients were mostly independent of PPM
pacing.10 Second, although patients in this study were
followed for an average of more than 5 years, some
complications of PPM can occur later, which could
affect future longer-term outcomes. Third, this study
was based on the currently largest reported registry of
ASA patients. Nevertheless, the sample size of PPM
patients (N ¼ 170) was limited, and only 278 patients
(139 pairs) were included in propensity score match-
ing. These 2 factors somewhat limit the predictive
value of survival-related parameters as well as pro-
pensity score matching, which included only 15% of
the 1,814 enrolled patients.

CONCLUSIONS

Patients with HOCM treated with ASA have a 9.4%
probability of PPM implantation within 30 days after
ASA. In this long-term follow-up, patients with PPMs
had lower LV outflow gradient, more pronounced LV
outflow gradient decrease, lower LV ejection fraction,
and lower likelihood of reintervention but similar
long-term survival and mean NYHA functional class
compared with patients without PPMs.
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ORIGINAL ARTICLE

Multiparametric Strategy to Predict Early Disease 
Decompensation in Asymptomatic Severe Aortic 
Regurgitation
Radka Kočková , MD, PhD; Hana Línková, MD; Zuzana Hlubocká , MD, PhD; Karel Mědílek, MD; Martin Tuna , MD, PhD;  
Jan Vojáček, MD, PhD; Ivo Skalský, MD, PhD; Štěpán Černý MD, PhD; Jiří Malý, MD, PhD; Jaroslav Hlubocký, MD, PhD;  
Takuya Mizukami , MD, PhD; Cristina De Colle, MD; Martin Pěnička, MD, PhD

BACKGROUND: Use of the current echocardiography-based indications for aortic regurgitation (AR) surgery might result in late valve 
replacement at the stage of irreversible myocardial damage. Therefore, we aimed to identify simple models combining multiple 
echocardiography or magnetic resonance imaging (MRI)–derived indices and natriuretic peptides (BNP [brain natriuretic peptide] 
or NT-proBNP [N-terminnal pro-B type natriuretic peptide]) to predict early disease decompensation in asymptomatic severe AR.

METHODS: This prospective and multicenter study included asymptomatic patients with severe AR, preserved left ventricular 
ejection fraction (>50%), and sinus rhythm. The echocardiography and MRI images were analyzed centrally in the CoreLab. 
The study end point was the onset of indication for aortic valve surgery as per current guidelines.

RESULTS: The derivative cohort consisted of 127 asymptomatic patients (age 45±14 years, 84% males) with 41 (32%) end 
points during a median follow-up of 1375 (interquartile range, 1041–1783) days. In multivariable Cox regression analysis, age, 
BNP, 3-dimensional vena contracta area, MRI left ventricular end-diastolic volume index, regurgitant volume, and a fraction 
were identified as independent predictors of end point (all P<0.05). However, a combined model including one parameter of AR 
assessment (MRI regurgitant volume or regurgitant fraction or 3-dimensional vena contracta area), 1 parameter of left ventricular 
remodeling (MRI left ventricular end-diastolic volume index or echocardiography 2-dimensional global longitudinal strain or E 
wave), and BNP showed significantly higher predictive accuracy (area under the curve, 0.74–0.81) than any parameter alone 
(area under the curve, 0.61–0.72). These findings were confirmed in the validation cohort (n=100 patients, 38 end points).

CONCLUSIONS: In asymptomatic severe AR, multimodality and multiparametric model combining 2 imaging indices with 
natriuretic peptides, showed high accuracy to identify early disease decompensation. Further prospective studies are 
warranted to explore the clinical benefit of implementing these models to guide patient management.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02910349

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: aortic valve ◼ echocardiography ◼ magnetic resonance imaging ◼ natriuretic peptide, brain ◼ prognosis 

See Editorial by Fontana and Ioannou

Aortic regurgitation (AR) is the third most common1–6 
valvular heart disease affecting mainly younger 
males.1,4 Severe chronic AR may be clinically silent 

for a long time but eventually leads to heart failure with 

reduced life expectancy.1,3,7 It is of note that even before 
the onset of symptoms or left ventricular (LV) decompen-
sation, severe AR is associated with increased annual 
mortality.7–9 This suggests relative insensitivity of current 
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guidelines triggers for early aortic valve (AV) interven-
tion.10–12 Moreover, a non-negligible number of patients 
undergoing AV surgery have already irreversible myo-
cardial damage with a negative impact on their long-
term outcome.10,13 However, perioperative mortality has 
decreased with novel surgical techniques and periopera-
tive care.8,9,11 However, the clinical decision of whether or 
not to indicate early AV intervention remains challenging.

Cardiac magnetic resonance imaging (MRI) is an 
accurate and reproducible technique to assess aortic 

flow and LV remodeling.6,14 In asymptomatic patients with 
preserved LV ejection fraction (EF), we have observed 
high accuracy of the MRI-derived quantification of AR to 
identify individuals in need of early AV surgery.15 How-
ever, a multiparametric strategy involving not only AR 
quantification but also an assessment of LV remodeling, 
natriuretic peptides, or different imaging modalities may 
be more accurate to guide clinical decisions toward early 
AV intervention. Therefore, the present study aimed to 
identify simple models including multiple echocardio-
graphic or MRI-derived indices and natriuretic peptides 
to predict early disease decompensation in asymptom-
atic patients with severe AR and preserved LV EF. The 
accuracy of these models was tested in an external vali-
dation cohort.

METHODS
Deidentified data on which this work is based will be available, 
they can be requested from the corresponding author, upon 
reasonable request.

Design
The study was a prospective, multicenter, and observational, 
conducted in six tertiary centers (5 derivation cohorts in the 
Czech Republic, and 1 external validation cohort in Belgium). 
In the derivative cohort, analysis of all the echocardiographic 
and MRI images was performed in a CoreLab located in one 
of the tertiary cardiology centers (Institute for Clinical and 
Experimental Medicine, Prague), which is the holder of the 
European Association of Cardiovascular Imaging Laboratory 
accreditation for advanced echocardiography. The MRI images 
were analyzed by a physician holding a European Association of 
Cardiovascular Imaging Level 3 Diploma in Cardiovascular MRI. 
The readers were blinded to all other data and outcomes. In the 
validation cohort, the echocardiography and MRI imaging were 
performed and analyzed in the Cardiovascular Center Aalst.

Patients
The derivative cohort consisted of consecutive asymptomatic 
patients (n=127, age 45±14 years, 84% males) with isolated 
severe AR referred to all 5 participating centers for AR assess-
ment between March 2015 and May 2019. As per study proto-
col,15 only adult patients in sinus rhythm with LV EF >50%, LV 
end-diastolic diameter ≤70 mm, and LV end-systolic diameter 
≤25 mm/m2 with a single valve lesion were included. Patients 
with poor echocardiographic image quality, contraindications 
for MRI, or severe comorbidities limiting life expectancy (<3 
years) were excluded. The severity of AR was established uti-
lizing an integrative echocardiographic approach according to 
the American Society of Cardiology and European Association 
of Cardiovascular Imaging recommendations.14 The absence of 
symptoms was validated using exercise testing. The validation 
cohort consisted of consecutive asymptomatic patients (n=100, 
age 46±15 years, 82% males) included in the Cardiovascular 
Center Aalst according to the same eligibility criteria. The study 
protocol and informed consent were approved by the Ethics 
committees in all participating centers.15

Nonstandard Abbreviations and Acronyms

AR aortic regurgitation
BNP brain natriuretic peptide
ECV extracellular volume
EDVI end-diastolic volume index
EF ejection fraction
ESVI end-systolic volume index
LV left ventricle
MRI magnetic resonance imaging
RF regurgitant fraction
RV regurgitant volume

CLINICAL PERSPECTIVE
The optimal timing of surgical treatment in asymptom-
atic patients with chronic severe aortic regurgitation 
remains challenging. A current approach integrating 
symptoms, echocardiography-derived aortic regurgi-
tation assessment, and left ventricular remodeling is 
rather insensitive to detect ongoing myocardial dam-
age and the need for early aortic valve intervention. 
In the present study of 127 patients the age, serum 
level of brain natriuretic peptide, echocardiography-
derived 3-dimensional vena contracta area, mag-
netic resonance–derived left ventricular end-diastolic 
volume index, regurgitant volume and fraction were 
independent predictors of early disease progression 
leading aortic valve surgery. However, a multiparamet-
ric model combing markers of (1) aortic regurgitation 
severity, (2) a marker of left ventricular remodeling, 
and (3) brain natriuretic peptide serum level, showed 
higher predictive accuracy than any parameter alone. 
A comprehensive examination of asymptomatic 
patients with moderate to severe chronic aortic regur-
gitation using echocardiography, cardiac magnetic 
resonance, and serum brain natriuretic peptide might 
be useful. The presented multiparametric model helps 
to identify patients with a high likelihood of early dis-
ease progression and aortic valve surgery. However, 
further clinical studies are warranted to show if early 
surgery will result in a better outcome in asymptom-
atic patients with chronic severe aortic regurgitation 
and a high risk of early disease progression.D
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Study Protocol
At baseline, all patients underwent comprehensive 2-dimen-
sional (2D) and 3D echocardiography, exercise testing, and 
blood sample analysis in the participating centers. All MRI 
examinations were performed in a single center where the 
CoreLab was located. A total of 60 (47%) patients underwent 
MRI on the same day as baseline echocardiography while the 
remaining patients were referred for MRI within 2 weeks after 
enrollment. During the follow-up, every 6 months the clinical, 
biochemical, and echocardiographic data were recorded in 
each participating center. The decision about further patient 
management was left to the experienced heart valve team in 
the particular center. The follow-up data on AV surgery, hospi-
talization, and mortality were obtained using the hospital data-
base and population registry.

Study end point was the onset of indication for AV surgery 
as per current guidelines.1

Echocardiography
A comprehensive 2D and 3D echocardiography was performed 
using Vivid 7, Vivid E9, and Vivid E95 (GE Healthcare, Horten, 
Norway) ultrasound system according to the study protocol 
described in detail previously.15 Blood pressure and heart rate 
were recorded during examination in all patients. At least 3 R-R 
loops were recorded for each meticulously optimized view, digi-
tally stored, and analyzed offline in the CoreLab. The average 
measurements from all 3 loops were databased.

Grading of AR Severity
The AR severity was graded utilizing recommended algorithm 
of the American Society of Cardiology integrating qualitative, 
semiquantitative, and quantitative measures.14 The only devia-
tion from this algorithm was in quantitative measurement as 
the majority of included patients (n=95; 74.8%) had other than 
a 3-cusp aortic valve with eccentric or multiple jets. A flow 
convergence method is less accurate in this setting; thus, the 
stroke volume measurement of regurgitant volume (RV) and a 
regurgitant fraction (RF) was preferred. In brief, the left ven-
tricular outflow tract area was measured using 3D echocar-
diography at the annulus during systole and the mitral annulus 
was measured using 2D echocardiography in 2 perpendicular 
planes in mid-diastole. The pulsed-wave Doppler signal was 
recorded at the same level of left ventricular outflow tract and 
mitral annulus. The RV of AR was calculated from the follow-
ing equation: RV Strokevolume StrokevolumeLVOT Mitral annulus= − .
14 Severe AR was defined by the presence of ≥ 4 of the fol-
lowing criteria: flail leaflet, VC width >6 mm, jet width ≥65% of 
left ventricular outflow tract, large flow convergence, pressure-
half-time <200 ms, prominent holodiastolic flow reversal in the 
descending aorta, and dilated LV with normal function, RV ≥60 
mL, and RF ≥50%

Cardiac MRI was performed on a 1.5 Tesla scanner 
(Magnetom Avanto fit, Siemens). Blood pressure and heart 
rate were recorded during each examination. A blood sample 
for hematocrit assessment, needed for extracellular volume 
calculation (ECV), was drawn just before the examination. 
All dynamic scans were performed during a breath-hold last-
ing 10 to 20 s with retrospective electrocardiography-gating. 
Left ventricular volumes and EF were calculated in a CoreLab 

using a stack of short-axis steady-state free precession cine 
sequences (8 mm slice thickness, 0 mm gap) with a thorough 
correction for the valve position utilizing commercially avail-
able software (Segment CMR, Medviso AB 2018, Sweden). 
Through-plane phase-contrast velocity mapping scans (6 mm 
slice thickness, 0 mm gap) were performed according to study 
protocol15 meticulously perpendicular to blood flow at several 
levels of the aortic root aiming to be as close as 5 mm above 
the tips of valve leaflets in systole but avoiding the turbulence. 
Background velocity offset errors were corrected using the sta-
tionary phantom and post-processing correction using software 
Segment CMR before forward and backward flow calculations. 
RV and fraction were averaged from 3 measurements. A sin-
gle breath-hold electrocardiography-triggered phase-sensitive 
inversion recovery gradient echo sequence was utilized for late 
gadolinium enhancement 8 to 15 minutes after administration 
of 0.19 mL/kg of 1-molar gadolinium-based contrast agent 
(Gadobutrol, GadovistW, Byer, Germany). Modified Look-Locker 
Inversion recovery sequence (field of view 360×301 mm, 
matrix 118×256, slice thickness 8 mm, voxel size 1.4 mm×1.4 
mm×8 mm, echo time 1.1 ms, repetition time 359 ms, flip angle 
35°, bandwidth 1.085 Hz/Pixel) was acquired in basal-to-mid 
LV short-axis sequence before and 15 minutes after contrast 
administration for native T1 relaxation time and ECV calcula-
tion. A detailed description of the study protocol was published 
previously.15,16 The normal value for native T1 relaxation time on 
the same scanner is 980±22 ms.

Statistical Analysis
Normality distribution of continuous variables was assessed 
visually with histograms and with the Shapiro-Wilk test. 
Continuous variables were summarized by using the mean and 
SD or the median and interquartile range. Categorical variables 
were presented as frequency counts and percentages. Fisher 
exact test was used to compare 2 categorical variables, while 
the Mann-Whitney U test was performed for the comparison of 
2 continuous ones. Correlation between variables was assessed 
by Pearson or Spearman test as appropriate. The hazard func-
tion was plotted by using spline regression for MRI-derived 
RV, MRI-derived RF, MRI-derived LV end-diastolic volume 
index, 3D echocardiography vena contracta area (3D VCA), 
echocardiography-derived LV global longitudinal strain (GLS), 
BNP (brain natriuretic peptide), to assess the appropriate GWI 
cut off points (hazard ratio, 1) for study end point. The Kaplan-
Meier analysis and the Log-rank test were used to compare 
the cumulative incidence of the time-dependent binomial end 
points between patients with lower and higher MRI-derived RV, 
MRI-derived RF, MRI-derived LV end-diastolic volume index, 
BNP, 3D VCA, and transmitral E wave. Cox proportional hazard 
regression method was used to test the association between 
baseline variables and end point; results are presented as 
hazard ratio (95% CI). Proportional hazard assumptions were 
assessed by Schoenfeld residuals. Univariable and multivari-
able ROC curves were constructed to derive the area under the 
curve (AUC) of baseline variables to predict the end point. The 
backward selection procedure was used for building all multi-
variate models. The predictive accuracy of these models was 
tested on an external validation cohort. All statistical tests were 
considered significant at the P<0.05 level. All analyses were 
performed using the Statistical Package for Social Sciences, 
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version 25.0 (SPSS, PC version, Chicago, IL) or R software, 
version 3.6.1 (R Project for Statistical Computing).

RESULTS
Baseline Characteristics
Baseline clinical and imaging characteristics are 
shown in Tables 1 and 2, respectively. The study 
sample consisted of 127 patients (age 45±14 years, 
84% males). All patients enrolled in the study were 
asymptomatic, in sinus rhythm, and with preserved LV 
EF. Using the echocardiography-derived integrative 
approach, all patients had severe AR, that is, grade III 
and IV, respectively, in 68 (54%) and 59 (46%) indi-
viduals. The cause of AR was a congenitally abnormal 
bicuspid valve in the majority of patients (n=90; 71%). 
Four (3%) patients had a history of coronary artery 
disease. Almost half of the individuals (49%) had 
hypertension. There were no significant differences in 

blood pressure and heart rate between the echocar-
diography and MRI examinations.

Clinical Outcome
During a median follow-up of 1375 (interquartile range, 
1041–1783) days, a new indication for AV surgery, 
that is, study end point, was documented in 41 (32%) 
participants. The indication for AV surgery was onset 
of symptoms (n=34; 83%) and LV systolic dysfunction 
(n=7; 17%). Frequent ventricular ectopy leading to the 
deterioration of LV function developed in 2 patients. 
Individuals with versus without end point tended to be 
older (P=0.10) and were more frequently using thiazide 
diuretics (P=0.0264). All remaining clinical characteris-
tics including medication were similar (Table 1). Patients 
with end point showed more advanced LV remodeling 
as documented by significantly higher BNP, larger LV 
end-diastolic diameter at echocardiography, LV volumes, 
and LV mass at MRI (all P<0.05). In contrast, LV EF and 

Table 1. Baseline Clinical Characteristics

 Total (n=127) − End point (n=86) + End point (n=41) P value 

Age, y 45±14 44±14 49±14 0.10

Male sex, N (%) 107 (84) 73 (85) 34 (83) 0.78

Hypertension, N (%) 60 (47) 38 (45) 22 (54) 0.42

Diabetes, N (%) 6 (5) 5 (6) 1 (2) 0.78

Hyperlipidemia, N (%) 34 (27) 23 (27) 11 (26) 1.00

Smoker, N (%) 20 (16) 16 (19) 4 (10) 0.20

Coronary artery disease, N (%) 4 (3) 3 (3) 1 (2) 1.00

Previous cardiac surgery, N (%) 4 (3) 4 (5) 0 (0) 0.30

Stroke, N (%) 2 (2) 1 (1) 1 (2) 1.00

Aspirin, N (%) 13 (10) 9 (11) 4 (10) 1.00

Oral anticoagulants, N (%) 7 (6) 4 (5) 3 (7) 0.69

ACE inhibitors/ARBs, N (%) 63 (50) 41 (48) 22 (54) 0.59

Beta-blockers, N (%) 31 (24) 21 (24) 10 (24) 1.00

Calcium channel blockers, N (%) 23 (18) 12 (14) 11 (26) 0.14

Thiazide diuretics, N (%) 17 (13) 7 (8) 10 (23) 0.0264

Statins, N (%) 25 (19) 15 (17) 10 (23) 0.48

Height, cm 180±9 180±8 179±9 0.44

Weight, kg 85±14 84±14 85±13 0.58

Systolic blood pressure, mm Hg 135±17 134±16 138±17 0.14

Diastolic blood pressure, mm Hg 71±12 72±11 68±13 0.09

Heart rate, bpm 66±14 65±15 63±11 0.34

Sinus rhythm, N (%) 127 (100) 86 (100) 41 (100) 1.00

Serum creatinine, μmol/L 86±17 86±16 87±18 0.85

Aortic valve morphology

 Trileaflet, N (%) 21 (17) 13 (15) 8 (20) 0.15

 Bicuspid, N (%) 90 (71) 65 (76) 25 (61)

 Unicuspid/quadricuspid, N (%) 5 (4) 4 (5) 1 (2)

 Unknown, N (%) 11 (9) 4 (5) 7 (16)

Values are means±SDs, median (interquartile range), or numbers (percentage). ACE/ARBs indicates angiotensin-converting enzyme/
angiotensin receptor blockers.
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markers of diffuse myocardial fibrosis were similar. The 
end point group tended to have lower LV GLS (P=0.07) 
and showed more impaired LV diastolic function (P <0.05) 
than patients without end point (Table 2). We observed a 
higher prevalence of grade IV AR using an integrative 
approach, larger 3D VCA, MRI-derived RV, and RF of AR 
(all P<0.05) in the end point group. Out of 41 patients 
with AV surgery indication, a total of 34 (83%) patients 
effectively underwent AV surgery, whereas in the remain-
ing ones the surgery was postponed because of patients’ 
refusal or epidemic. Twenty-one (62%) and 13 (38%) 

patients, respectively, underwent isolated AV surgery and 
AV surgery plus concomitant aortic root replacement. The 
AV-sparing surgery was performed in 29% of individuals, 
while AVR using a bioprosthetic or mechanical valve in 
29% or 32%, respectively, and the Ross procedure in 
9%. The AV surgery was successful in all patients. Peri-
operative and 30-day mortality was 0. One patient died 
6 months after AV replacement due to early prosthetic 
infective endocarditis. All the remaining patients were 
alive at the end of the follow-up. No patient needed redo 
AV surgery. A total of 32 (78%) surgically treated patients 

Table 2. Baseline Imaging Characteristics

 Total (n=127) − End point (n=86) + End point (n=41) P value 

LV assessment

 B-natriuretic peptide, ng/L 67 (119) 43 (65) 117 (42) <0.001

 2D ECHO end-diastolic diameter, mm 58±6 57±6 60±6 0.0418

 2D ECHO end-systolic diameter, mm 37±5 36±5 38±6 0.16

 2D ECHO end-systolic diameter index, mm/m2 18±3 18±3 18±3 0.29

 3D ECHO end-diastolic volume, mL 174±50 168±40 179±54 0.08

 3D ECHO end-diastolic volume index, mL/m2 83±25 81±23 86±23 0.18

 3D ECHO end-systolic volume, mL 67±24 65±20 65±28 0.10

 3D ECHO end-systolic volume index, mL/m2 32±11 31±10 31±12 0.32

 3D ECHO ejection fraction, % 62±5 62±6 62±6 0.81

 2D ECHO global longitudinal strain, % 19±3 19±2 18±2 0.07

 Transmitral E wave velocity, cm/s 66±17 68±17 60±14 0.0263

 Transmitral E/A wave ratio 1.2±0.5 1.2±0.7 1.1±0.4 0.0289

 Septal annular e′, cm/s 9±3 9±3 9±3 0.65

 Lateral annular e′, cm/s 12±4 12±4 11±4 0.30

 E/e′ ratio 9±3 7±3 8±3 0.67

 MRI end-diastolic volume, mL 237±64 217±70 268±71 <0.001

 MRI end-diastolic volume index, mL/m2 116±29 108±24 130±31 <0.001

 MRI end-systolic volume, mL 93±33 85±38 107±40 0.0078

 MRI end-systolic volume index, mL/m2 45±15 40±16 52±19 0.0104

 MRI ejection fraction, % 61±6 61±7 61±6 0.82

 MRI LV mass, g 182±48 172±43 205±50 <0.001

 MRI LV mass index, g/m2 85±24 82±23 99±20 <0.001

 MRI native T1 relaxation time, ms 1020±30 1017±31 1025±29 0.12

 MRI extracellular volume fraction, % 24±3 24±4 24±2 0.95

 Presence of myocardial scar, N (%) 26 (20) 17 (21) 9 (22) 0.92

AR assessment

 Integrative approach

  AR grade IV, N (%) 59 (46) 34 (39) 25 (61) 0.0386

 2D ECHO vena contracta width, mm 6.3±1.5 6.1±1.6 6.6±1.5 0.11

 Diastolic flow reversal velocity, cm/s 19±4 18±4 21±4 <0.001

 2D ECHO regurgitant volume, mL 79±59 73±56 104±64 0.11

 2D ECHO regurgitant fraction, % 46±16 45±15 49±16 0.19

 3D ECHO vena contracta area, mm2 (92%) 29±12 25±13 34±14 0.0013

 MRI regurgitation volume, mL 47±28 36±24 65±31 <0.001

 MRI regurgitation fraction, % 37±16 32±14 46±16 <0.001

Values are means±SDs or numbers (percentage). 2D indicates 2-dimensional; 3D, 3-dimensional; AR, aortic regurgitation; ECHO, echocar-
diography; LV, left ventricle; and MRI, magnetic resonance imaging.
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underwent a follow-up MRI study analyzed in a CoreLab, 
which showed a significant LV reverse remodeling with a 
decrease in LVEDVI (123±31 mL/m² vs 78±23 mL/m²; 
P<0.001), LV end-systolic volume index (LVESVI; 48±19 
mL/m² vs 36±13 mL/m²; P<0.001), and LV mass index 
(98±22 g/m² vs 75±15 g/m²; P<0.001).

Predictors of Clinical Outcome
Figure 1 shows the association between selected param-
eters and end point using spline curve analysis. In general, 
indices related to AR assessment versus LV remodeling 
had a larger area under the curve to identify individu-
als with future end points (Table 3). In multivariable Cox 

regression analysis, age, BNP, 3D VCA, MRI-derived LV 
end-diastolic volume index, RV, and RF were identified as 
independent predictors of end point (Table 4). However, a 
combined model including one parameter of AR assess-
ment, one parameter of LV remodeling, and BNP showed 
significantly higher predictive accuracy than any single 
parameter alone. Using MRI-derived indices, the largest 
area under the curve was observed for a combination of 
either RV (Figure 2A) or RF (Figure 2B) with LVEDVI 
and BNP. Hazard ratio to predict end point significantly 
increased with 2 to 3 indices exceeding cutoff values 
(hazard ratio, 12.45 [95% CI, 2.9–53.38]; P=0.0012) 
compared with only one parameter (hazard ratio, 3.81 
[95% CI, 0.81–17.93]; P=0.09). At echocardiography, 

Figure 1. Association between the onset of indication for aortic valve surgery.
A, Magnetic resonance imaging (MRI)-derived regurgitant volume (MRI RV); (B) 3-dimensional echocardiography-derived vena contracta 
area (3D ECHO VCA); (C) MRI-derived regurgitant fraction (MRI RF); (D) 2-dimensional echocardiography-derived left ventricular (LV) global 
longitudinal strain (2D ECHO LV GLS); (E) MRI-derived LV end-diastolic volume index (MRI LVEDVI); (F) Brain natriuretic peptide (BNP). Risk 
(hazard ratio) increased with MRI RV ≥ 43 ml, MRI RF ≥35%, MRI LVEDVI ≥112 ml/m², 3D ECHO VCA ≥28 mm², 2D ECHO LV GLS <18% 
and BNP ≥ 40 ng/l.
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a combined model using 3D VCA, 2D GLS (Figure 3A), 
or transmitral E wave (Figure 3B), and BNP yielded the 
largest area under the curve, which was, nevertheless, 
smaller than that of the MRI-derived models. Figure 4 
shows an example of the model combining MRI- and 
echocardiography-derived parameters with BNP.

Validation in the External Test Cohort
The test cohort included 100 consecutive patients with 
38 end points during a median follow-up of 1252 (inter-
quartile range, 902–1534) days. The baseline charac-
teristics between the derivation and the validation cohort 
were similar (Table S1). Performance of models com-
bining MRI- and/or echocardiography-derived indices 
and natriuretic peptides to identify patients with early 
disease progression remained robust in the validation 
cohort (Table S2). MRI-based models showed higher 

performance than echocardiography-derived models 
(AUC, 0.85–0.87 versus 0.72–0.75, respectively).

Reproducibility
Intraobserver and interobserver reproducibility was 
tested on 10 randomly selected patients’ echocardiog-
raphy and MRI datasets for MRI-derived RV and RF, 
LVEDVI and LVESVI, 3D VCA, 2D VC width, GLS, native 
T1 relaxation time using intraclass correlation coefficient. 
The intraobserver and interobserver intraclass correlation 
coefficient, respectively, was >0.94 and >0.82 suggest-
ing high reproducibility.

DISCUSSION
In asymptomatic patients with severe AR, preserved LV 
EF, and LV end-systolic diameter, we have demonstrated 

Table 3. Predictive Accuracy of Selected Parameters to Identify Patients Who Developed AV Surgery Indication

 AUC (95% CI) Cutoff value Sensitivity, % Specificity, % 

Age, y 0.61 (0.50–0.72) 45 69 63

BNP, ng/L 0.71 (0.60–0.81) 40 74 63

ECHO LVEDVI, mL/m² 0.58 (0.45–0.71) 92 41 80

2D ECHO GLS, % 0.61 (0.49–0.73) −17 34 84

Transmitral E wave velocity, cm/s 0.64 (0.53–0.75) 57 50 75

MRI LVEDVI, mL/m² 0.64 (0.51–0.76) 124 59 74

MRI LVESVI, mL/m² 0.61 (0.47–0.74) 54 53 80

MRI LVEDV, mL 0.63 (0.51–0.75) 252 59 66

2D ECHO integrative approach 0.59 (0.49–0.69) Grade IV AR 59 58

3D VCA, mm² 0.66 (0.54–0.78) 36 50 82

MRI RV, mL 0.71 (0.60–0.81) 45 72 63

MRI RF, % 0.72 (0.62–0.82) 34 78 57

2D indicates 2-dimensional; 3D, 3-dimensional; 3D VCA, 3D echocardiography VCA; AR, aortic regurgitation; AUC, area under the curve; AV, aortic 
valve; BNP, brain natriuretic peptide; ECHO, echocardiography; GLS, global longitudinal strain; LVEDV, left ventricle end-diastolic volume; LVEDVI, 
left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume index; MRI, magnetic resonance imaging; MRI LVEDVI, MRI-
derived LV end-diastolic volume index; MRI RF, MRI-derived RF; MRI RV, MRI-derived RV; RF, regurgitant fraction; RV, regurgitant volume; and VCA, 
vena contracta area.

Table 4. Independent Predictors of Aortic Valve Surgery Indication

 

Univariable analysis Multivariable analysis

HR (95% CI) P value HR (95% CI) P value 

Age 1.05 (1.00–1.10) 0.0474 1.02 (0.93–1.12) 0.34

Log BNP 4.14 (2.05–8.35) 0.0098 4.67 (1.91–11.31) <0.001

2D GLS 0.87 (0.75–1.00) 0.05   

Transmitral E wave velocity 0.98 (0.96–1.00) 0.05   

3D VCA 1.05 (1.02–1.09) <0.001 1.04 (1.01–1.07) 0.0086

MRI LVEDVI 1.02 (1.01–1.03) 0.0043 1.01 (0.99–1.02) 0.55

MRI RV 1.02 (1.01–1.04) <0.001 1.02 (1.01–1.03) 0.0352

MRI RF 1.04 (1.02–1.06) <0.001 1.04 (1.01–1.06) 0.0071

2D indicates 2-dimensional; 3D VCA, 3-dimensional echocardiography vena contracta area; BNP, brain natriuretic peptide; GLS, 
global longitudinal strain; HR, hazard ratio; LVEDVI, left ventricular end-diastolic volume index; MRI, magnetic resonance imaging; MRI 
LVEDVI, MRI-derived LV end-diastolic volume index; MRI RF, MRI-derived RF; MRI RV, MRI-derived RV; RF, regurgitant fraction; and 
RV, regurgitant volume.
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that the multiparametric strategy combining 2 imag-
ing parameters, for example, one to quantify AR sever-
ity and another one to assess LV remodeling or subtle 
LV dysfunction, with natriuretic peptide showed higher 
accuracy than any parameter alone to identify individuals 
with early disease progression. In general, parameters of 
AR severity assessment performed better than indices 
of LV remodeling or function. Models involving either 
MRI alone or in combination with echocardiography 
plus natriuretic peptides showed higher accuracy than 
models including only echocardiography and natriuretic 
peptides. MRI showed added value mostly for AR quanti-
fication where it outperformed all standard echocardiog-
raphy measurements with exception of 3D VCA, which 
is, however, not routinely used. These advocates for the 
more liberal implementation of MRI in an asymptomatic 
patient with severe AR at the early stage of the disease.

Management of Severe AR
Chronic AR results in a combined volume and pressure 
overload of the LV17,18 leading to LV dilatation, increase in 
LV mass and, if untreated, LV decompensation resulting in 
heart failure and/or premature death. In contrast, timely 
surgical treatment is associated with significant reverse 
remodeling and perhaps normalization of LV structure and 
function.19 However, the currently recommended approach 
integrating echocardiography-derived AR quantifica-
tion, LV EF, and LV end-systolic diameter is insensitive to 
identifying patients with early adverse clinical course.20,21 
This has been demonstrated by several large studies 
showing, in mainly asymptomatic patients with severe AR 
and normal LV EF, better both preoperative and postop-
erative survival in individuals with LV end-systolic diameter 
indexed (I) below the currently recommended threshold 
for AV intervention.10–12,20,22 Corroborating these results, 

Figure 2. Magnetic resonance imaging (MRI) model combining MRI-derived regurgitant volume (MRI RV; A) or regurgitant 
fraction (MRI RF; B), left ventricular end-diastolic volume index (LVEDVI) and BNP (brain natriuretic peptide) show a larger 
area under the curve than any single parameter alone (P<0.001).
Hazard ratio (HR) to predict end point significantly increased with 2-3 parameters exceeding cutoff values, derive by using spline curve 
analysis, compared to any parameter alone. AUC indicates area under curve.

Figure 3. Echocardiography (ECHO) model including ECHO-derived 3-dimensional vena contracta area (ECHO 3D VCA), 
2-dimensional global longitudinal strain (2D GLS; A) or transmitral E wave (B) and BNP (brain natriuretic peptide) shows a 
larger area under the curve than any single parameter alone (P<0.001).
Hazard ratio (HR) to predict end point significantly increased with 2–3 parameters exceeding cutoff values, derive by using spline curve 
analysis, compared to any parameter alone. AUC indicates area under curve.
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in the present study, a significant proportion of asymp-
tomatic patients with normal LV EF and ESDI <25 mm/
m2 developed symptoms during relatively a short time. 
Patients with early disease decompensation had a higher 
prevalence of grade IV AR per echocardiography integra-
tive approach with a relatively low area under the curve 
of 0.59 to predict end point. In contrast, MRI-derived RF 
(AUC, 0.72) and 3D echocardiography VCA (AUC, 0.66) 
showed the highest accuracy to predict the onset of AV 
surgery indication. Consistently with previously published 
data of Myerson et al, 3 Harris et al,23 and Vejpongsa et 
al,24 the prognostically valuable thresholds of MRI-derived 
RV >45 mL and RF >34% were much lower (Myerson 
RV >42 mL, RF >33%; Harris RV >50 mL, RF ≥37%; 
and Vejpongsa RF >35%)3,23,24 then traditional echocar-
diography cut off values of severe AR (RV ≥60 mL, RF 
≥50%).6,14 Indices of LV remodeling, both at echocar-
diography and MRI, had lower predictive accuracy (AUC, 
0.58–0.64) to identify early disease decompensation 
probably reflecting the very early AR stage in our study. In 
recent studies, myocardial scar, GLS, increased ECV index 
for body surface area, and BNP have been associated 
with the early adverse course of reduced survival before 
or after AV surgery.7,13,24–28 These markers showed a rela-
tively low predictive value in our patient group comprising 
a rather younger population with fewer comorbidities at 
early disease stage. Yet, we observed impaired GLS, dia-
stolic function, the more frequent presence of myocardial 
scar in late gadolinium enhancement, lower values of T1 
relaxation time, and increased BNP in patients with end 
points implying subtle myocardial damage. In addition, in 
the present study, 24 patients who underwent a periop-
erative myocardial biopsy, showed an increased extent of 
myocardial fibrosis of 16±7%, whereas the normal range 
is 1% to 7%.19,29,30 Thus, optimal timing of AV intervention 
is crucial to prevent irreversible changes and to achieve 
an optimal long-term outcome. In this regard, single indi-
ces of AR quantification showed independent predictive 

value to identify the onset of symptoms or LV dysfunction, 
yet their performance remains suboptimal (AUC, 0.72) to 
guide clinical decision-making between early intervention 
or watchful waiting strategy. Therefore, a combination of 
several indices may provide more robust results. In the 
present study, a simple model including 3 parameters 
showed a significantly larger area under the curve to pre-
dict the end point than any single parameter alone. This 
suggests that a multiparametric strategy may improve risk 
stratification in the early stage of AR and facilitate patient 
management.

Limitations
Cardiac MRI showed the best predictive accuracy out 
of all tested imaging and biochemical markers in the 
present study. However, we have to admit that this car-
diac imaging method is not routinely available to all 
cardiology centers. The method is costly and requires 
expertise and tight collaboration of technologists, cardi-
ologists, and radiologists.

The majority of patients were under 50 years of age, 
and 71% had a bicuspid AV with frequently presented 
an eccentric regurgitant jet making the conventional 
echocardiography AR quantification difficult. This might 
explain that the best predictive echocardiography marker 
was 3D VCA instead of traditional echocardiography 
parameters. Moreover, 3D VCA is not routinely measured 
in clinical practice and requires a certain level of exper-
tise. However, both availability of MRI/3D echocardiog-
raphy equipment and expertise within heart valve centers 
is growing. Thus, these limitations may not significantly 
hamper the generalizability of these results.

Conclusions
Asymptomatic patients with severe AR, not yet fulfill-
ing guidelines indication for AV intervention, may be at 

Figure 4. Multimodality model 
including magnetic resonance 
imaging–derived regurgitant 
fraction (MRI RF), 2- dimensional 
echocardiography-derived global 
longitudinal strain (ECHO 2D GLS) 
and BNP (brain natriuretic peptide).
AUC indicates area under curve; and HR, 
hazard ratio.

D
ow

nloaded from
 http://ahajournals.org by on D

ecem
ber 20, 2022

  rejstřík



Kočková et al Predictive Tool—Asymptomatic Aortic Regurgitation

Circ Cardiovasc Imaging. 2022;15:e014901. DOI: 10.1161/CIRCIMAGING.122.014901 December 2022 908

risk of early disease decompensation. This suggests 
that the current approach integrating echocardiog-
raphy-derived AR assessment and LV remodeling is 
rather insensitive to detecting individuals in need of 
early AV intervention. In the present study, multimodal-
ity and multiparametric model consisting of 3 indices, 
i.e., one parameter of MRI-derived AR quantification 
plus one parameter of either MRI- or echocardiogra-
phy-derived LV dilatation or dysfunction, plus natri-
uretic peptides, showed high accuracy to identify early 
disease decompensation. The performance of these 
models remained robust also in the external validation 
cohort. This suggests that MRI assessment should be 
implemented in eligible patients with asymptomatic 
moderate or severe AR to facilitate clinical decision-
making between early AV intervention versus watchful 
waiting with regular visits at the valve clinic.
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Abstract
Background: Intermediate-high risk acute pulmonary embolism (PE) remains associated with substantial 
mortality despite anticoagulation therapy.
Aims: The aim of this randomised pilot study was to compare catheter-directed thrombolysis to standard 
anticoagulation therapy.
Methods: Intermediate-high risk acute PE patients were admitted to a tertiary care centre (November 2019 
to April 2021) and randomised in a 1:1 ratio to catheter-directed thrombolysis (CDT) or standard anticoagu-
lation. Two catheters were used for the infusion of alteplase (1 mg/hr/catheter; total dose 20 mg) in the CDT 
group. The primary efficacy endpoint targeted improvement of right ventricular (RV) function, a decrease 
in pulmonary pressure, and a reduction of thrombus burden.
Results: Twenty-three patients were included (12 in the CDT group and 11 in the standard care group). 
The primary efficacy endpoint was achieved more frequently in the CDT group than in the standard care 
group (7 of 12 patients vs 1 of 11 patients, p=0.0004). An RV/left ventricular ratio reduction ≥25% (evi-
dent on computed tomography angiography) was achieved in 7 of 12 patients in the CDT group vs 2 of 
11 patients in the standard care group (p=0.03). A systolic pulmonary artery pressure decrease of ≥30% 
or normotension at 24 hrs after randomisation was present in 10 of 12 patients in the CDT group vs 2 of 
11 patients in the standard care group (p=0.001). There was no intracranial or life-threatening bleeding 
(type 5 or 3c bleeding, according to the Bleeding Academic Research Consortium classification).
Conclusions: CDT for intermediate-high risk acute PE appears to be safe and effective. Further research 
is warranted to assess clinical endpoints.
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Abbreviations
CDT catheter-directed thrombolysis
CTA computed tomography angiography
LMWH low-molecular-weight heparin
LV left ventricle
PE pulmonary embolism
PESI pulmonary embolism severity index
RV right ventricle
sPAP systolic pulmonary artery pressure
SPESI simplified pulmonary embolism severity index
USAT ultrasound-assisted local thrombolysis

Introduction
Acute pulmonary embolism (PE) is a common and life-threaten-
ing condition (60/100,000 population annually)1 that is associated 
with high mortality in certain subgroups2. It is essential to identify 
patients at high risk of early death when selecting the optimal thera-
peutic management. The current European Society of Cardiology 
guidelines for the diagnosis and management of acute PE implement 
risk stratification based on haemodynamic instability and the assess-
ment of other prognostic criteria (principally right ventricular [RV] 
dysfunction) and other potentially aggravating factors (e.g., comor-
bidities)3. Intermediate-high risk patients constitute one subgroup of 
acute PE patients, in which the early mortality rate is 6.0-7.7%4. 
Previous efforts to decrease mortality in this subgroup via systemic 
administration of thrombolytic agents have failed; such treatments 
were associated with an increased rate of extra- and intracranial 
bleeding5,6. Thus, systemic thrombolysis is not recommended for 
such patients, and anticoagulation remains the mainstay of acute 
PE therapy without any progress over the last several decades.

CATHETER-DIRECTED THROMBOLYSIS: THE RATIONALE
Catheter-directed thrombolysis (CDT) in the treatment of patients 
with acute PE seeks to rapidly reduce the thrombotic load that 
obstructs the pulmonary arteries, while improving RV function. RV 
dysfunction is a major predictor of poor prognosis in such patients7. 
Low-dose thrombolytic therapy does not appear to be associated 
with an increased risk of intracranial bleeding8-10. Ultrasound-
assisted local thrombolysis (USAT) was recently introduced; it has 
yielded promising results but is expensive and, thus, infrequently 
used9-11. Simple CDT (i.e., without ultrasound) is potentially a low-
cost alternative12 with similar efficacy, as suggested by the SUNSET 
sPE Trial13. Data from prospective randomised trials comparing 
CDT to anticoagulation alone are lacking14.

The main goal of our randomised pilot study was to introduce 
a safe and simple method of CDT in the treatment of patients with 
intermediate-high risk acute PE and to compare it to a standard 
anticoagulation therapy.

Methods
STUDY POPULATION AND DESIGN
Patients >18 years of age with acute PE, who were admitted to 
our tertiary care centre from November 2019 to April 2021, were 

enrolled if they met the inclusion criteria but not the exclusion cri-
teria (Table 1). All patients provided written informed consent to 
participate. The study was approved by our local ethics committee 
and adhered to the tenets of the Declaration of Helsinki.

 After CDT in five patients (feasibility evaluation), all subse-
quent patients were randomised using a simple envelope method 
to CDT and standard care (anticoagulation only) in a 1:1 ratio.

CDT
All procedures were performed by experienced interventional 
cardiologists (V. Kocka, J. Kroupa). All procedures were per-
formed as soon as possible, but within normal working hours. 
After the exclusion of deep vein thrombosis via ultrasound or 
computed tomography (CT), venous access was obtained under 
ultrasound guidance (via the common femoral vein) and a double-
lumen 8 Fr introducer was inserted (Fast-Cath Duo Hemostasis 
Introducer 8 Fr; St. Jude Medical/Abbott). The pulmonary throm-
bus was crossed using a standard diagnostic catheter (Radifocus 
Optitorque TIG 4 Fr; Terumo) by employing either a standard soft 
J-wire (EMERALD Guidewire, Exchange J-Tip 0.81 mm, 260 cm; 
Cordis) or a hydrophilic wire (Radifocus Guidewire M, Stiff type 
[angled]; Terumo). Thrombolytic catheters (Cragg-McNamara 

Table 1. Inclusion and exclusion criteria.

Inclusion criteria

1.  Age >18 years

2.  Computed tomography angiography (CTA)-verified proximal* PE 
AND symptom onset <14 days prior.

3.  Intermediate-high risk PE with a SPESI score ≥1 AND RV 
dysfunction** AND an elevated biomarker *** (hs-troponin I or 
NT-proBNP) level.

Exclusion criteria

1.  Active clinically significant bleeding.

2.  Any haemorrhagic stroke OR a recent (<6 months) ischaemic 
stroke/transient ischaemic attack.

3.  Recent (<3 months) cranial trauma OR another active 
intracranial/intraspinal process.

4.  Major surgery within 7 days prior.

5.  RV/LV ratio <0.7 on transthoracic echocardiography or CTA.

6.  Active malignancy OR other severe illness with expected survival 
<2 years.

7.  Haemoglobin level <80 g/l; international normalised ratio >2.0, 
platelet count ≤100×109; creatinine level >200 µmol/l.

8.  Pregnant or breastfeeding, fertility without previous exclusion of 
gravidity.

9.  Allergic to thrombolytics or heparin or low-molecular-weight 
heparin (LMWH), contrast allergy, a history of heparin-induced 
thrombocytopaenia.

10.  Participation in another clinical trial.

*A perfusion defect in at least one main or one lobar pulmonary artery 
evident on CTA. **RV/LV ratio ≥0.9 on transthoracic echocardiography or 
CTA. ***hs-troponin I (TnI) >53 ng/l (men) or >34 ng/l (women); 
NT-proBNP level >600 pg/ml. LV: left ventricular; PE: pulmonary 
embolism; RV: right ventricular; SPESI: simplified pulmonary embolism 
severity index
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Valved Infusion Catheter 4 Fr; Medtronic) were placed in each of 
the right and left interlobar pulmonary arteries with a short over-
lap in the main pulmonary artery. The catheters featured a 10 cm 
infusion zone; thus, thrombolytic concentrations were high. Fused 
computed tomography angiography (CTA) and real-time fluoro-
scopy were used to guide the catheter placement; no contrast was 
employed. After the catheter placement, a continuous infusion 
of alteplase (Actilyse; Boehringer Ingelheim) at 1 mg/hr/cathe-
ter was commenced and continued for 10 hrs (total dose 20 mg). 
Intravenous unfractionated heparin was continued to a target acti-
vated partial thromboplastin time (aPTT) of 50-60 secs. After the 
local thrombolysis was complete, the catheters were removed and 
anticoagulation with unfractionated heparin (without a bolus) was 
continued to a target aPTT of 70-90 secs. The 8 Fr sheath was 
removed from the femoral vein 60 mins after the alteplase infu-
sion had ended, and the access site was manually compressed for 
10 min.

ANTICOAGULATION
Before randomisation, all patients received intravenous unfrac-
tionated heparin (to a target aPTT of 70-90 secs) or subcutane-
ous low-molecular-weight heparin (LMWH; the full therapeutic 
dose). For patients in the CDT group, the anticoagulation treat-
ment was as described above; among CDT patients who received 
LMWH, the procedure was postponed for 8 hrs after the last 
dose of LMWH. Patients in the standard care group continued 
therapeutic anticoagulation with either unfractionated heparin or 
LMWH.

CTA, ECHOCARDIOGRAPHY AND LABORATORY TESTS
Diagnostic CTA was a component of routine clinical care. 
A second CTA was performed 48 hrs after randomisation in both 
groups. All CTA were performed in the Department of Radiology, 
University Hospital Královské Vinohrady, using a Somatom Drive 
and a Somatom Definition AS (both Siemens). CT scans were 
acquired using a standardised protocol that employed 60-100 ml of 
contrast fluid (Iomeron 400; Bracco). Acquisition was not electro-
cardiogram (ECG)-gated. All CT measurements were performed 
by experienced radiologists and a biomedical engineer (J. Weichet, 
M. Buk, L. Bartova) who had been blinded to group assignment, 
using proprietary Siemens software and Fluoro-CT software 
(Circle Cardiovascular Imaging, version 3.2).

RV AND LV DIAMETER MEASUREMENT
Using Fluoro-CT 3D reconstruction software, the standard four-
chamber view was identified. The distance between the atrio-
ventricular groove and the left ventricular apex was measured; 
the basal third of the interventricular septum was identified 
(Figure 1A). At this point, the LV and RV diameters were meas-
ured in the plane perpendicular to the mid-septum in both the 
short-axis and four-chamber views (Figure 1B). The severity 
of the pulmonary artery tree obstruction was scored using the 
Qanadli method15.

Echocardiography was performed at the time of randomisa-
tion, then repeated 24 hrs later. Standard measurements were per-
formed in accordance with the European Society of Cardiology 
recommendations16,17. The subannular RV/LV ratio was derived as 
suggested by the ULTIMA study10; in brief, end-diastolic dimen-
sions of the RV and LV were measured 1 cm above the tricuspid 
annular plane. All measurements were performed in our local echo 
lab by experienced cardiologists (H. Linkova, O. Ionita) who had 
been blinded to group assignment.

Laboratory tests were performed at the time of randomisation 
(creatinine, troponin hsTnl, and NT-proBNP; a blood count; and 
the aPTT and international normalised ratio [INR] coagulation 
tests) and 48 hrs after randomisation. In CDT patients, additional 
tests (blood count, coagulation parameters) were performed 6 hrs 
after the commencement of local thrombolysis.

ENDPOINTS
PRIMARY ENDPOINTS
1) Effectiveness of CDT, defined as improved RV function (where 

at least two of the following criteria were met):
a. Reduction of the RV/LV ratio by 25% between admission and 

48 hrs post-randomisation, as revealed by CTA.
b. Reduction of the systolic pulmonary artery pressure (sPAP) 

by 30% from baseline or attainment of normotension 
(≤35 mmHg sPAP), as revealed by echocardiography at 
24 hrs post-randomisation.

c. Reduction of the Qanadli score15 by 30% between admission 
and 48 hrs post-randomisation, as revealed by CTA.

2) Safety of CDT, defined as the absence of intracranial or life-
threatening bleeding according to the Bleeding Academic 
Research Consortium (BARC) classification18 (i.e., type 5 or 3c 
bleeding) within 72 hrs post-randomisation.

Figure 1. RV and LV measurements via CTA. A) Identification of the 
basal one-third of the interventricular septum in the four-chamber 
view. B) Measurement of RV and LV diameters in the plane 
perpendicular to the mid-septum on both the short-axis and 
four-chamber views. CTA: computed tomography angiography;  
LV: left ventricle; RV: right ventricle
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SECONDARY ENDPOINTS
1) Technical success of CDT: successful catheter placement fol-

lowed by continuous infusion of alteplase.
2) All bleeding complications (scored using the BARC 

classification).
3) Haemodynamic instability during hospitalisation.
4) Length of hospitalisation.
5) In-hospital mortality.
STATISTICAL ANALYSIS
Statistical analysis was performed using IBM SPSS software ver-
sion 23.0 (IBM). Independent samples t-tests were used to com-
pare the CDT and standard care groups. P-values <0.05 were 
considered statistically significant. Continuous variables are 
expressed as means (± standard deviations [SD]) and categorical 
variables are expressed as numbers (with percentages).

Results
Twenty-three patients with an intermediate-high risk acute PE 
were randomised (12 into the CDT group and 11 into the standard 
care group). The baseline demographic and clinical characteristics 
are summarised in Table 2.

PROCEDURAL CHARACTERISTICS
CDT was successful (i.e., no periprocedural complications) in all 
12 patients. The mean time from admission to intervention was 
25.1 (±12.1) hrs; the mean procedural duration was 44.5 (±8.8) 
mins (commencing with the venous puncture). The mean fluoros-
copy time was 12.8 (±8.4) mins and the mean dose area product 
was 26.5 (±16.1) Gy·cm2. Two catheters were used in all patients 
– one in each of the right and left interlobar pulmonary arteries for 
bilateral thrombolysis.

CTA, ECHOCARDIOGRAPHY AND LABORATORY RESULTS
All data are shown in Table 3.

CTA proceeded without complications in all patients; the 
standard dose of contrast agent was 80 ml. At baseline, the RV/
LV ratios were 1.35 (±0.45) in the CDT group and 1.75 (±0.44) 
in the standard care group (p=0.97). Forty-eight hours after ran-
domisation, the RV/LV ratio was significantly lower in the CDT 
group than in the standard care group (0.88±0.16 vs 1.42±0.44, 
p=0.013). The Qanadli index fell 17.3% in the CDT group and 
11.6% in the standard care group (p=0.45).

Echocardiography did not reveal any significant between-group 
differences. The sPAP tended to be lower 24 hrs after randomisa-
tion in the CDT group than in the standard care group (33.3±9.1 
vs 52.7±17.1 mmHg, p=0.18).

The baseline levels of hsTnl and NT-proBNP were elevated 
in both groups (Table 3). The NT-proBNP levels were higher 
in the standard care group than in the CDT group at baseline 
(6,594.6±6,198.1 vs 3,848.1±2,524.6 ng/l, p=0.01) and 48 hrs 
after randomisation (5,731.2±5,874.1 vs 1,586.6±2,098.6 ng/l, 
p=0.003). The NT-proBNP level improved to a greater extent 
48 hrs after randomisation in the CDT group than in the stand-
ard care group (–2,261.5±1,242.6 vs –863.5±2,790.8 ng/l, p=0.02) 
(Figure 2). There were no between-group differences in any other 
laboratory parameters (creatinine, haemoglobin, platelet, or fibrin-
ogen level; the aPTT; or the INR)

PRIMARY ENDPOINT ANALYSIS
The combined endpoint “effectiveness of catheter-directed 
thrombolysis” was better in the CDT group than in the stand-
ard care group (7 of 12 patients vs 1 of 11 patients, p=0.0004). 
An RV/LV reduction ≥25% (on CTA) was achieved in 7 of 

Table 2. Baseline demographic and clinical characteristics.

CDT group (n=12) Standard care group (n=11) p-value

Characteristic

Age (years) 60.6 (±14.3) 63.5 (±15.1) 0.87

Men (%) 8 (66.7%) 5 (45.5%) 0.33

Body mass index (kg/m2) 31.3 (±5.9) 30.9 (±3.9) 0.35

Comorbidities

Arterial hypertension 9 (75%) 6 (54.5%) 0.10

Diabetes mellitus 0 (0%) 3 (27.3%) <0.001

Coronary artery disease 0 (0%) 1 (9.1%) 0.03

Thromboembolism history 1 (8.3%) 3 (27.3%) 0.02

Malignancy 2 (16.7%) 3 (27.3%) 0.25

Immobilisation 2 (16.7%) 1 (9.1%) 0.30

Previous antithrombotic therapy 2 (16.7%) 2 (18.2%) 0.86

Smoking 3 (25%) 3 (27.3%) 0.82

Clinical characteristics

Systolic BP on admission (mmHg) 141.6 (±22.4) 140.2 (±22.1) 0.87

PESI score 89.8 (±32.4) 102.6 (±19.9) 0.16

BP: blood pressure; CDT: catheter-directed thrombolysis; PESI: pulmonary embolism severity index
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Table 3. CT angiography, echocardiography and laboratory tests.

CDT group (n=12) Standard care group (n=11) p-value

CT angiography
RV diameter (baseline), mm 45.4 (±6.2) 46.8 (±5.5) 0.71

RV diameter (at 48 hrs), mm 38.0 (±8.2) 42.3 (±5.9) 0.66

LV diameter (baseline), mm 36.2 (±10.2) 28.4 (±7.9) 0.50

LV diameter (at 48 hrs), mm 43.4 (±6.5) 32.0 (±8.0) 0.62

RV/LV ratio (baseline) 1.35 (±0.45) 1.75 (±0.44) 0.97

RV/LV ratio (at 48 hrs) 0.88 (±0.16) 1.42 (±0.44) 0.013

RV/LV ratio change (baseline vs 48 hrs after 
randomisation [%]) –29.1 (±24.8) –16.1 (±24.4) 0.22

Qanadli score (baseline) 21.1 (±10.7) 22.3 (±8.0) 0.38

Qanadli score (at 48 hrs) 16.4 (±8.9) 19.2 (±6.8) 0.20

Qanadli score (mean difference from baseline to 48 hrs 
after randomisation [%]) –17.3 (±19.8) –11.6 (±14.2) 0.45

Echocardiography

RV diameter (baseline), mm 48.6 (±6.2) 47.8 (±4.7) 0.21

RV diameter (at 24 hrs), mm 44.5 (±4.8) 46.9 (±4.2) 0.32

LV diameter (baseline), mm 46.4 (±7.0) 36.7 (±4.9) 0.36

LV diameter (at 24 hrs), mm 48.3 (±7.0) 40.6 (±3.7) 0.18

RV/LV ratio (baseline) 1.1 (±0.1) 1.3 (±0.1) 0.83

RV/LV ratio (at 24 hrs) 0.9 (±0.1) 1.2 (±0.2) 0.76

sPAP (baseline), mmHg 51.7 (±11.1) 52.1 (±12.7) 0.89

sPAP (at 24 hrs), mmHg 33.3 (±9.1) 52.7 (±17.1) 0.18

TAPSE (baseline), mm 16.3 (±1.9) 14.6 (±3.5) 0.10

TAPSE (at 24 hrs), mm 22.0 (±3.4) 18.3 (±3.6) 0.84

S' TDI (baseline), cm/s 12.0 (±2.1) 9.8 (±2.3) 0.75

S' TDI (at 24 hrs), cm/s 13.3 (±3.0) 12.2 (±3.8) 0.91

Laboratory tests (ng/l) (ng/l)

Troponin hsTnI (baseline) 244.5 (±241) 365.2 (±329.6) 0.24

Troponin hsTnI (at 48 hrs) 115.2 (±160.9) 93.4 (±75.6) 0.28

Troponin (mean difference from baseline to 48 hrs after 
randomisation) –129.2 (±249.6) –271.7 (±270.6) 0.54

NT-proBNP (baseline) 3,848.1 (±2524.6) 6,594.6 (±6,198.1) 0.01

NT-proBNP (at 48 hrs) 1,586.6 (±2098.6) 5,731.2 (±5,874.1) 0.003

NT-proBNP (mean difference from baseline to 48 hrs 
after randomisation) –2,261.5 (±1242.6) –863.5 (±2790.8) 0.02

aPTT (baseline), secs 80.8 (±56.2) 97.2 (±58.9) 0.50

aPTT (at 48 hrs), secs 61.2 (±28.9) 87.6 (±44.7) 0.13

aPTT: activated partial thromboplastin time; CDT: catheter-directed thrombolysis; CT: computed tomography; LV: left ventricular; PE: pulmonary 
embolism; RV: right ventricular; S' TDI: tissue Doppler imaging-derived tricuspid lateral annular systolic velocity; sPAP: systolic pulmonary artery 
pressure; TAPSE: tricuspid annular plane systolic excursion

12 patients in the CDT group vs 2 of 11 patients in the standard 
care group (p=0.03). An sPAP decrease of ≥30% or the attain-
ment of pulmonary artery normotension at 24 hrs after randomi-
sation was evident in 10 of 12 CDT patients vs 2 of 11 standard 
care patients (p=0.001). Qanadli score reductions ≥30% were 
achieved by 3 of 12 patients in the CDT group vs 2 of 11 patients 
in the standard care group (p=0.45) (Central illustration). The 
“safety of CDT” endpoint was achieved in all patients; no intra-
cranial or life-threatening bleeding (BARC type 5 or 3c) was 
observed in any study participant.

SECONDARY ENDPOINT ANALYSIS
One local bleeding complication developed in the CDT group (an 
access site haematoma of BARC type 2). There were two bleeding 
complications in the standard care group (haematuria in one patient 
[BARC type 2] and renal parenchymal haemorrhage [BARC type 
3a] in one patient with acute kidney ischaemia caused by a para-
doxical renal artery embolism during hospitalisation).

No haemodynamic instability was observed in any patient. 
Positive trends toward a shorter intensive care unit stay (99.3±61.1 
vs 153.5±96.0 hrs; p=0.29) and hospitalisation time (189.8±65.3 
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vs 234.6±98.6 hrs; p=0.16) were more apparent in the CDT group, 
compared to the standard care group. Two patients in the standard 
care group underwent rescue local thrombolysis on clinical grounds 
at 72 and 53 hrs post-randomisation; this led to clinical improve-
ment and reduction of the RV size in both patients. There was zero 
mortality and no hospital readmission at 30-day follow-up.

Discussion
Both primary endpoints were achieved. The combined endpoint 
“effectiveness of catheter-directed thrombolysis” was more com-
mon in the CDT group than in the standard care group, and there were 

no safety concerns, with no occurrence of intracranial or life-threat-
ening bleeding according to the BARC classification in our study.

Patients included in our study appear to be similar to patients in 
the non-randomised PERFECT and USAT CDT studies8-11, despite 
differences in the high-risk stratifications between the European 
Society of Cardiology and the American College of Cardiology/
American Heart Association. Our study was conducted in a large 
tertiary care centre, as were the cited works. Patients treated in 
high-volume centres represent approximately half of all patients 
with acute PE19. The remaining patients (including patients at 
intermediate-high risk) are usually treated (via anticoagulation 
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therapy) in low-volume centres. Patients at intermediate-high risk 
might benefit from transfers to large tertiary care centres where 
other treatment options are available.

Our CDT philosophy was the simplest possible approach. The 
introduction of two 4 Fr catheters via a single dual-lumen intro-
ducer was safe and patient-friendly. The fusion of CTA and real-
time fluoroscopy eliminated any need for contrast, reducing the 
risk of kidney injury. In contrast to the previously published 
papers8-11, we have described the standardised methodology of 
CDT. Radiation time and dose were non-negligible, but a large 
field of view was required; the exposure is reasonable considering 
the clinical severity of intermediate-high risk acute PE.

To our knowledge, no prospective randomised comparison of 
CDT (local thrombolysis alone) with standard anticoagulation 
has been published14. In our pilot study, patients undergoing CDT 
exhibited a greater RV/LV ratio reduction and a greater sPAP 
decrease than patients in the standard care group, without any 
serious bleeding. The dose of the thrombolytic agent and infusion 
duration varied across the studies8-11. Our thrombolytic choice was 
alteplase; the use of one 20 mg vial per patient was practical and 
economical. It may be useful to individualise the dose and dura-
tion of local thrombolytic therapy (based on treatment effects) in 
future studies.

The study was not powered nor prospectively designed to 
analyse cost-effectiveness, but a simple financial assessment is 
possible. The cost of a standard thrombolytic catheter (approxi-
mately 120 USD) is significantly lower than the cost of an ultra-
sound-assisted thrombolytic EKOS catheter (Boston Scientific). 
Furthermore, the intensive care unit and total hospitalisation times 
tended to be shorter in the CDT group. The cost savings afforded 
by two fewer days in the intensive care unit would compensate for 
the cost of 20 mg alteplase (approximately 260 USD). Future CDT 
studies will need to include formal cost-effectiveness analysis with 
quality-of-life evaluation.

Several important issues remain open to further research. 
A large randomised comparison of CDT and anticoagulation ther-
apy alone, with well-defined clinical endpoints, is required to ver-
ify the effectiveness of our approach. The optimal thrombolytic 
dose and infusion duration should be clarified. Formal cost-effec-
tiveness analysis of different treatment modalities (anticoagula-
tion alone vs CDT local thrombolysis vs ultrasound-assisted local 
thrombolysis) should be performed.

Limitations
Our sample size was obviously insufficient to allow us to draw 
definitive conclusions including long-term outcomes (quality of life, 
mortality, etc.). However, the study was randomised, so the data can 
facilitate sample size calculation for subsequent larger studies with 
clinical endpoints. The minor differences in baseline characteris-
tics are likely attributable to chance; they are unlikely to influence 
our (principally image-based) endpoints. The study was performed 
in a tertiary care cardiac centre; we lacked information concern-
ing the need for patient transfer. The timing of CDT might have 

had an impact on the study outcome; the average delay of 24 hrs 
might lead to selection bias. We sought to be maximally practical; 
thus, we did not invasively measure pulmonary pressures after local 
thrombolysis was concluded. However, transthoracic echocardio-
graphy with an estimation of sPAP was performed at 24 hrs post-
randomisation. Our data appear similar to the findings in previous 
studies8-10 (Figure 3). No formal interobserver comparisons of CT or 
echocardiography measurements were performed; difficulties were 
resolved by discussion among observers.

Conclusions
CDT for intermediate-high risk acute PE patients appears simple 
and safe; it improves known predictors of poor patient prognosis. 
Further research featuring carefully chosen clinical endpoints is 
warranted.

Impact on daily practice
Simple catheter-directed local thrombolysis might offer a safe 
and effective treatment option for patients with intermediate-
high risk acute PE.
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Abstract
Purpose High mortality and a limited performance of valvular surgery are typical features of infective endocarditis (IE) in 
octogenarians, even though surgical treatment is a major determinant of a successful outcome in IE.
Methods Data from the prospective multicentre ESC EORP EURO-ENDO registry were used to assess the prognostic role 
of valvular surgery depending on age.
Results As compared to < 80 yo patients, ≥ 80 yo had lower rates of theoretical indication for valvular surgery (49.1% vs. 
60.3%, p < 0.001), of surgery performed (37.0% vs. 75.5%, p < 0.001), and a higher in-hospital (25.9% vs. 15.8%, p < 0.001) 
and 1-year mortality (41.3% vs. 22.2%, p < 0.001). By multivariable analysis, age per se was not predictive of 1-year mortal-
ity, but lack of surgical procedures when indicated was strongly predictive (HR 2.98 [2.43–3.66]). By propensity analysis, 
304 ≥ 80 yo were matched to 608 < 80 yo patients. Propensity analysis confirmed the lower rate of indication for valvular 
surgery (51.3% vs. 57.2%, p = 0.031) and of surgery performed (35.3% vs. 68.4%, p < 0.0001) in ≥ 80 yo. Overall mortality 
remained higher in ≥ 80 yo (in-hospital: HR 1.50[1.06–2.13], p = 0.0210; 1-yr: HR 1.58[1.21–2.05], p = 0.0006), but was 
not different from that of < 80 yo among those who had surgery (in-hospital: 19.7% vs. 20.0%, p = 0.4236; 1-year: 27.3% 
vs. 25.5%, p = 0.7176).
Conclusion Although mortality rates are consistently higher in ≥ 80 yo patients than in < 80 yo patients in the general popu-
lation, mortality of surgery in ≥ 80 yo is similar to < 80 yo after matching patients. These results confirm the importance of 
a better recognition of surgical indication and of an increased performance of surgery in ≥ 80 yo patients.

Keywords Infective endocarditis · Elderly · Prognosis · Surgery · Propensity analysis

Introduction

Characteristics of patients with infective endocarditis (IE) 
have dramatically changed over recent decades, with a high 
prevalence and specific features of IE in elderly population 
[1–8]. Old age leads to surgical hesitancy by referring phy-
sicians, surgeons and patients themselves [9]. Furthermore, 
frequent associated comorbidities also influence the outcome 
of this fragile cohort [6]. As a result, increased mortality and 
less-frequent performance of valvular surgery are hallmarks 
of IE episodes in elderly as compared to younger patients. 
This is especially true in octogenarians who represent a 
growing part of IE population, who are often limited to 
medical therapy without being discussed for surgery just 

The original online version of this article was revised: In this article 
the "EURO-ENDO Investigators group" member U. Y. Sinan was 
incorrectly written as U. S. Yasar.
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because of their age, even though surgical treatment is a 
well-known determinant of successful outcome in IE.

To date, the impact of age and associated comorbidities 
on prognosis have, however, been poorly investigated, as 
the rare studies published on the subject were limited by 
retrospective design, single-centre recruitment, and/or small 
numbers of patients. A recent study based on the Swedish 
population between 2006 and 2017 emphasized the fact 
that surgery is underused in elderly. A propensity analysis 
to match patients according to the performance of surgery 
was used and showed significantly higher one-year mortality 
in patients who did not undergo surgery [10].

The ESC EORP Euro-Endo registry is a comprehen-
sive prospective observational cohort that included 3113 
patients with IE which is based on contemporary practices 
(2016–2018) in a wide range of countries and centres [11]. 
It aimed to assess how the 2015 ESC guidelines on the man-
agement of IE [12], which were endorsed by the European 
Association for Cardio-Thoracic Surgery (EACTS), and 
the European Association of Nuclear Medicine (EANM), 
were implemented in clinical practice. It therefore provides 
a unique opportunity to investigate the current influence of 
patients’ age on the demographic, clinical, therapeutic, and 
prognostic profile of IE, taking into account the numerous 
confounding factors with an appropriate statistical power. 
The aim of our study was to describe the specific features of 
IE in octogenarians, with a special focus on the respective 
contribution of age, IE characteristics and comorbidities on 
surgical decision and outcome.

Methods

Study design and data collection

All patients from the prospective multicentre ESC EORP 
EURO-ENDO registry, apart from three patients, who ret-
rospectively withdrew an informed consent, were included 
in our ancillary study. The detailed methodology of EURO-
ENDO has previously been reported [11]. All consecutive 
patients aged ≥ 18 years with definite or possible IE accord-
ing to the ESC 2015 diagnostic criteria [12] were included 
during a one-year period in each centre between January 
2016 and March 2018. All participants signed informed 
consent. In total, 3113 index cases of IE from 156 centres 
across 40 countries were collected. Patients' management 
was supposed to be performed according to the 2015 ESC 
guidelines and main therapeutic decisions were supposed to 
be taken from a multidisciplinary approach including cardi-
ologists, surgeons, ID specialists and microbiologists among 
Endocarditis Teams [12].

Baseline and follow‑up data

Baseline data included clinical characteristics, biological 
and microbiological data, imaging data, treatment before 
admission and during hospitalization, complications under 
therapy, theoretical indication for valvular surgery, in-hos-
pital valvular surgery performed, in-hospital mortality and 
1-year follow-up.

Theoretical indication for valvular surgery was defined 
as the existence of any type of theoretical indication listed 
in the ESC guidelines (haemodynamic, embolic, infectious 
and/or other), as acknowledged by the practitioners taking 
care of the patients regardless of operative risk. This defini-
tion allowed us to classify patients in 3 subgroups regarding 
valvular surgery: patients without theoretical indication of 
surgery, patients with theoretical indication and surgery per-
formed and patients with theoretical indication and surgery 
not performed.

Statistical analysis

Continuous and categorical variables were reported as 
mean ± SD or as median (interquartile range) as appropriate, 
and as absolute values and related percentages, respectively. 
Between-groups differences were tested with Kruskal–Wal-
lis test and with chi-square test or Fisher’s exact test for 
continuous and categorical variables, respectively.

Subjects were stratified into two groups: ≥ 80  years 
old (≥ 80 yo group) and < 80 years old (< 80 yo group) at 
inclusion.

Univariable and multivariable logistic regression were 
performed to analyse factors associated with actual perfor-
mance of valvular surgery with age and gender forced in the 
model. Variables with p < 0.10 in univariable analysis were 
entered in the multivariable logistic model with a backward 
selection procedure and a significance level of p = 0.05.

Survival curves according to age and gender were calcu-
lated using Kaplan–Meier method and compared using the 
log-rank test.

Univariable analysis of mortality was performed with a 
Cox proportional hazards model. Variables with p < 0.10 
and age and gender were entered in a multivariable adjusted 
Cox proportional hazards model with a backward selection 
procedure and a significance level of p = 0.05. The follow-
ing variables were not included in the Cox multivariable 
model: Charlson comorbidity index due to collinearity with 
age, vegetation length due to missing data, cerebral com-
plications, fistula and para-prosthetic regurgitation due to 
incidence < 10% in overall population. Goodness of fit, con-
cordance and Schoenfeld residual tests were calculated to 
verify the adequacy of the models.
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A propensity analysis was then performed to account for 
the imbalance in patient characteristics between ≥ 80 yo 
and < 80 yo patients. A propensity score was fitted using a 
non-parsimonious multivariable logistic model including 
variables usually recognised as linked to surgery and to 
prognosis (gender, history of heart failure, device therapy, 
previous stroke, chronic renal failure, diabetes mellitus, 
history of cancer, aortic/mitral location of IE, prosthetic 
valve IE, presence of an abscess, Staphylococcus aureus 
or viridans streptococci as responsible micro-organisms, 
cerebral embolic event and congestive heart failure as 
complications of IE; Supplementary Table 1). The options 
to perform the propensity dataset were the following: the 
calliper was 0.30, the gender should match exactly, the 2:1 
matching was without replacement and no missing imputa-
tion was performed on baseline data. Because of missing 
data, 71 subjects were not included in the propensity anal-
ysis and 304 patients ≥ 80 yo were finally matched with 
608 < 80 yo patients according to the closest propensity 
score (Fig. 1). Rates of theoretical surgical indications, 
of surgical performance were compared using McNemar's 
test for binary variables. In-hospital and 1-year mortality 
rates were compared using Cox proportional hazard model 
stratifying on matched pairs for time to event data. Same 
analyses were then performed among patients with only 
definite IE. A low number of patients with possible IE 
over 80 yo (n = 56) did not allow us to perform a propen-
sity analysis with the same matching variables as for the 

whole population or the population of definite IE, and we 
matched the cases only on the following variables: gen-
der but without exact matching, prosthetic valve IE, pres-
ence of an abscess, Staphylococcus aureus as responsible 
micro-organisms, congestive heart failure as complication 
of IE.

A two-sided p value < 0.05 was considered statistically 
significant. All analyses were performed using SAS sta-
tistical software version 9.4.

One author (CL) had full access to all the data in the 
study and takes responsibility for its integrity and the data 
analysis.

Results

Comparison of IE characteristics according to age 
groups

Demographic and baseline characteristics

Among the 3113 patients included in the Euro-Endo registry, 
median age was 63.0 (46.0–73.0), 375 (12.0%) were ≥ 80 yo 
and 2378 were < 80 yo. Female patients were more frequent 
in the ≥ 80 yo group (44.0%).

Characteristics of the patients are displayed in Sup-
plementary Table 2. Previous valvular surgery or cardiac 

Fig. 1  Flow chart depicting how 
the propensity score dataset was 
formed
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implantable electronic devices (CIED) were more frequent 
in ≥ 80 yo than in < 80 yo.

Characteristics of IE

The proportion of definite and possible IE as well as that 
of community-acquired/health care-related IE was not sig-
nificantly different among the two groups (Supplementary 
Table 3).

IE was more often located on prosthetic/repaired valves 
(p < 0.0001) or on CIED (p < 0.0001) in ≥ 80 yo patients. 
Embolic events both at admission (15.5% vs. 26.8%, 
p < 0.0001) and under therapy (12.8% vs. 21.7%, < 0.0001) 
were less frequent in the ≥ 80 yo. Blood cultures were more 
often positive (85.9% vs. 78.0%, p = 0.0005) with a higher 
proportion of micro-organisms of gastrointestinal tract in 
the ≥ 80 yo.

FDG PET/CT scan was more frequently used in 
the ≥ 80 yo (21.3% vs. 16.0%, p = 0.0093). Echocardiogra-
phy was less frequently positive in ≥ 80 yo (66.9% vs. 80.2%, 
p < 0.0001), mostly because of less-frequent vegetations 
(p < 0.0001).

Therapy and outcome in the overall population

A theoretical indication for surgery was reported in 61% of 
the patients and surgery was finally performed in 44% of the 
overall population. Theoretical indication for valvular sur-
gery was less frequently reported in ≥ 80 yo than in < 80 yo 
(49.1% vs. 60.3%, p < 0.001) (Table 1). Furthermore, among 
those with a theoretical indication, valvular surgery was less 
often performed in ≥ 80 yo (37.0% vs. 75.5%, p < 0.0001) 
(Supplementary Fig. 1A) and less often in female than in 
male patients in each group of age. Time delay between 
diagnosis and performance of surgery was similar in the two 
groups, as was the distribution between emergent, urgent, 
early and elective surgery as defined by the guidelines [11]. 
The proportion of patients with definite IE, who would have 
been classified as possible IE if they had not been operated 
on because of lack of the main pathological/microbiologi-
cal criteria of IE) is quite low, 7% in the < 80 yo and 3.5% 
in the ≥ 80 yo group (Supplementary Table 4). 1-year mor-
tality was 24% in the global population, 17% among those 
who were surgically treated and 32% among those who were 
medically treated, higher in those with theoretical indica-
tion who were not operated on (54%) than in those without 
surgical indication (20%). In-hospital and 1-year mortality 
were significantly higher in ≥ 80 yo (in-hospital: 25.9% vs. 
15.8%; 1 year: 41.3% vs. 22.2%, p < 0.0001) (Supplementary 
Fig. 1B).

Therapy and outcome in the propensity score model

Propensity matching enabled baseline covariates to be 
equally balanced between ≥ 80 yo and < 80 yo (Supple-
mentary Table 1). In the propensity score-matched analysis 
(Table 2), theoretical indication of valvular surgery remained 
significantly less frequent in ≥ 80 yo than in matched < 80 yo 
patients (51.3% vs. 57.2%, p = 0.030). The performance 
of valvular surgery when theoretically indicated was also 
significantly less frequent in ≥ 80 yo (35.3% vs. 68.4%, 
p < 0.0001).

In-hospital mortality and 1-year mortality were signifi-
cantly higher in ≥ 80 yo (in-hospital: 26.0% vs. 20.4%, haz-
ard ratio [HR] 1.50, 95% confidence interval [CI] 1.06–2.13, 
p = 0.0210; 1-year mortality: 41.8% vs. 29.1%, HR 1.58, 
95% [CI] 1.21–2.05, p = 0.0006). However, when having a 
look on subgroups of patients related to indication and per-
formance of valvular surgery, short- and long-term mortality 
in ≥ 80 yo were no longer significantly different from < 80 yo 
(Fig. 2). This was the case among patients with valvular 
surgery indicated but not performed where mortality rates 
were high in both groups and also in patients with no sur-
gical indication. In those two subgroups, mortality rates 
tended nevertheless to be higher in ≥ 80 yo. Among those 
who were operated on, mortality rates were really similar 
in both groups (in-hospital: 19.7% vs. 20.0%, p = 0.4236; 
1-year: 27.3% vs. 25.5%, p = 0.7176). Results were simi-
lar among patients with only definite IE (Supplementary 
Table 5). Results among the two propensity-matched groups 
of patients with possible IE are displayed in Supplemen-
tary Table 6. Of note, the higher mortality among operated 
patients in the ≥ 80 yo in this subgroup is related to the fact 
that only three patients with possible IE were operated on 
with one post-operative death (33% mortality).

Factors associated with valvular surgery according to age 
groups

The factors associated with the performance of valvular sur-
gery during acute IE in multivariable analysis are displayed 
in Table 3. Older age and female gender were associated 
with a less-frequent use of valvular surgery. Definite IE and 
the presence of abscess were associated with more frequent 
surgery in the whole population and in both age groups.

Role of age in the multivariable prediction of death

The results of the univariable and multivariable analyses 
(Supplementary Table 7) (Fig. 3) in the whole population 
showed that neither age nor female gender were significant 
predictors of 1-year mortality. Regarding valvular surgery, 
the performance of surgery was associated with lower mor-
tality (HR 0.77, 95% CI 0.62–0.97, p = 0.0260), whereas 
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Table 1  Comparison of therapy and outcome of infective endocarditis according to the two groups of age

IQR Interquartile range
* Emergency surgery: surgery performed within 24 h after diagnosis
† Urgent surgery within a few days
‡ Early surgery within 1 week
§ Elective surgery after at least 1–2 weeks of antibiotic therapy

 < 80 years old
(n = 2738)

 ≥ 80 years old
(n = 375)

p-value

Risk score
 Euroscore II (N) 2334 298
 Median (IQR) 4.5 (1.8–11.3) 12.4 (5.5–25.2)  < 0.0001

Theoretical indication for valvular surgery
 Indication 1724/2737 (63.0%) 184/375 (49.1%)  < 0.001
 Indication—surgery performed 1301/1724 (75.5%) 68/184 (37.0%)  < 0.001
 Indication—no surgery performed 423/1724 (24.5%) 116/184 (63.0%)  < 0.001

Reasons for not performing surgery when indicated
 Patient refusal 76/423 (18.0%) 25/116 (21.6%) 0.381
 Surgical risk 217/423 (51.3%) 93/116 (80.2%)  < 0.001
 Death before surgery 102/423 (24.1%) 16/116 (13.8%) 0.017
 Absence of surgery in the hospital 32/423 (7.6%) 3/116 (2.6%) 0.054
 Neurological complication 53/423 (12.5%) 10/116 (8.6%) 0.246
 Other 97/423 (22.9%) 16/116 (13.8%) 0.032

Indication
 Haemodynamic 892/1724 (51.7%) 83/184 (45.1%) 0.087
 Embolic 606/1724 (35.2%) 52/184 (28.3%) 0.062
 Infectious 1075/1724 (62.4%) 113/184 (61.4%) 0.802
 Other 147/1724 (8.5%) 11/184 (6.0%) 0.233

Timing of surgery
 Median time between diagnosis and surgery (IQR) (days) 13.0 (6.0–26.0) 13.0 (8.0–23.0) 0.8016
 Emergency surgery* 93/1416 (6.6%) 9/97 (9.3%) 0.1384
 Urgent  surgery† 359/1416 (25.4%) 15/97 (15.5%)
 Early  surgery‡ 448/1416 (31.6%) 36/97 (37.1%)
 Elective  surgery§ 516/1416 (36.4%) 37/97 (38.1%)

In-hospital follow-up
 Death 432/2738 (15.8%) 97/375 (25.9%)  < 0.0001

Cause of death
 Cardiovascular 122/431 (28.3%) 29/97 (29.9%) 0.4400
 Non-cardiovascular 122/431 (28.3%) 34/97 (35.1%)
 Cardiovascular + non-cardiovascular 161/431 (37.4%) 30/97 (30.9%)
 Unknown 26/431 (6.0%) 4/97 (4.1%)

If surgery performed
 Death post valvular surgery 135/432 (31.3%) 15/97 (15.5%) 0.002

If patient alive, cardiac status
 Heart failure 299/2301 (13.0%) 71/278 (25.5%)  < 0.0001
 Valve or prosthetic dysfunction 376/2304 (16.3%) 63/278 (22.7%) 0.0078

One-year follow-up
 Death 609/2738 (22.2%) 155/375 (41.3%)  < 0.0001
 Among pts with valvular surgery 208/1301 (16.0%) 21/68 (30.9%) 0.001
 Among medically treated patients 401/1437 (27.9%) 134/307 (43.6%)  < 0.001
 With theoretical valvular surgical indication 215/423 (50.8%) 74/116 (63.8%) 0.013
 Without theoretical valvular surgical indication 186/1013 (18.4%) 60/191 (31.4%)  < 0.001
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non-performance of surgery despite theoretical indication 
was highly associated with mortality (HR 2.98, 95% CI 
2.43–3.66, p < 0.0001).

Discussion

The main age-related features of IE among the ESC EORP 
EURO-ENDO registry are the following: (1) specific fea-
tures are confirmed regarding underlying heart disease, 
responsible micro-organisms and complications of IE 
in ≥ 80 yo patients; (2) theoretical indication of valvular 
surgery is less often recognised and, in particular, valvular 
surgery is less often performed in ≥ 80 yo than in < 80 yo 
patients; (3) in the overall population, both short- and long-
term mortality are higher in ≥ 80 yo patients, as are mortality 
rates of operated patients and of non-operated patients with 
or without theoretical surgical indication; (4) multivariable 

and propensity score-matching analyses consistently show 
that significant differences in theoretical indication of sur-
gery and in its actual performance are present among the two 
groups and strongly influence prognosis; (5) although mor-
tality remains significantly higher in ≥ 80 yo patients after 
propensity matching, mortality rates of operated patients are 
no longer significantly different among age groups; (6) age 
per se is not a prognostic factor of mortality in multivariable 
analysis in the overall population.

Using an 80 yo limit for this study may be considered 
as arbitrary as age is a continuum and elderly population 
is very heterogeneous. However, this age was chosen with 
regard to surgery, as patients < 80 yo are quite easily referred 
to surgeon if necessary while this becomes less and less the 
case when age progressively increases over 80.

This large series of IE patients over 80 yo confirms that IE 
in the elderly have several peculiarities. As expected, elderly 
more often had comorbidities and previous non-cardiac 

Table 2  Comparison of therapy and outcome of infective endocarditis among the two propensity-matched subgroups (< 80 yo and ≥ 80 yo)

* HR [95%CI]—hazard ratio [95% confidence interval]

Total
(n = 912)

 < 80 years old
(n = 608)

 ≥ 80 years old (n = 304) p value

Theoretical indication of valvular surgery 504/912 (55.3%) 348/608 (57.2%) 156/304 (51.3%) 0.0302
Indication
 Haemodynamic 250/504 (49.6%) 180/348 (51.7%) 70/156 (44.9%) 0.0151
 Embolic 125/504 (24.8%) 86/348 (24.7%) 39/156 (25.0%) 0.6419
 Infectious 310/504 (61.5%) 214/348 (61.5%) 96/156 (61.5%) 0.9183
 Other 46/504 (9.1%) 36/348 (10.3%) 10/156 (6.4%) 0.2230
 Valvular surgery performed when indicated 293/504 (58.1%) 238/348 (68.4%) 55/156 (35.3%)  < 0.0001

Overall population
 In-hospital mortality 203/912 (22.3%) 124/608 (20.4%) 79/304 (26.0%)
 HR [95%CI]* Reference 1.50 [1.06–2.13] 0.0210
 1-year mortality 304/912 (33.3%) 177/608 (29.1%) 127/304 (41.8%)
 HR [95%CI] Reference 1.58 [1.21–2.05] 0.0006

Patients with valvular surgery indicated but not 
performed

 In-hospital mortality 85/211 (40.3%) 41/110 (37.3%) 44/101 (43.6%)
 HR [95%CI] Reference 1.19 [0.48–2.95] 0.7008
 1-year mortality 121/211 (57.3%) 56/110 (50.9%) 65/101 (64.4%)
 HR [95%CI] Reference 0.90 [0.42–1.95] 0.7929

Patients with no indication for surgery
 In-hospital mortality 60/408 (14.7%) 36/260 (13.8%) 24/148 (16.2%)
 HR [95%CI] Reference 2.17 [0.82–5.78] 0.1205
 1-year mortality 104/408 (25.5%) 56/260 (21.5%) 48/148 (32.4%)
 HR [95%CI] Reference 2.00 [1.00–4.00] 0.0499

Patients with valvular surgery performed
 In-hospital mortality 58/293 (19.8%) 47/238 (19.7%) 11/55 (20.0%)
 HR [95%CI] Reference 2.00 [0.37–10.92] 0.4236
 1-year mortality 79/293 (27.0%) 65/238 (27.3%) 14/55 (25.5%)
 HR [95%CI] Reference 1.22 [0.42–3.51] 0.7176
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procedures. Notably, and in contrast to what has been 
described in an Australian population-based study, there was 
no significant difference in the origin of IE (community or 
health care-associated) depending on age [13]. Nevertheless, 
IE on CIED and on valvular prosthesis/repair were more 
frequent in the elderly resulting from increasing use of more 
complex devices in old patients [14]. As previously reported, 
embolic events were less common in ≥ 80 yo patients, both 
before and after admission [4, 7].

Regarding responsible micro-organisms, Staphylococ-
cus aureus was less frequent in elderly. Among Strepto-
coccaceae, those colonizing the gastro-intestinal tract were 
more frequent in elderly, with a rate as high as 24% of ente-
rococci. These results are consistent with most of previous 
series reporting an increased frequency of enterococcus 
from 10% in patients aged < 65 to > 20% in octogenarians 
[5, 15] and a 25% rate of Enterococcus faecalis in IE after 
aortic valve implantation [16]. However, a recent Swedish 
study reported a different repartition of responsible micro-
organisms according to age, with a higher rate of Staphylo-
coccus aureus in the ≥ 80 group and no significant difference 
in the frequency of enterococci among age groups [10].

Contemporary data indicate that surgery is now undertaken 
in approximately 50% of patients with acute IE [17, 18]. The-
oretical indication according to the automated application of 
the guidelines has been reported to be present in more than 
70% of patients in a French cohort [19]. In the Euro-Endo 
registry, the theoretical indication was the one recognised by 
the responsible practitioner, which is not exactly the same 
definition, and was reported in 61% of the whole population, 
less frequently in elderly (49% vs 63%). In the same manner, 
valvular surgery itself was less often performed when indi-
cated in the elderly than in younger patients (37% vs 75%).

Of note, as per results shown in Supplementary Table 4, 
the proportion of patients classified as definite IE because 
of the main pathological/microbiological criteria defining 
the anatomically definite IE is a little bit lower among ≥ 80 
yo than among < 80 yo suggesting that patients > 80 yo who 
are operated on have more other positive diagnostic cri-
teria (imaging, clinical and microbiological criteria) than 
younger ones, i.e. that more objective criteria are mandatory 
in elderly to take a decision of surgery.

Propensity analysis gave us a unique opportunity to better 
analyse the actual performance of valvular surgery and the 

Fig. 2  Comparison of outcome of infective endocarditis among the 2 propensity-matched subgroups (< 80 yo and ≥ 80 yo) according to the indi-
cation and actual performance of surgery
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prognosis of octogenarians in this large cohort of patients. 
By matching on most of the classical factors of severity of 
IE, influencing both surgical indication and prognosis, we 
could better analyse the direct impact of age on surgery and 
outcome. We chose not to include baseline variables, such 
as frailty or surgical score, as they were strongly related to 
age and not to IE itself.

Propensity analysis was also used in a recent paper on data 
from the Swedish registry on Infective Endocarditis but from 
a different point of view [10]. Although variables used for 
matching were globally similar to ours, matching was per-
formed between surgical and non-surgical patients, and those 
two groups were subsequently separated according to age 
(with a limit of age of 75 years old), to estimate whether the 
effect of age differed between the surgery and the non-surgery 
groups. The mortality rate was significantly lower between 
the ages of 55 and 82 years in patients who underwent sur-
gery compared with patients who did not undergo surgery. 
Surgery was also associated with better long-term survival 
in matched patients who were ≥ 75 years (hazard ratio, 0.36; 
95% CI, 0.24–0.54, p < 0.001). However, this study did not 

take into account the indication bias and the factors that may 
have influenced whether the patient would undergo surgery 
or not. Furthermore, surgery was performed in only 6% of the 
elderly patients, which is a lower rate than in our series (18%).

In our study, despite similar features of IE and similar risk 
factors obtained by propensity matching, differences regard-
ing surgical indication and performance remained significant 
with less often recognised indication for surgery (51% vs 
57%), and far less often surgery performed when indicated 
(35% vs. 68%). Overall mortality rates also remained sig-
nificantly higher in elderly group after propensity match-
ing. When looking at the three subgroups of surgery, there 
remained a non-significant trend toward higher mortality for 
elderly among patients without indication for surgery and 
among patients with indication but without surgery. How-
ever, interestingly, mortality of surgically treated patients 
was remarkably similar in the two groups of age.

So, these two propensity analyses, one matching patients 
according to the performance or not of surgery, the other 
matching patients according to age groups, allow us to con-
clude that surgery is associated with better survival than 

Table 3  Multivariable analysis of predictors of valvular surgery during hospital stay stratified on age groups

* OR odds ratio
† CI confidence interval
‡ PM/ICD pacemaker/implantable cardioverter defibrillator
§ IE infective endocarditis
|| COPD—chronic obstructive pulmonary disease
# IVDU intravenous drug abuse
** TIA transient ischemic attack

Whole population  < 80 years old  ≥ 80 years old

Effect OR* 95%  CI† p Wald OR 95% CI p Wald OR 95% CI p Wald

Age and gender Female < 80 yo 1
Female ≥ 80 yo 0.29 [0.18–0.47]  < 0.0001
Male < 80 yo 1.43 [1.17–1.75] 0.0005
Male ≥ 80 yo 0.36 [0.23–0.56]  < 0.0001

Gender Male 1.43 [1.17–1.75] 0.0004 1.48 [0.79–2.79] 0.2197
Type of IE Native 1 1 1

PM/ICD‡ 0.06 [0.03–0.11]  < 0.0001 0.06 [0.03–0.11]  < 0.0001 0.08 [0.01–0.62] 0.0157
Prosthesis + Repair 0.70 [0.57–0.85] 0.0004 0.69 [0.56–0.85] 0.0005 0.70 [0.37–1.34] 0.2805

Classification Definite  IE§ 1.92 [1.48–2.49]  < 0.0001 1.80 [1.38–2.36]  < 0.0001 3.65 [1.07–12.43] 0.0385
Source of infection Community 1

Non-nosocomial 0.78 [0.58–1.05] 0.0985 0.83 [0.61–1.13] 0.2418
Nosocomial 0.66 [0.51–0.86] 0.0020 0.63 [0.48–0.83] 0.0009

Staph. aureus Yes 0.58 [0.46–0.73]  < 0.0001 0.58 [0.46–0.74]  < 0.0001
Abscess Yes 2.20 [1.63–2.96]  < 0.0001 2.11 [1.54–2.89]  < 0.0001 3.24 [1.39–7.55] 0.0063
Heart failure Yes 0.69 [0.54–0.88] 0.0023 0.66 [0.51–0.85] 0.0011
COPD||/asthma Yes 0.70 [0.52–0.94] 0.0189 0.16 [0.04–0.74] 0.0191
IVDU# Yes 0.50 [0.36–0.70]  < 0.0001 0.53 [0.38–0.74] 0.0002
Diabetes mellitus Yes 0.79 [0.63–0.99] 0.0380
Previous stroke/TIA** Yes 2.24 [1.07–4.72] 0.0333
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non-performance of surgery in older patients, and that sur-
vival is similar to that of younger patients among operated 
patients after matching on most of the classical risk factors.

Frail condition, nutritional status and comorbidities obvi-
ously predispose elderly patients to higher morbidity and 
mortality. Nevertheless, neither age nor female gender was 
independent predictor of mortality in multivariable analysis, 
although comorbidities frequently associated with age were 
independent predictors of death. The strongest predictor of 
mortality by multivariate analysis was the non-performance 
of valvular surgery despite theoretical indication, whereas 
the actual performance of valvular surgery was associated 
with improved survival.

The consistent results of multivariable analysis and pro-
pensity score matching strongly suggest that less-frequent 
indications and interventions in elderly cannot be attributed 
only to more frequent comorbidities, but also to a lack of 
recognition of indication in some cases. The recognition of 
a theoretical indication by the responsible cardiologist is 
probably partly influenced by the subjective appreciation of 
the feasibility of surgery. Elderly population appears quite 
heterogeneous, from healthy people to bedridden ones, and 
general health status further rapidly deteriorates after hospi-
talisation [6]. Women gender, more frequent among elderly, 
also negatively influences surgical management, as shown 
in this study. The fact that theoretical indication for surgery 
remains significantly less frequent in the elderly even after 
propensity matching clearly indicates that age itself influ-
ences our clinical judgement and recognition of theoretical 

surgical indication. Similarly, age influences the perfor-
mance of invasive diagnostic procedures, such as trans-
esophageal echocardiography, which is not more frequently 
performed in elderly despite higher rates of intra-cardiac 
material.

At the very end, the decision not to perform surgery 
despite indication is also linked to several factors includ-
ing not only age of the patient, but also survival-risk 
benefit, appreciation of future quality of life, refusal of 
the patient, local socioeconomic factors, etc. Lopez et al. 
already noted that the percentage of patients with surgical 
indications who were rejected for surgery increased signif-
icantly with age, due to several factors including frailty but 
also life’s choice of the patient [7]. However, the French 
study also insisted on the fact that non-performance of 
surgery whatever the age was due to a non-recognition of 
the indication in half of the cases of non-operated patients 
despite theoretical indication as defined by an automated 
application of the guidelines [17].

These findings suggest that performance of surgery in 
well-selected elderly patients might increase their chance 
for survival. Our results are in concordance with previous 
smaller studies, which found that mortality in operated 
octogenarians was not higher compared to younger age 
groups [5, 20]. Lower rate of surgery in old patients is 
a well-described phenomenon [18–20]. So, the observed 
higher mortality in elderly suffering from IE could be, at 
least in part, a consequence of non-recognition of surgi-
cal indication and of a non-performance of surgery when 

Fig. 3  Cox Regression Analysis 
for all causes of 1-year mortal-
ity with age and gender forced 
in the model
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indicated. This also partially explains the higher mortality 
of medically treated patients without surgical indication, 
as this group probably includes both patients without indi-
cation and patients with non-recognized indication.

Study limitations

These results were extracted from a large European and 
worldwide voluntary registry which has inherent limitations 
and is not a population-based sample; representativeness is 
therefore sub-optimal and selection bias cannot be excluded. 
However, since 3113 index cases from 156 hospitals were 
included, this represents a mean of 20 patients per centre per 
year which is a quite high number for such a rare disease. 
Furthermore, recruiting centres were mostly tertiary centres, 
inducing a referral bias, in particular, because older and/or 
inoperable patients are not transferred to tertiary centres.

No specific rules were given regarding the identification of 
responsible microorganisms. Microbiology analysis was per-
formed according to the usual manners/rules of each institu-
tion; hence, we cannot exclude the theoretical possibility that 
other related bacterial species (such as Aerococcus spp.) could 
have been misidentified as viridans group streptococci, etc.

We chose to include not only definite but also possi-
ble cases of IE, as surgical therapy may be discussed in 
all patients. Furthermore, when surgery is not performed, 
macroscopic and histologic examinations that would have 
transformed a possible into a definite case are not available. 
Finally, part of our analysis is based on theoretical indication 
of valvular surgery as recognized by the responsible practi-
tioner, which is in part subjective and not a “true” theoreti-
cal indication based on an automated analysis of specific IE 
features leading to indication according to guidelines.

Conclusion

This large study on IE in patients older than 80 years further 
confirms the strong influence of age on the demographic, 
clinical, therapeutic, and prognostic profile of IE. Non-
recognition of surgical indication and non-performance 
of surgery when indicated are frequent in old patients and 
are strong predictors of mortality while age per se is not. 
After propensity matching on many prognostic factors of 
IE, mortality of surgically treated patients in octogenarians 
is not different from that of younger patients, suggesting 
that recognition of indication and performance of surgery 
in well-selected elderly patients might increase their chance 
for survival. Hence, the issue of surgery in elderly must be 
thoroughly discussed among Endocarditis Teams including 
geriatricians and considering not only the crude age of the 
patients to avoid underuse of surgery in that population.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s15010- 022- 01792-0.
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Abstract
Background and Purpose: During the coronavirus disease 2019 (COVID- 19) pandemic 
many countries reported a decline in stroke volumes. The aim of this study was to analyze 
if the decline was related to the intensity of the COVID- 19 pandemic.
Methods: The first pandemic year (1 March 2020 to 28 February 2021) overall and dur-
ing the three COVID- 19 waves were compared with the preceding year. Volumes of acute 
ischaemic stroke (AIS), subarachnoid hemorrhage, intracerebral hemorrhage and reca-
nalization treatments (intravenous thrombolysis [IVT] and mechanical thrombectomy 
[MT]) were obtained from the National Register of Reimbursed Health Services. Door- to- 
needle time, onset- to- door time and National Institutes of Health Stroke Scale at admis-
sion were obtained from the Registry of Stroke Care Quality.
Results: During the pandemic year compared to the preceding year there were 26,453 
versus 28,771 stroke admissions, representing an 8.8% decline (p < 0.001). The declines 
(−10%, −11%, −19%) appeared in COVID- 19 waves (spring 2020, autumn 2020, winter 
2021) except for an increase (2%) during summer 2020. Admissions for AIS declined by 
10.2% (p < 0.001), whilst hemorrhagic stroke volumes were minimally decreased. The ab-
solute volumes of IVT and MT decreased by 9.4% (p < 0.001) and 5.7% (p = 0.16), respec-
tively. However, the proportions of ischaemic stroke patients receiving IVT (18% vs. 18%; 
p = 0.72) and MT (6% vs. 6%; p = 0.28) remained unchanged.
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INTRODUC TION

For over 2 years the coronavirus disease 2019 (COVID- 19) pandemic 
has challenged hospitals worldwide. Many studies [1– 14] reported 
a decline in the number of stroke code activations and hospital ad-
mission rates during the first wave of the pandemic (March– May/
June 2020) [15– 28]. Consequently, a decline in the number of reca-
nalization procedures (mechanical thrombectomy [MT] [18– 20, 25, 
29, 30] and intravenous thrombolysis [IVT] [10, 14, 16, 18– 20, 23, 
25– 27, 30]) was observed. Furthermore, changes in stroke severity 
and indicators of acute ischaemic stroke (AIS) care quality (door- to- 
needle time [DNT], onset- to- door time [ODT]) have been noted in 
many countries, with more severe strokes at admission [5, 6, 27, 30] 
and higher stroke mortality rates [3, 9, 25].

In the Czech Republic (CR), a state of national emergency was 
declared on 12 March 2020. During the first coronavirus wave 
(March– May 2020), the CR was amongst the countries with the 
lowest incidence rate; however, the opposite was true for the later 
phases (September 2020 to February 2021), during which the CR 
was one of the most affected countries in the world.

Our initial report covering the first wave of the COVID- 19 pan-
demic (March– May 2020) demonstrated a decline in stroke admis-
sion volumes and recanalization procedures in the CR [20].

It is unknown how the surge in COVID- 19 cases in later phases 
and the following governmental protective measures influenced 
stroke admissions and management. In this study the impact of the 
COVID- 19 pandemic on stroke volume and stroke management (re-
canalization therapy, DNT, ODT) during the first full year of the pan-
demic is evaluated.

METHODS

Study design

Data related to all stroke patients occurring in the CR were re-
trieved from the National Register of Reimbursed Health Services 
(NRRHS) for the years 2019, 2020 and 2021. DNT, ODT and stroke 
severity at admission (National Institutes of Health Stroke Scale, 
NIHSS) were obtained from the Registry of Stroke Care Quality 
(RES- Q) for March 2019, October 2019, April 2020 and October 
2020. Only patients who were diagnosed with the following 
stroke types were included: subarachnoid hemorrhage (SAH), in-
tracerebral hemorrhage (ICH) and ischaemic stroke (International 

Classification of Diseases, 10th revision, codes I60, I61 and I63, 
respectively). The occurrence of each stroke type, the utilization 
of recanalization procedures (IVT, MT) and demographic param-
eters (age, sex) during the first pandemic year (1 March 2020 to 
28 February 2021) overall and during the three COVID- 19 waves 
within that year were compared with the preceding year (1 March 
2019 to 29 February 2020).

Czech Republic

In the CR, there is a public health insurance system. All health care 
services reimbursed from the public health insurance system by 
health insurance companies are reported to the NRRHS. Thus, the 
NRRHS collects and stores all data reported to health insurance 
companies by every healthcare provider.

Registry of Stroke Care Quality (RES- Q)

Data on all stroke patients discharged with a stroke diagnosis from 
all accredited stroke centers in the CR are collected in the interna-
tional RES- Q for 2 months every year (March or April and October). 
Further, RES- Q includes stroke management data including time to 
initiation of reperfusion therapy (DNT, ODT) and stroke severity as 
reflected by the NIHSS score.

COVID epidemic in the CR

The CR was one of the least affected countries by the COVID- 19 
pandemic during the spring wave of 2020. By 31 May 2020, a total 
of only 9268 people (i.e., 881 cases per million) had tested positive 
for severe acute respiratory syndrome coronavirus 2 (SARS- CoV- 2) 
(incidence 3.6 per million, 30 deaths per million) [31]. This success 
was followed by a significant surge in cases and the CR turned out 
to be one of the most heavily affected countries in the world in au-
tumn 2020 and winter 2021. By 31 December 2020, 718,661 people 
(i.e., 68,373 cases per million) had tested positive, and by the end of 
February 2021 the total COVID- 19 cases reached 1.24 million (i.e., 
117,544 cases per million) [31]. Moreover, there was a substantial 
rise in case mortality, as the total number of deaths increased to 
11,580 by 31 December 2020, and it had nearly doubled to 20,339 
(1935 per million) by 28 February 2021 [31].

Conclusions: There was a decline in stroke admissions, but such decline was not related 
to COVID- 19 incidence. The frequency of use of recanalization procedures (IVT, MT) 
and times (onset- to- door time, door- to- needle time) in AIS were preserved in the Czech 
Republic during the first year of the pandemic.

K E Y W O R D S
COVID- 19, Czech Republic, intravenous thrombolysis, mechanical thrombectomy, stroke
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Study periods

The COVID- 19 pandemic year (March 2020 to February 2021) was 
compared with the immediately preceding year (March 2019 to 
February 2020). The pandemic year was divided into four periods 
according to COVID- 19 incidence and compared to corresponding 
pre- pandemic months: spring (March– May 2020) first wave but with 
low COVID- 19 incidence, summer (June– August 2020) with low 
COVID- 19 incidence, autumn (September– December 2020) second 
wave with high COVID- 19 incidence, and winter (January– February 
2021) third wave with high COVID- 19 incidence.

Statistical analysis

Categorical variables are reported as absolute numbers and per-
centages. Continuous variables are presented as mean and standard 
deviation or median and interquartile range. The comparisons be-
tween years were performed using Fisher's exact test or the Mann– 
Whitney test, as appropriate. For overall volume analysis, the p value 
is based on two- sided Poisson means test. A p value of <0.05 was 
considered statistically significant. All statistical analyses were pro-
duced using R Statistical Software (version 4.0.3).

Statement of Ethics

The present study conforms to the guidelines issued in the 
Declaration of Helsinki. Informed consent requirement was waived 
by the institutional ethics committees for this retrospective study 

using anonymized clinical data, with no direct patient contact. The 
ethics committee of St Anne's University Hospital determined that 
this study does not constitute clinical research and is thus exempt 
from ethics committee review (communication received on 13 
January 2021).

RESULTS

The decrease in stroke admissions appeared in all COVID- 19 
waves (spring 2020, autumn 2020, winter 2021), and the decrease 
was greater as time and COVID- 19 incidence progressed (−10.2%, 
−11.7%, −18.9%, respectively), except for the unexpected rise (+2%) 
in stroke admissions in summer 2020, when the COVID- 19 pandemic 
was considered to potentially be over.

During the pandemic year 2020 compared to the prior year, 
the overall number of patients with stroke admitted to hospitals 
fell from 28,771 to 26,453 (8.8%, p < 0.001). Hemorrhagic stroke 
admissions remained stable, with only a slight decrease in the 
number of admitted patients with SAH and ICH, 1057– 1024 (3.2%, 
p = 0.48) for SAH and 3286 to 3261 (0.8%, p = 0.77) for ICH. Only 
the decline observed in admissions for AIS reached statistical sig-
nificance, as their number during the pandemic fell from 24,428 
to 22,168 (10.2%, p < 0.001) in comparison to the pre- pandemic 
year (Table 1).

Comparing the first pandemic year to the previous year, the age 
of the admitted ischaemic stroke patients and the relative propor-
tion of male patients remained unchanged for all stroke types.

Hospital admission rates for AIS fell significantly during all 
COVID- 19 waves (Figure 1). The decline observed during the 

TA B L E  1  Hospital admissions for all stroke types during the first year of the pandemic compared to the previous year

1 year Low incidence wave
Summer “zero” 
COVID- 19 High incidence waves

1 year March 2020 
to February 2021 
[March 2019 to 
February 2020]

First wave March– 
May 2020 [2019]

June– August 
2020 [2019]

Second wave 
September– 
December 2020 
[2019]

Third wave 
January– February 
2021 [2020]

Stroke total

N 26,453 [28,771] 6615 [7290] 7084 [6940] 8716 [9738] 4038 [4803]

Relative change (p value) −8.8% (<0.001) −10.2% (<0.001) 2.0% (0.23) −11.7% (<0.001) −18.9% (<0.001)

SAH (I60)

N 1024 [1057] 262 [283] 301 [229] 335 [380] 126 [165]

Relative change (p value) −3.2% (0.48) −8.0% (0.39) 23.9% (0.00) −13.4% (0.10) −31.0% (0.03)

ICH (I61)

N 3261 [3286] 865 [863] 713 [711] 1125 [1152] 558 [560]

Relative change (p value) −0.8% (0.77) 0.2% (0.98) 0.3% (0.98) −2.4% (0.59) −0.4% (0.98)

AIS (I63)

N 22,168 [24,428] 5488 [6144] 6070 [6000] 7256 [8206] 3354 [4078]

Relative change (p value) −10.2% (<0.001) −12.0% (<0.001) 1.2% (0.53) −13.1% (<0.001) −21.6% (<0.001)

Abbreviations: AIS, acute ischaemic stroke; ICH, intracerebral hemorrhage; SAH, subarachnoid hemorrhage.
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autumn wave (−13.1%, p < 0.001) with higher COVID- 19 incidence 
was slightly greater compared to the decline during the spring wave 
(12.0%, p < 0.001) with lower COVID- 19 incidence. The most signif-
icant reduction was observed during the winter 2021 wave with the 
highest number of COVID- 19 cases, as hospitalizations decreased by 
21.6% (p < 0.001) in comparison to the previous year.

Probably related to the reduction in the number of admitted 
AIS patients there was also a reduction in the volume of IVT proce-
dures, with the most notable decline during the autumn wave (16.8%, 
p < 0.001) and winter wave 2021 (11.9%, p = 0.041), when COVID- 19 
cases were peaking, whilst there was a return to pre- pandemic levels 
(−0.4%) during the summer months when COVID- 19 occurrence was 
low. A similar but not significant decline was reported for MT proce-
dures, with the sharpest decline during the spring (12.5%, p = 0.151) 
and winter 2021 waves (13.3%, p = 0.211). During the first year of the 
COVID- 19 pandemic, similar to the decrease in admission rates, there 
was a reduction in the volume of MT and IVT procedures in AIS pa-
tients, with numbers falling from 1350 to 1277 (5.7%, p = 0.160) and 
4322 to 3950 (9.4%, p < 0.001), respectively, At the same time, the 
relative proportion of patients receiving recanalization procedures 
remained relatively stable compared to the pre- COVID year (Table 2).

For SAH, the decline in the number of admitted patients during 
the autumn (−13.4%, p = 0.1) and winter waves (−31%, p = 0.03) with 
high COVID- 19 incidence was greater than during the first wave 
(−8.0%, p = 0.48).

Using the RES- Q, the time to initiation of reperfusion therapy 
remained unchanged during the spring COVID- 19 wave (DNT, 24 vs. 
24 min, p = 0.5; and ODT, 160 vs. 158 min, p = 0.23) with improve-
ment in ODT during the autumn wave (147 vs. 172 min; p = 0.009). 
Stroke severity at admission did not differ comparing the years 
(NIHSS 6 vs. 6, p = 0.5; NIHSS 6 vs. 6; p = 0.15) (Table 3).

More detailed information on stroke type admission volumes 
and stroke management is presented in Tables 1– 3 and Figures 1– 3.

DISCUSSION

Using nationwide data, the effect of the COVID- 19 pandemic on 
hospital admission rates and ischaemic stroke acute care quality in 

the CR during the first pandemic year was evaluated. A significant 
reduction in the total number of admitted stroke patients (8.8%, 
p < 0.001) during the pandemic was observed compared to the 
previous year. However, only the decline in AIS reached statisti-
cal significance (10.2%, p < 0.001), whilst ICH and SAH were un-
changed. The most relevant results of our analysis are twofold. 
First, a significant decline in hospitalizations for total stroke during 
all COVID- 19 waves regardless of COVID- 19 incidence was found. 
Secondly, stroke hospital admissions returned to pre- pandemic 
levels during summer 2020, when the COVID- 19 cases were low 
and the pandemic was considered to be over. The observed de-
cline in AIS was accompanied by a decrease in the volume of re-
canalization procedures compared to the previous year, with an 
unchanged relative proportion of patients receiving IVT and MT. 
The time to initiation of reperfusion therapy was unchanged, sug-
gesting that stroke management quality in the earliest stages of 
AIS was preserved.

No change in stroke severity at admission was observed, sug-
gesting that people avoided hospitals regardless of stroke severity. 
Others have reported more severe strokes at admission during the 
pandemic [5, 6, 27, 30], indicating that patients with mild to moder-
ate stroke or a transient ischaemic attack (TIA) did not seek med-
ical help as consistently. Possible reasons proposed have included 
the fear of contracting the virus in the hospital setting [2, 3, 6, 12– 
14, 21– 24, 27– 29, 32] and the restrictive measures adopted during 
lockdown periods leading to social distancing, leading to more mild 
strokes or TIAs being unintentionally overlooked by the patients' rel-
atives [5, 8, 12, 14, 16, 21, 22, 24, 27, 32].

To date, few studies have reported changes in hospitalization 
rates and stroke care quality during the second wave of the pandemic 
[22, 25, 33– 35]. Our findings are in line with a recently published 
study by Katsouras et al. [35] (Greece, second wave November– 
December 2020), who observed a decline in acute stroke and acute 
coronary syndrome admission rates by 33.7% and 33.3%, respec-
tively, compared to the same period in 2019.

In the CR the COVID- 19 incidence rate was higher during the 
second wave in autumn 2020, which was accompanied by a sharper 
decline in stroke admission rates compared to the first wave of 
spring 2020 (11.8% vs. 10.2%). Yu et al. [25] (Ontario, Canada) 

F I G U R E  1  Number of acute ischaemic 
stroke cases during the first pandemic 
year and the pre- pandemic year
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reported that the number of stroke patients visiting the emergency 
department did not drop to the degree of that noted during the 
first lockdown in the spring of 2020. Similarly, Richter et al. [33] 
(Germany) showed there was a greater decrease in admission rates 
for AIS during the first wave of spring 2020 compared to the sec-
ond wave of autumn 2020, leading to possible explanations such as 
better public awareness about the detrimental effects of not seek-
ing medical help in the case of stroke and a reduction in fear of 
contracting the virus. A study from Denmark reported a decrease 
in the number of stroke patients and stroke mimics during the first 
lockdown in Denmark (13 March 2020 to 17 May 2020) compared 
to the pre- pandemic year (1 January 2019 to 12 March 2020) [22]. 
At the same time, if the first pandemic year (13 March 2020 to 28 
February 2021) was compared to the pre- pandemic year an increase 
in the total number of stroke patients was noted, with an increase in 
AIS cases but an unchanged number of ICH patients. These findings 
suggest that after the first lockdown period the number of stroke 
patients has been on the rise [22].

Whilst no change in demographic characteristics was observed, 
Richter et al. [33] reported a more significant decline in females with 
AIS during both waves compared to the pre- pandemic year, with 
only the change during the second wave being statistically signif-
icant. The authors attributed the observed difference to German 
women representing a greater proportion of care facility residents, 
one of the most vulnerable parts of the population during the pan-
demic, as well as to women being more serious about the severity of 
the pandemic and more inclined to follow restrictive measures [33].

Due to lower admission rates during the pandemic, the abso-
lute volume of IVT procedures also decreased (but with a preserved 
relative proportion of AIS patients receiving such procedures) in all 
COVID- 19 waves and returned to pre- pandemic levels during sum-
mer 2020. Comparable results were reported from Canada [25] and 
from Germany [33]. In our analysis a decline in the number of MTs in 
AIS patients (but with a stable percentage of AIS patients) during all 
time periods except for the summer 2020 was found. These results 
contradict the observed increase of MT procedures during the pan-
demic year in Germany [33]. On the other hand, data from Denmark 
[22] showed no change in the number of IVT and MT procedures 
during the pandemic; however, the authors hypothesized that these 
findings might be due to the smaller study cohort or the possible 
prevalence of milder strokes during the pandemic, even though no 
data regarding the NIHSS were reported.

The observed decrease in admission rates of stroke patients 
during the second wave in autumn 2020 and the third wave in winter 
2021 was comparable to the decline noted during the first wave of 
spring 2020 although the infection rate in the CR was higher at the 
later stages of the first pandemic year. These findings indicate that 
during the later waves people with stroke did not seek medical assis-
tance in a similar manner compared to the first wave, whilst in other 
countries the decline was not as great [33], or stroke cases even rose 
[22]. Strict political measures leading to social distancing could have 
led to more TIAs being overlooked by the patients' relatives. People 
might have had ongoing fear of contracting the virus. Due to the TA
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current study design, it could not be determined whether the drop in 
admission rates was due to the stroke incidence decline during the 
pandemic or patients with stroke being less likely to seek medical 
assistance. Our results also suggest that during the pandemic acute 
stroke care in the CR remained widely accessible and the quality of 
the earliest stages of ischaemic stroke care was preserved, as the 
relative proportion of patients receiving recanalization procedures 
was comparable to the pre- pandemic year and recanalization times 
remained stable.

One of the biggest strengths of this study is the nationwide data 
coverage. Furthermore, to date this is one of the few studies to eval-
uate the impact of the pandemic on stroke admission rates and care 
quality at the earliest stages of AIS during the entire first year of the 
pandemic.

CONCLUSION

In this nationwide study in the CR the effect of the SARS- CoV- 2 
pandemic on stroke hospitalization and frequency of use of IVT 
and MT for AIS during the first COVID- 19 pandemic year was 
evaluated. An 8.8% drop in stroke hospitalizations was found, with 
a statistically significant decrease only being noted in ischaemic 
stroke. The decline in stroke admissions occurred regardless of the 
level of COVID- 19 incidence with a return to normal levels dur-
ing pandemic “disappearance” in the summer months of 2020. The 
decline in ischaemic stroke admission rates was accompanied by 
a decrease in the absolute volumes of recanalization procedures 
(IVT, MT) but with a stable relative proportion of AIS patients re-
ceiving the procedures. Preserved recanalization times (DNT, ODT) 

TA B L E  3  Parameters of stroke care in ischaemic stroke patients (I63) in 2019 and 2020 using RES- Q

March 2019 April 2020 p value October 2019 October 2020 p value

DNT (min), median (IQR) 24 (15– 35) 24 (16– 34) 0.52 23 (15– 33) 22 (16– 30) 0.46

ODT (min), median (IQR) 158 (85– 375.5) 160 (84– 387) 0.52 172 (85– 430) 147 (80– 336) 0.009*

NIHSS at admission median (IQR) 6 (3– 13) 6 (3– 12) 0.49 6 (3– 12) 6 (3– 13) 0.15

Abbreviations: DNT, door- to- needle time; IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale; ODT, onset- to- door time.
*p value of <0.05 was considered statistically significant.

F I G U R E  3  Number of intracerebral 
hemorrhage cases during the first 
pandemic year and the pre- pandemic year

F I G U R E  2  Number of subarachnoid 
hemorrhage cases during the first 
pandemic year and the pre- pandemic year
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suggest stable acute management quality for ischaemic stroke. 
The unchanged NIHSS at admission would be consistent with the 
avoidance of hospital visits irrespective of stroke severity. As the 
pandemic continues, it is imperative that the public has increased 
awareness of the consequences of untreated serious medical con-
ditions like stroke.

FUNDING INFORMATION
Petra Sedova and Robert Mikulik were supported by the COST 
(European Cooperation in Science and Technology) Association, pro-
ject no. CA18118, IRENE COST Action– Implementation Research 
Network in Stroke Care Quality and by the project no. LQ1605 from 
the National Program of Sustainability II and by the IRIS- TEPUS 
Project No. LTC20051 from the INTER- EXCELLENCE INTER- COST 
program of the Ministry of Education, Youth and Sports of the Czech 
Republic. Petra Sedova was supported by Ministry of Health, Czech 
Republic -  conceptual development of research organization (FNBr, 
65269705).

CONFLIC T OF INTERE S T
Tomas Bryndziar reports former employment at Bristol- Myers 
Squibb outside the submitted work.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available upon 
request from the corresponding author.

ORCID
Petra Sedova  https://orcid.org/0000-0002-1379-0203 
Tomas Bryndziar  https://orcid.org/0000-0001-7651-4778 
Robert Mikulik  https://orcid.org/0000-0002-7458-5166 

R E FE R E N C E S
 1. Esenwa C, Parides MK, Labovitz DL. The effect of COVID- 19 on 

stroke hospitalizations in New York City. J Stroke Cerebrovasc Dis. 
2020;29(10):105114.

 2. Romoli M, Eusebi P, Forlivesi S, et al. Stroke network performance 
during the first COVID- 19 pandemic stage: a meta- analysis based 
on stroke network models. Int J Stroke. 2021;16(7):771- 783.

 3. Richter D, Eyding J, Weber R, et al. Analysis of nationwide stroke 
patient care in times of COVID- 19 pandemic in Germany. Stroke. 
2021;52(2):716- 721.

 4. de Havenon A, Yaghi S, Majersik JJ, et al. Acute coronary syndrome 
and ischemic stroke discharges in the United States during the 
COVID- 19 pandemic. Stroke. 2021;52(6):e239- e241.

 5. Kristoffersen ES, Jahr SH, Thommessen B, Rønning OM. Effect of 
COVID- 19 pandemic on stroke admission rates in a Norwegian pop-
ulation. Acta Neurol Scand. 2020;142(6):632- 636.

 6. Katsanos AH, Palaiodimou L, Zand R, et al. Changes in stroke hos-
pital care during the COVID- 19 pandemic: a systematic review and 
meta- analysis. Stroke. 2021;52(11):3651- 3660.

 7. Bres Bullrich M, Fridman S, Mandzia JL, et al. COVID- 19: stroke ad-
missions, emergency department visits, and prevention clinic refer-
rals. Can J Neurol Sci. 2020;47(5):693- 696.

 8. Bersano A, Kraemer M, Touzé E, et al. Stroke care during the 
COVID- 19 pandemic: experience from three large European coun-
tries. Eur J Neurol. 2020;27(9):1794- 1800.

 9. Douiri A, Muruet W, Bhalla A, et al. Stroke care in the United Kingdom 
during the COVID- 19 pandemic. Stroke. 2021;52(6):2125- 2133.

 10. Uchino K, Kolikonda MK, Brown D, et al. Decline in stroke presen-
tations during COVID- 19 surge. Stroke. 2020;51(8):2544- 2547.

 11. Altersberger VL, Stolze LJ, Heldner MR, et al. Maintenance of acute 
stroke care service during the COVID- 19 pandemic lockdown. 
Stroke. 2021;52(5):1693- 1701.

 12. Diegoli H, Magalhães PSC, Martins SCO, et al. Decrease in hospital 
admissions for transient ischemic attack, mild, and moderate stroke 
during the COVID- 19 era. Stroke. 2020;51(8):2315- 2321.

 13. Gdovinová Z, Vitková M, Baráková A, Cvopová A. The impact of 
the COVID- 19 outbreak on acute stroke care in Slovakia: data from 
across the country. Eur J Neurol. 2021;28(10):3263- 3266.

 14. Nogueira RG, Qureshi MM, Abdalkader M, et al. Global impact 
of COVID- 19 on stroke care and IV thrombolysis. Neurology. 
2021;96(23):e2824- e2838.

 15. Rudilosso S, Laredo C, Vera V, et al. Acute stroke care is at risk in the 
era of COVID- 19: experience at a Comprehensive Stroke Center in 
Barcelona. Stroke. 2020;51(7):1991- 1995.

 16. Sacco S, Ricci S, Ornello R, Eusebi P, Petraglia L, Toni D. Reduced 
admissions for cerebrovascular events during COVID- 19 outbreak 
in Italy. Stroke. 2020;51(12):3746- 3750.

 17. Siegler JE, Heslin ME, Thau L, Smith A, Jovin TG. Falling stroke rates 
during COVID- 19 pandemic at a comprehensive stroke center. J 
Stroke Cerebrovasc Dis. 2020;29(8):104953.

 18. Zhao J, Li H, Kung D, Fisher M, Shen Y, Liu R. Impact of the 
COVID- 19 epidemic on stroke care and potential solutions. Stroke. 
2020;51(7):1996- 2001.

 19. Kerleroux B, Fabacher T, Bricout N, et al. Mechanical thrombectomy 
for acute ischemic stroke amid the COVID- 19 outbreak: decreased 
activity, and increased care delays. Stroke. 2020;51(7):2012- 2017.

 20. Sedova P, Brown RD Jr, Bryndziar T, et al. Treat COVID- 19, but 
not only COVID- 19: stroke matters as well. Cerebrovasc Dis. 
2022;51(1):52- 59.

 21. Rinkel LA, Prick JCM, Slot RER, et al. Impact of the COVID- 19 out-
break on acute stroke care. J Neurol. 2021;268(2):403- 408.

 22. Drenck N, Grundtvig J, Christensen T, et al. Stroke admissions and 
revascularization treatments in Denmark during COVID- 19. Acta 
Neurol Scand. 2022;145(2):160- 170.

 23. Ghoreishi A, Arsang- Jang S, Sabaa- Ayoun Z, et al. Stroke care 
trends during COVID- 19 pandemic in Zanjan Province, Iran. From 
the CASCADE initiative: statistical analysis plan and preliminary 
results. J Stroke Cerebrovasc Dis. 2020;29(12):105321.

 24. De Marchis GM, Wright PR, Michel P, et al. Association of the 
COVID- 19 outbreak with acute stroke care in Switzerland. Eur J 
Neurol. 2022;29(3):724- 731.

 25. Yu AYX, Lee DS, Vyas MV, et al. Emergency department visits, care, 
and outcome after stroke and myocardial infarction during the 
COVID- 19 pandemic phases. CJC Open. 2021;3(10):1230- 1237.

 26. Raymaekers V, Demeestere J, Bellante F, et al. The impact of 
COVID- 19 on acute stroke care in Belgium. Acta Neurol Belg. 
2021;121(5):1251- 1258.

 27. Ortega- Gutierrez S, Farooqui M, Zha A, et al. Decline in mild stroke 
presentations and intravenous thrombolysis during the COVID- 19 
pandemic: the Society of Vascular and Interventional Neurology 
Multicenter Collaboration. Clin Neurol Neurosurg. 2021;201:106436.

 28. Tanisaka LS, Paiva LDS, Werneck de Carvalho LE, et al. Stroke hos-
pital admissions during the COVID- 19 outbreak in São Paulo, Brazil. 
Cerebrovasc Dis. 2022;51(5):686- 689.

 29. Markus HS, Martins S. COVID- 19 and stroke— understanding the 
relationship and adapting services. A global world stroke organisa-
tion perspective. Int J Stroke. 2021;16(3):241- 247.

 30. Benali F, Stolze LJ, Rozeman AD, et al. Impact of the lockdown on 
acute stroke treatments during the first surge of the COVID- 19 
outbreak in the Netherlands. BMC Neurol. 2022;22(1):22.

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15664 by C

ochrane C
zech R

epublic, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

  rejstřík



8  |    SEDOVA et al.

 31. Ritchie H ME, Rodés- Guirao L, Appel C, Giattino C, Ortiz- Ospina E, 
Hasell J, Macdonald B, Beltekian D, Roser M. Czechia: coronavirus 
pandemic country profile. https://ourwo rldin data.org/coron aviru s/
count ry/czech - republic. Published 2020. Accessed September 19, 
2022.

 32. Demaerschalk BM. Where in the world have all the strokes gone? 
Neurology. 2021;96(23):1069- 1070.

 33. Richter D, Eyding J, Weber R, et al. A full year of the COVID- 19 pan-
demic with two infection waves and its impact on ischemic stroke 
patient care in Germany. Eur J Neurol. 2022;29(1):105- 113.

 34. Fuentes B, Alonso de Leciñana M, Rigual R, et al. Fewer COVID- 
19- associated strokes and reduced severity during the sec-
ond COVID- 19 wave: the Madrid stroke network. Eur J Neurol. 
2021;28(12):4078- 4089.

 35. Katsouras C, Tsivgoulis G, Papafaklis M, et al. Persistent decline of hos-
pitalizations for acute stroke and acute coronary syndrome during the 
second wave of the COVID- 19 pandemic in Greece: collateral damage 
unaffected. Ther Adv Neurol Disord. 2021;14:17562864211029540.

How to cite this article: Sedova P, Kent JA, Bryndziar T, et al. 
The decline in stroke hospitalization due to COVID- 19 is 
unrelated to COVID- 19 intensity. Eur J Neurol. 2022;00:1-8. 
doi:10.1111/ene.15664

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15664 by C

ochrane C
zech R

epublic, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

  rejstřík



To nejlepší z české kardiologie

  rejstřík

Resuscitation
Impact Factor: 6.251

Initial rhythm and survival in refractory out-ofhospital cardiac 
arrest. post-hoc analysis of the prague oHCa randomized trial

Š. Havránek et al.



Clinical paper
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hospital cardiac arrest. Post-hoc analysis of the
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Abstract
Background: The prognosis of refractory out-of-hospital cardiac arrest (OHCA) is generally poor. A recent Prague OHCA study has demonstrated

that an invasive approach (including extracorporeal cardiopulmonary resuscitation, ECPR) is a feasible and effective treatment strategy in refractory

OHCA. Here we present a post-hoc analysis of the role of initial rhythm on patient outcomes.

Methods: The study enrolled patients who had a witnessed OHCA of presumed cardiac cause without early recovery of spontaneous circulation.

The initial rhythm was classified as either a shockable or a non-shockable rhythm. The primary outcome was a composite of 180 day-survival with

Cerebral Performance in Category 1 or 2.

Results: 256 (median age 58y, 17% females) patients were enrolled. The median (IQR) duration of resuscitation was 52 (33–68) minutes. 156

(61%) and 100 (39%) of patients manifested a shockable and non-shockable rhythm, respectively. The primary outcome was achieved in 63

(40%) patients with a shockable rhythm and in 5 (5%) patients with a non-shockable rhythm (p < 0.001). When patients were analyzed separately

based on whether the treatment was invasive (n = 124) or standard (n = 132), the difference in the primary endpoint between shockable and non-

shockable initial rhythms remained significant (35/72 (49%) vs 4/52 (8%) in the invasive arm and 28/84 (33%) vs 1/48 (2%) in the standard arm;

p < 0.001).

Conclusion: An initial shockable rhythm and treatment with an invasive approach is associated with a reasonable neurologically favorable survival

for 180 days despite refractory OHCA. Non-shockable initial rhythms bear a poor prognosis in refractory OHCA even when ECPR is readily available.

Keywords: Resuscitation, Cardiac arrest, Extracorporeal circulation, Invasive approach

Introduction

Out-of-hospital cardiac arrest (OHCA) is a significant burden to soci-

ety.1 Survival at the level of a hospital discharge with neurological

and functional recovery after OHCA is low.2 It has been reported that

a good clinical outcome of treated ventricular fibrillation (VF) or

pulseless ventricle tachycardia arrest is far more favorable than

asystole or pulseless electrical activity (PEA).2–6 However, half of

the patients with OHCA and VF which exhibited refractory arrhythmia

https://doi.org/10.1016/j.resuscitation.2022.10.006
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and were unresponsive to initial standard treatment, had a poor prog-

nosis.3,7 In patients who didn’t have a recovery of spontaneous circu-

lation (ROSC), the chance of survival when being transported to the

hospital while still undergoing cardiopulmonary resuscitation (CPR)

is low, usually less than 4% when using standard measures.8,9

The temporary replacement of failing circulation by extracorpo-

real cardiopulmonary resuscitation (ECPR), has been recognized

as a promising approach to refractory cardiac arrest (CA).10–14

Recently, a Prague OHCA study has demonstrated that an invasive

approach (early transport to the hospital under mechanical CPR,

ECPR, and immediate invasive assessment and therapy) is a feasi-

ble and effective treatment strategy in refractory OHCA. The trial

suggested the beneficial effects of the invasive approach in the

results of 30-day neurological outcome and 180-day mortality/180-

day survival with a favorable neurological outcome.15

To date, only retrospective studies analysed the role of initial

rhythms in refractory OHCA and ECPR. These data suggest poor out-

comes for patients with non-shockable rhythms treated with ECPR.

Many OHCA centers, therefore, reserve ECPR for VF patients only.

Prague OHCA study was the first randomized refractory OHCA trial

which also included patients with non-shockable rhythms.

Therefore, we hereby present an analysis on the role of the initial

rhythm on patient outcomes in the refractory CA population of the

Prague OHCA trial. The secondary objective was to identify the

impact of the initial rhythm on the clinical outcome relating to treat-

ment strategy approach, i.e. invasive vs standard. We hypothesized

that a shockable rhythm is associated with favorable 180 days sur-

vival in refractory OHCA regardless of the treatment strategy. Fur-

ther, we also hypothesized, that an invasive approach followed by

ECPR might have neurologically favorable survival benefits.

Methods

The current study is a post-hoc analysis of the Prague OHCA study, a

randomized controlled trial comparing the invasive approach (early

transport to hospital under mechanical CPR, ECPR, and immediate

invasive assessment and therapy) to standard treatment in the refrac-

tory OHCA population.15,16 The study was performed according to

good clinical practice and in compliance with the Helsinki declaration.

The Prague OHCA study was approved by the Ethics committee of

the General University Hospital in Prague (192/11 S-IV).

Study population

A detailed protocol of the main study has been described previously

in detail.15,16 In brief, the study enrolled adults over 18 years of age,

with a witnessed OHCA of a presumed cardiac etiology, who were

given a minimum of 5 minutes of advanced cardiac life support with-

out ROSC and who remained unconscious. The patients were ran-

domized in a 1:1 ratio into two study arms: invasive (I) or standard

(S). Patients who attained ROSC during initial resuscitation,

regained consciousness, or had a known or obvious life-limiting

comorbidity, or bleeding diathesis were excluded. The termination

of resuscitation efforts followed the valid European Resuscitation

Council (ERC) guidelines.17,18

Intervention

Patients who were randomized to the S arm were managed on site

by continued advanced cardiac life support. The use of drugs, further

defibrillations, or other interventions followed the available ERC

guidelines.17,18 If ROSC was achieved (defined as cardiac electrical

activity with a palpable pulse), transportation to hospital was initiated

and an early invasive strategy was encouraged, namely a coronary

angiography.

The mechanical chest compression device LUCAS (Lund Univer-

sity Cardiac Arrest System; Physio-Control Inc./Jolife AB, Lund,

Sweden) was originally reserved exclusively for the I arm. However,

following the publication of a major trial on mechanical chest com-

pression,19 the attachment of a LUCAS device was left to the discre-

tion of the emergency physician and was allowed for use at any point

during CPR.

In the I arm, the patient was immediately transferred directly to

the cardiac center catheterization laboratory (Cathlab) during ongo-

ing CPR with the intention of proceeding with ECPR if ROSC was

not achieved en route or on admission. The use of drugs, further

defibrillations, or other interventions during transportation followed

the ERC guidelines.17,18 Post-resuscitation care was standardized

in both study arms.

Initial rhythm

For the present study, the initial rhythm was defined as the first doc-

umented rhythm by the medical emergency system. For further eval-

uation, initial rhythm was classified as either a shockable rhythm or a

non-shockable rhythm. A shockable rhythm included VF or pulseless

ventricular tachycardia, the non-shockable group consisted of asys-

tole and PEA. The team in the intensive care unit was unblinded

regarding the initial heart rhythm.

Outcomes

The primary outcome was the composite of a 180 day-survival rate

with a favorable neurological status, defined as no or minimal neuro-

logical impairment (Cerebral Performance Category, CPC, 1 or 2).

Secondary outcomes included a 30 day-survival rate with cardiac

recovery (no need for pharmacological or mechanical cardiac sup-

port for at least 24 hours) and a neurological recovery (CPC 1 or

2) at any time within the first 30 days following the CA. Survival up

to 180 days, CPC distribution, and differences in favorable survival

in relationship to the length of the CA as well as adverse events inci-

dence were also determined.

Statistical analysis

The CA time and other numeric variables are expressed as medians

and interquartile ranges (IQR). The 2-sided Mann-Whitney test was

used to compare the CA times and laboratory values between the

shockable and non-shockable initial rhythm. The categorical values

were compared using the Fisher’s exact test (for 2x2 table) or the

chi-square test. All presented p-values are two-tailed. We used the

Fisher exact test with doubled one-sided p-value. The Cox regres-

sion model was used for multivariable survival analysis. Two models

were designed. First using available variables on hospital admission.

Second model included known variables or completed interventions

after initial in-hospital evaluation (one hour after admission). Selec-

tion of variables included in both models was based on a significance

in an univariate analysis and its clinical relevance. P < 0.05 was con-

sidered as statistically significant. Statistical analyses were per-

formed with MedCalc� Statistical Software version 19.7 (MedCalc

Software Ltd, Ostend, Belgium; 2021) and RStudio

2022.07.2 + 576 (RStudio Team (2020). RStudio: Integrated Devel-

opment for R. RStudio, PBC, Boston, MA URL http://www.rstu-

dio.com/).
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Results

Baseline clinical data, prehospitalization phase

During the study period, 256 patients (median age 58 years, 17%

females) were enrolled and analyzed. The baseline demographic

and clinical data are described in Table 1. Out of the entire study

cohort, 156 (61%) patients manifested VF as an initial rhythm. The

rest of the patients had an initially non-shockable rhythm: PEA in

45 (18%) and asystole in 55 (21%) cases. Not a single patient exhib-

ited pulseless VT. Patients with VF were slightly younger, predomi-

nantly male, and less prevalently had diabetes mellitus than those

without a shockable rhythm. In the VF group, telephone assisted

CPR was more frequently performed and a lower number of adrena-

line doses were used.

Hospitalization phase, procedures, and interventions

As Table 2 describes in detail, less patients in the shockable group

died prior to admission to the hospital or within the first hour after

admission, and more frequently had a sustained ROSC on admis-

sion. In-hospital target temperature management was applied more

frequently in patients with VF. An invasive assessment by diagnostic

angiography was performed in 93% and 81% of admitted patients in

the VF and non-shockable groups, respectively, with a different

spectrum of invasive procedures according to the initial rhythm.

Upon admission, the VF group manifested less advanced metabolic

derangement, i.e. lower lactates and higher pH. Acute coronary syn-

dromes were more frequently identified as a cause of the CA in the

VF group (89 (57%) vs 38 (38%)). The second most frequent cause

of CA in the VF group was chronic coronary artery disease. On the

contrary, pulmonary embolism was more frequently found in non-

VF patients. Patients with a shockable rhythm were less likely to

manifest organ lacerations due to CPR.

Clinical outcome

Overall, 68 (27%) patients in the whole study reached the primary

outcome of neurologically favorable survival at 180 days represented

by 63 (40%) patients with an initially documented VF and 5 (5%)

patients with an initially non-shockable rhythm (p < 0.001), Table 3.

Compared to patients with a non-shockable rhythm, a higher

probability of secondary outcomes of cardiac and neurological recov-

ery at 30 days occurred in VF patients. When patients in the I and S

arms were analyzed separately, the difference in primary and sec-

ondary endpoints between shockable and non-shockable initial

rhythms remained significant (Table 3). Of all the patients with VF,

patients treated with an invasive strategy more frequently recovered

neurologically at 30 days than those in the S arm (34 (47%) vs 24

(29%); p = 0.03). However, the difference in the proportion of surviv-

ing patients with CPC 1 or 2 after 180 days and VF between the I and

S arms was not different (35 (49%) vs 28 (33%); p = 0.08; Fig. 1.

In the first cox regression model (including variables known at the

time of hospital admission), see Table 4, model A, a shockable initial

rhythm and sustained ROSC were independently associated with a

lower probability of unfavorable clinical outcome (the absence of

180 day-survival with favorable neurological outcome). The second

cox regression analysis, see Table 4, model B, included variables

known after initial in-hospital evaluation (within the first hour of admis-

sion). Unfavorable clinical outcome was associated with CPR > 45

minutes and not having initial shockable rhythm. Other variables such

as age, gender, dispatcher assisted CPR, and acute coronary syn-

dromes were not significantly associated with the outcome.

Table 1 – Baseline demographical and prehospital data.

Parameter Shockable rhythm

(N = 156)

Non-shockable rhythm

(N = 100)

P

Age (years) 56 (45–64) 60 (51–66) 0.03

Sex

Female 15 (10%) 29 (29%) <0.001

Male 141 (90%) 71 (71%)

Medical history

Hypertension 57/126 (45%) 32/65 (49%) 0.65

Coronary artery disease 26/125 (21%) 8/62 (13%) 0.23

Chronic heart failure 10/123 (8%) 6/62 (10%) 0.78

Diabetes mellitus 18/120 (15%) 18/62 (29%) 0.03

Chronic kidney disease 2/122 (2%) 3/61 (5%) 0.34

Chronic obstructive pulmonary disease 7/122 (6%) 3/62 (5%) 1.00

ICD implanted 1/134 (1%) 2/76 (3%) 0.30

Bystander CPR 154 (99%) 98 (98%) 1.00

Time from collapse to EMS arrival (min) 9 (6–11) 9 (7–12) 0.54

Time from collapse to ACLS (physician arrival) (min) 10 (8–13) 11 (6–14) 0.87

Dispatcher assisted CPR 133 (85%) 70 (70%) 0.006

Time until or of dispatcher assisted CPR began (min) 3 (2–4) 3 (1–5) 0.97

Time from collapse to randomization (min) 25 (20–30) 24 (20–32) 0.98

Number of adrenaline doses prehospitally (mg) 4 (2–6) 5 (4–7) <0.001

Intermittent ROSC 56 (36%) 30 (30%) 0.40

Randomised to

Standard 84 (54%) 48 (48%) 0.44

Invasive 72 (46%) 52 (52%)

Note: Data is expressed as median (IQR) or N (%). ICD – implantable cardioverter-defibrillator; CPR – cardiopulmonary resuscitation; EMS – emergency medical

service; ACLS – advanced cardiac life support; ROSC – recovery of spontaneous circulation.
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Table 2 – Hospitalization phase, procedures, and interventions.

Parameter Shockable rhythm

(N = 156)

Non-shockable rhythm

(N = 100)

P

Admitted to hospital 136 (87%) 74 (74%) 0.01

Time to hospital admission (min) 55 (46–64) 51 (41–63) 0.12

Time from randomization to admission (min) 30 (23–37) 28 (20–35) 0.20

Declared dead 33 (21%) 42 (42%) <0.001

Prehospitally 20/33 (61%) 26/33 (62%) 1.00

Within 1 hour of admission 13/33 (39%) 16/33 (38%)

Time of CPR (time to death/ROSC or ECLS) (min) 54 (33–69) 51 (39–68) 0.33

Time of CPR subgroups

<30 min 31 (20%) 9 (9%) 0.06

�30 and <45 min 29 (19%) 23 (23%)

�45 min 96 (62%) 68 (68%)

Sustained ROSC on admission 67 (43%) 25 (25%) 0.005

TTM used 122/136 (90%) 66/74 (76%) 0.01

ECLS

ECLS implanted 57 (37%) 35 (35%) 0.91

Time to ECLS (min) 62 (57–73) 60 (50–66) 0.09

Invasive assessment

Coronary angiography 126/127 (99%) 55/62 (89%) 0.002

Pulmonary angiography 8/127 (6%) 19/62 (31%) <0.001

Aortography 22/127 (17%) 19/62 (31%) 0.06

Left ventricle angiography 29/127 (23%) 18/62 (29%) 0.37

Laboratory values on admission

pH 7.00 (6.87–7.17) 6.85 (6.75–6.97) <0.001

Lactate (mmol/L) 10.7 (7.8–13.8) 13.8 (10.5–17.0) <0.001

Cause of cardiac arrest (including autopsy findings)

Acute coronary syndrome 89 (57%) 38 (38%) <0.001

Coronary artery disease – chronic 29 (19%) 3 (3%)

Pulmonary embolism 1 (1%) 23 (23%)

Chronic heart failure 8 (5%) 6 (6%)

Cardiomyopathy 7 (5%) 2 (2%)

Myocarditis 5 (3%) 3 (3%)

Aortic stenosis 5 (3%) 3 (3%)

Aortic dissection type A 1 (1%) 3 (3%)

Intracranial haemorrhage 1 (1%) 2 (2%)

Bleeding – other 0 (0%) 3 (3%)

Accidental hypothermia 3 (2%) 1 (1%)

Pulmonary hypertension 0 (0%) 2 (2%)

Sepsis 0 (0%) 1 (1%)

Other 1 (1%) 1 (1%)

Unknown 6 (4%) 9 (9%)

Cause of death

Refractory arrest 34/91 (37%) 46/94 (49%) 0.36

Brain death 14/91 (15%) 16/94 (17%)

MODS 30/91 (33%) 22/94 (23%)

Cardiogenic shock 9/91 (10%) 5/94 (5%)

Unknown 3/91 (3%) 2/94 (2%)

Bleeding 1/91 (1%) 3/94 (3%)

WLST 18 (12%) 17 (17%) 0.29

Complications

Bleeding -any 29/123 (24%) 17/62 (27%) 0.69

Fatal 1 (3%) 3 (18%) 0.23

Intracranial haemorrhage 6 (21%) 4 (24%)

Overt 22 (76%) 10 (59%)

Shock gut 44/123 (36%) 17/57 (30%) 0.54

Organ lacerations 1/132 (1%) 6/83 (7%) 0.03

Technical 2 (1%) 1 (1%) 1.00

Note: Data is expressed as median (IQR) or N (%). CPR – cardiopulmonary resuscitation; ROSC – recovery of spontaneous circulation; TTM – Target temperature

management; ELCS – extracorporeal life support; MODS – multiorgan dysfunction syndrome; WLST – withdrawal of life-sustaining therapy.
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Table 3 – Clinical outcome.

All patients Invasive therapy Standard therapy

Initial rhythm Shockable

(N = 156)

Non-shockable

(N = 100)

P Shockable

(N = 72)

Non-shockable

(N = 52)

P Shockable

(N = 84)

Non-shockable

(N = 48)

P

Primary outcome

Survival with CPC at 180 days

1 or 2 63 (40%) 5 (5%) <0.001 35 (49%) 4 (8%) <0.001 28 (33%) 1 (2%) <0.001

�3 93 (60%) 95 (95%) 37 (51%) 48 (92%) 56 (67%) 47 (98%)

Secondary outcomes

Cardiac recovery at 30 days

Yes 84 (54%) 15 (15%) <0.001 43 (60%) 11 (21%) <0.001 41 (49%) 4 (8%) <0.001

No 72 (46%) 85 (85%) 29 (40%) 41 (79%) 43 (51%) 44 (92%)

Neuro recovery at 30 days

Yes 58 (37%) 4 (4%) <0.001 34 (47%) 4 (8%) <0.001 24 (29%) 0 (0%) <0.001

No 98 (63%) 96 (96%) 38 (53%) 48 (92%) 60 (17%) 48 (100%)

Note: Data is expressed as N (%). CPC – Cerebral Performance Category.

Fig. 1 – Clinical outcome of patients with shockable and non-shockable rhythm in standard and invasive treatment

arms. Notes: A shockable rhythm had 72 patients in the invasive and 84 patients in the standard arm. A non-

shockable rhythm had 52 patients in the invasive and 48 patients in the standard arm. Two-tailed Fisher’s exact test.

Presented p-values are for the superiority of the invasive arm (separately for a shockable and a non-shockable

rhythm).
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Discussion

This post-hoc analysis of the Prague OHCA study contains several

important findings. A shockable initial rhythm is associated with a

better chance of a 180 day-survival rate with a favorable neurological

outcome, an improved secondary 30 day-neurological outcome and

a 30 day-survival in refractory OHCA. This prognostically beneficial

effect applies regardless of the invasive or standard treatment strate-

gies used. The second important finding indicates that patients with

an initial shockable rhythm who were treated with invasive strategy

including ECPR more likely recovered their neurological function at

30 days.

Our findings for favorable outcomes in OHCA for those who pre-

sented with a shockable rhythm are not surprising and are in accor-

dance with previously published data.2,3,6 However, first, this

analysis was based on a randomized population, and second, we

enrolled truly refractory patients with prolonged resuscitations reach-

ing 58 and 46 minutes in the invasive and standard arms with a rea-

sonably overall favorable neurological survival.15

Currently, there is very limited data elucidating the impact of initial

rhythm on the clinical outcome in refractory OHCA. Prior to the Pra-

gue OHCA study, only one small, randomized study focusing on

refractory OHCA, which only considered patients manifesting a

shockable rhythm, had been published.20 Other non-randomised or

retrospective studies also analysed prolonged and refractory OHCA.

However, those only involved patients with shockable rhythms,21,22

or included not only refractory CA,11,23,24 or were performed in a

cohort of in-hospital CA,25 or the initial rhythm analysis was not

shown.26 Our data is in accordance with the retrospective analysis

published by Kim et al.27 In their study, which also included some

patients treated with ECPR, an initial shockable rhythm seemed to

be a favorable phenotype in patients with prolonged CA. One other

retrospective study investigated the efficacy of rapid-response

ECMO and intra-arrest coronary intervention in patients with CA

which was complicated by acute coronary syndrome who were unre-

sponsive to conventional CPR.11 They observed a trend toward a

higher rate of initial recorded shockable rhythm among patients

who survived up to 30 days, but the difference was not statistically

significant (68% versus 48%; p = 0.08). However, this study also

enrolled non-OHCA patients.

Why are shockable rhythms better?

Patients who presented shockable rhythms represent > 85% of all

CA survivors, probably due to a high prevalence of reversible causes

of arrest.28–30 It is generally accepted that the vast majority of VF

arrests are related to an underlying cardiac disorder. Cardiac causes

are less frequent in patients with asystole or PEA, even after exclud-

ing obvious non-cardiac causes such as a drug overdose, trauma,

exsanguination, and primary respiratory failure.31–33

Our data showed overall higher number of declared prehospital

death and death within the first hour after admission in patients with

non-shockable rhythm. This is reflected in lower chance to achieve

prehospital ROSC in patients with a non-shockable rhythm. The

higher number of adrenalin doses and higher rate of organ lacera-

tions most likely reflect difficulties during CPR and apprehension of

inferior outcome of those patients. We speculate, that the absence

of telephone assisted CPR might be a relevant cause of insufficient

CPR and could therefore be linked to progression of some shockable

rhythms to asystole. Target temperature management was less fre-

quently applied in patients with a non-shockable rhythm. The rea-

sons for non-starting or premature termination of target

temperature management in our study (data not shown) are higher

number of contraindications, mainly the haemodynamic instability.

Some authors considered VF to be a dependent rather than an

independent variable and excluded initial rhythm from the logistic

regression models.6,34,35 It has been shown that variables which

contributed to VF are similar to those covariates that predicted sur-

vival (i.e. bystander CPR, age, Firemen/Police-performed CPR,

bystander-witnessed arrest).6 However, in our study, the Cox regres-

sion analyses showed that an initial shockable rhythm was an inde-

pendent predictor of survival with favorable neurological outcome

similar to a shorter duration of CPR or a presence of sustained

ROSC on admission. The inclusion of VF to the predictive models

also has another purpose. In routine practice, the medical staff usu-

ally has very limited information about the patient’s status and initial

rhythm is one of very few available and easily recognisable parame-

ters. Initial rhythm has also been identified as an independent param-

eter in some predictive models to rapidly determine the risk of the

ischemic aetiology of CA.36 All those aspects warrant the inclusion

of initial rhythm to the final analysis. Acute coronary syndromes were

responsible for a significant proportion of VF in the Prague OHCA

Table 4 – Cox regression analysis in the prediction of an unfavorable clinical outcome.

Model A

(Admitted to hospital)

(n = 210)

Model B

(After the initial in-hospital evaluation)

(n = 181)

Covariate HR 95% CI P HR 95% CI P

Age � 65 years 0.92 0.63–1.34 0.67 0.87 0.57–1.34 0.53

Sex = women 0.96 0.62–1.49 0.86 1.17 0.73–1.85 0.52

Sustained ROSC on admission = yes 0.35 0.24–0.51 <0.001 0.69 0.41–1.15 0.15

Length CPR > 45 min = yes – – – 1.97 1.16–3.32 0.01

Telephone assisted bystander CPR = yes 1.19 0.8–1.77 0.39 1.31 0.82–2.1 0.26

Acute coronary syndrome = yes – – – 1.29 0.86–1.94 0.22

Shockable rhythm = yes 0.32 0.22–0.46 <0.001 0.27 0.18–0.41 <0.001

HR – hazard ratio; CI – confidence interval; ROSC – recovery of spontaneous circulation; CPR – cardiopulmonary resuscitation; ELCS – extracorporeal life

support.
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cohort. However, multivariable models did not identify acute coro-

nary syndrome as an independent predictor of favorable outcome.

Some authors also reported that patients with non-shockable

rhythms demonstrated poor overall outcomes, with the longest

time-to-ROSC in a survivor of just less than 30 min.3 Data from

our standard arm showed that prolonged CPR in non-shockable

rhythm does not yield more survivors. We have also shown, that

ECPR in patients with a non-shockable rhythm does not improve sur-

vival with a good neurological outcome markedly. In contrast to

patients with a non-shockable rhythm, our data have proven that

patients with VF had better neurological recovery at 30 days when

invasive approach including ECPR was applied. However, this

encouraging secondary outcome was not followed with clearly higher

neurologically favorable survival of VF patients after 180 days in the

invasive arm most likely due to the fact, that the study was overall

underpowered to show this difference.

Study limitations

The main limitation of this study was the single-centre design with

limited sample size which does not allow us to study differences

between PEA and asystole. This data is the post-hoc (not prede-

fined) analysis. In some cases, the initial rhythm was not optimally

recorded and easily analysable, and data were based on medical

emergency system staff reports.

Conclusion

In the Prague OHCA study, an initial shockable rhythm is associated

with neurologically favorable survival at 180 days even in prolonged

refractory OHCA. The survival with favorable neurological outcome

was not influenced by invasive treatment strategy. Non-shockable

initial rhythms bear a poor prognosis in refractory OHCA even when

ECPR is readily available.
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ABSTRACT

OBJECTIVES We investigated whether PVI by a PEF compared with RF energy will result in less prominent alteration of

the cardiac autonomic nervous system.

BACKGROUND Pulmonary vein isolation (PVI) by radiofrequency (RF) energy is associated with a collateral gangli-

onated plexi ablation. Pulsed electric field (PEF) is a nonthermal energy source that preferentially affects the myocardial

cells and spares neural tissue.

METHODS A total of 31 patients with atrial fibrillation underwent PVI using a novel lattice-tip catheter and PEF energy

(n ¼ 18) or a conventional irrigated-tip catheter and RF energy (n ¼ 13). The response of the sinoatrial node and

atrioventricular node to extracardiac high-frequency, high-output, right vagal nerve stimulation was evaluated at

baseline and during and at the end of the ablation procedure. Substantial reduction in responsiveness was arbitrarily

defined as stimulation-inducible pause <1.5 seconds.

RESULTS Reduced response of the sinoatrial node was documented in 13 of 13 (100%) and 6 of 18 (33%) patients

(P ¼ 0.0001) in RF and PEF groups, respectively. Reduced response of the atrioventricular node was found in 10 of 11

(93%) and 6 of 18 (33%) patients (P ¼ 0.002) in RF and PEF groups, respectively. The major effects were observed

predominantly during ablation around the right pulmonary veins. Early recovery of ganglionated plexi function was

noticed only in the PEF ablation group. RF ablation resulted in higher acceleration of the sinus rhythm compared with PEF

ablation (20 � 13 beats/min vs 12 � 10 beats/min; P ¼ 0.04).

CONCLUSIONS PEF compared with RF energy used for PVI induces significantly weaker and less durable suppression of

cardiac autonomic regulations. (J Am Coll Cardiol EP 2022;-:-–-) © 2022 by the American College of Cardiology

Foundation.

C atheter ablation is a well-established treat-
ment modality for rhythm control in pa-
tients with drug-refractory atrial fibrillation

(AF).1,2 Contemporary ablative energy sources such
as radiofrequency (RF) energy, cryoenergy, and laser
energy cause nonselective thermal destruction of
the target tissue. Recently, a novel technique of
nonthermal energy called a pulsed electric field
(PEF) has been introduced.3-5 This method uses short

direct-current electric field pulses to create pores in
cardiomyocyte cell membranes resulting in apoptosis
(irreversible electroporation). The advantage of this
method is a short duration of the energy delivery
and low potential for collateral damage caused by
the high sensitivity of cardiomyocytes compared
with surrounding cells, including the phrenic nerve
and esophagus. On the other hand, PEF ablation
may not significantly influence autonomic
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innervation to the heart that would be com-
parable to pulmonary vein isolation (PVI)
performed by thermal energy. Ablation of
ganglionated plexi (GP) by RF energy during
PVI is believed by many to contribute to the
overall clinical effect of the catheter ablation
procedure.6-9 Whether PEF applications can
affect cardiac autonomic ganglia remains un-
known. In the present study, we hypothe-
sized that PVI by PEF compared with RF
energy will result in less prominent acute
alteration of the cardiac autonomic nervous
system (ANS).

METHODS

A single-center, prospective, parallel-arm, non-
randomized study was conducted at our institution. A
study was approved by the institutional ethical
committee and conducted in accordance with the
Declaration of Helsinki.

STUDY POPULATION. We enrolled all (n ¼ 18)
consecutive patients undergoing point-by-point PEF
ablation and a random sample (n ¼ 13) of comparable
patients undergoing standard RF ablation. All pa-
tients signed informed consent with the study
procedures.

CATHETER ABLATION PROCEDURE. Ablation pro-
cedures were performed on uninterrupted oral anti-
coagulation and under general anesthesia.
Administration of parasympatholytic drugs was pro-
hibited during the procedure. General anesthesia was
induced by sufentanil and propofol and was main-
tained with volatile agent desflurane. Patients were
relaxed using rocuronium bromide when needed.
Patients who presented with AF were cardioverted.
Unfractionated heparin was administered before
transseptal puncture as an initial bolus and contin-
uous infusion was adjusted to maintain the activated
clotting time between 300 and 350 seconds. One
decapolar catheter was deployed into the coronary
sinus. The left atrium was accessed via a single or
double transseptal puncture that was facilitated by
intracardiac echocardiography (AcuNav, Siemens
Medical Solutions). In all patients, left pulmonary
veins (PVs) were isolated first.

PULSED ELECTRIC FIELD ABLATION. PVI was per-
formed using a novel 3-dimensional electro-
anatomical mapping/ablating system that has been
described previously (Affera, Inc).10 The 8-F ablation
catheter is equipped with a 9-mm expandable lattice
tip that contains 9 microelectrodes and 9 thermo-
couples, distributed equally on the surface of the

lattice-tip (Sphere-9, Affera, Inc).10,11 PEF is delivered
in a point-by-point manner to achieve circumferential
ipsilateral PVI. A dedicated PEF generator (Hex-
aPulse, Affera, Inc) was used, and PEF (24-32 Amps,
biphasic pulses) was applied in short microsecond-
scale pulses over 4 seconds (synchronized to either
atrial or ventricular depolarization) between the
lattice-tip and a skin patch position on the patient’s
back during saline irrigation of 15 mL/min. Bidirec-
tional conduction block across the ablation line was
confirmed by pacing from the PVs.
RF ABLATION. PVI was navigated using a 3-
dimensional electroanatomic mapping system
CARTO 3 (Biosense Webster) and guided by intracar-
diac echocardiography. PVs were isolated using a 3.5-
mm irrigated-tip catheter (NaviStar ThermoCool,
Biosense Webster). Circumferential lesions were
created around PV ostia in a point-by-point fashion.
During saline irrigation of 17 mL/min, RF energy was
delivered using SmartAblate generator (Biosense
Webster) in power-controlled mode with output set at
25-30 W on the anterior wall and 20-25 W at the
posterior wall of the left atrium, respectively. Dura-
tion of each application at a single spot varied be-
tween 25 and 35 seconds. PVI was confirmed by a
10-pole circular Lasso catheter (Biosense Webster)
positioned at the ostial level of PVs.
ELECTROPHYSIOLOGICAL STUDY. Twelve-lead sur-
face electrocardiograms and bipolar intracardiac
electrograms were recorded on the CardioLab system
(GE Healthcare). A programmable cardiac stimulator
EPS320 (MicroPace EP Inc) was used to deliver elec-
trical impulses as appropriate. The mean sinus rate
(over the 10 consecutive cycles), sinus node recovery
time, and Wenckebach point were assessed at base-
line and at the end of the procedure. Extracardiac
vagal stimulation (ECVS) using the Neurostimulator
Pachon was performed as described in detail in the
study by Pachon et al.12 Briefly, the second decapolar
catheter (with electrode spacing of 2-5-2 mm) was
introduced into the right internal jugular vein to the
level of upper wisdom tooth with the posteromedial
bend via the 7-F/90-cm Super Arrow-Flex� sheath
(Teleflex) from the groin access (Central Illustration).
The bipolar stimulation between the distal and third
electrode (with mutual distance of 7 mm) was
accomplished with a frequency of 50 Hz, a pulse
width of 0.05 ms, an output of 1 V/kg (<70 V), and a
train duration of 5 seconds. The catheter position was
slightly adjusted to maximize the response of the si-
nus and atrioventricular node (AVN). Once reached,
this position was recorded on the x-ray system and
used as a reference for repeated stimulation during
the study. The response of sinoatrial node (SAN) and

ABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

AV = atrioventricular

AVN = atrioventricular node

ECVS = extracardiac vagal

stimulation

GPs = ganglionated plexi

HRV = heart rate variability

PEF = pulsed electric field

PV = pulmonary vein

PVI = pulmonary vein isolation

RF = radiofrequency

SAN = sinoatrial node
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AVN to ECVS were recorded before, immediately after
the left and the right PVI and after 20 minutes from
the last energy application, and it was quantified by
the longest ECVS-induced pause, ie, maximum P-P
interval during the sinus rhythm and maximum R-R
interval during atrial pacing. Substantial reduction in
responsiveness at the end of the procedure was
arbitrarily defined as a maximum inducible
pause #1.5 seconds.

STATISTICAL ANALYSIS. The statistical analyses
were conducted using a combination of SPSS (version
23, SPSS Inc) and R (R Foundation). Continuous var-
iables were described as means with SDs and
compared with a 2-tailed t-test for independent
samples. Variables with non-normal distribution were
compared by the nonparametric Mann-Whitney test.
Categorical variables were compared by Fisher exact
test. Within-patient time-dependent data were
analyzed using analysis of variance for repeated
measures. Post hoc tests were performed using Bon-
ferroni corrections. A P value < 0.05 was considered
statistically significant.

RESULTS

PVI was achieved in all PVs in all patients, repre-
senting 62 electrically complete circular lesions
around ipsilateral veins. No major clinical complica-
tions, including cardiac tamponade, stroke, phrenic
nerve injury, and esophageal injury, occurred. The
baseline clinical characteristics were comparable in
both groups (Table 1). However, patients scheduled
for ablation using RF energy were more likely to be in
sinus rhythm on admission and had lower body mass
index.

At baseline, physiological response to ECVS (long
sinus arrest and/or atrioventricular [AV] block) was
apparent in most of the patients in both groups.

RF ABLATION GROUP. In the RF ablation group,
isolation of the left-sided PVs had an inconsistent
but, on the average, neutral impact on SAN and AVN
response to ECVS. In contrast, isolation of the right-
sided PVs abolished the response almost completely,
and this effect persisted until the end of the proced-
ure (Figure 1, top).

PEF ABLATION GROUP. In the PEF group, both SAN
and AVN responses to ECVS progressively attenuated
during the ablation of all PVs with perceptible effects
already after the left-sided PVI and additive effect of
right-sided PVI. However, the cardiac ANS function
markedly recovered during the 20-minute waiting
period (Figure 1, bottom).

COMPARISON OF PEF VS RF ABLATION GROUPS.

Immediately after PVI, the responsiveness of SAN to
ECVS was influenced significantly less after PEF
compared with RF ablation (P ¼ 0.001), whereas the
between-group difference in AV node responsiveness
was not significant (P ¼ 0.48). However, as a result of
the rapid recovery of neural tissue during the waiting
period, the difference between the RF and PEF abla-
tion groups fully manifested at the end of the pro-
cedure (Figure 2).

Final effects on responsiveness in the categorical
evaluation were also significantly weaker after PEF vs
RF ablation (Figure 3). Substantial reduction in the
responsiveness of the SAN was demonstrated in 13 of
13 (100%) and 6 of 18 (33%) patients (P ¼ 0.0001) in RF
and PEF groups, respectively. Analogically, reduced
responsiveness of the AVN was observed in 10 of 11
(93%) and 6 of 18 (33%) patients (P ¼ 0.002) in RF and
PEF groups, respectively (Figure 3). In the same line,
RF ablation was accompanied by significantly higher
acceleration of the sinus rhythm (20.3 � 13.2 vs 12.1 �
9.9; P ¼ 0.04) compared with PEF ablation (Table 2).
The durations of the procedures were 170 � 40 mi-
nutes and 152 � 24 minutes in the RF and PEF groups,
respectively (P ¼ 0.15).

DISCUSSION

We quantified for the first time the impact of the PEF
PVI on the vagal innervation of the SAN and AVN
using ECVS. We confirmed that RF PVI alone is highly
efficient in eliminating vagal responses at the level of
both SAN and AVN and that this effect, which is pri-
marily achieved by ablation around right PVs, is

TABLE 1 Baseline Characteristics

Radiofrequency
Group
(n ¼ 13)

Pulsed Electric Field
Group

(n ¼ 18) P Value

Age, y 53 � 16 59 � 10 0.2

Male 7 (54) 15 (83) 0.11

Body mass index, kg/m2 26 � 3.6 31 � 5.3 0.008

Arterial hypertension 8 (62) 11 (61) 1

Diabetes mellitus 1 (8) 2 (11) 1

Coronary artery disease 1 (8) 2 (11) 1

Transient ischemic attack or stroke 0 (0) 2 (11) 1

Left ventricular ejection fraction, % 59 � 1 57 � 5 0.07

Left atrium volume index, ml/m2 34 � 10 39 � 9 0.10

Atrial fibrillation duration, months 36 � 53 28 � 23 0.60

Beta-blockers 9 (69) 15 (83) 0.41

Antiarrhythmic drugsa 8(61) 14 (77) 0.43

Sinus rhythm on admission 12 (92) 9 (50) 0.01

Values are mean � SD or n (%). aPropafenone or amiodarone.
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FIGURE 1 Time Course of SAN and AVN Responsiveness to ECVS During the RF and PEF Ablation Procedure

Continued on the next page
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intraprocedurally durable. We newly revealed that
the PEF PVI results in significantly weaker abolition
of the vagal responses and that early recovery can be
observed within the range of a few minutes (Central
Illustration).

The results must be seen in the context of the po-
tential role of vagal action in the pathogenesis of AF
and the efficacy of catheter ablation.
ABLATION OF GPs. ANS plays an important role in
regulation of cardiac functions.13,14 Earlier

observations have suggested that parasympathetic
attenuation after RF PVI might play a role in pre-
venting late arrhythmia recurrence.6-9 Ablation of
GPs occurs as “collateral damage” during PVI and the
effect is more durable after large antral compared
with ostial lesions.15 Although some studies have
shown a benefit of adding intrinsic ANS modulation
to PVI,7,8 others have not.14,16 The ablation of GPs
alone has never been superior to PVI.17-19 Neverthe-
less, if the thermal ablation of GPs has an adjuvant

FIGURE 2 SAN and AVN Responsiveness to ECVS at the End of the Procedure: Continuous Variable Evaluation

The maximum P-P interval in sinus rhythm (left) and R-R interval while atrial pacing (right) induced by ECVS is compared between RF (red) and PEF (cyan) ablation

groups. Boxes indicate medians and IQR. The whiskers indicate the maximum and minimum values. Abbreviations as in Figure 2.

FIGURE 1 Continued

(Top) RF and (bottom) PEF ablation procedure. The maximum induced P-P interval in sinus rhythm (left) or R-R interval while atrial pacing

(right) is plotted at baseline, after left- and right-sided PVI, and after 20 minutes of waiting period (final). The colored lines depict the trend in

individual patients. Black lines with error bars are for group means and SEs. ANOVA ¼ analysis of variance; AV ¼ atrioventricular;

AVN ¼ atrioventricular node; ECVS ¼ extracardiac vagal stimulation; PEF ¼ pulsed electric field; PVI ¼ pulmonary vein isolation;

RF ¼ radiofrequency; SAN ¼ sinoatrial node.
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effect on suppression of AF, PEF ablation with the
limited collateral damage of neural tissue may be
theoretically handicapped in terms of efficacy
compared to RF ablation.

Ablation of GPs can be targeted anatomically,
guided by endocardial high-frequency stimulation20

or single-photon emission computed tomography
imaging.21 In our study, PV ostia were ablated cir-
cumferentially without selective targeting of GPs. It is
well known, however, that PV antrum isolation by
thermal energy results in a profound reduction of
responsiveness of both sinus and AV nodes to vagal
stimulation. Therefore, patients undergoing RF en-
ergy ablation served as a suitable comparator group
for investigating the hypothesis that PEF ablation is
associated with a lower effect on parasympathetic
innervation of both nodes.
ASSESSMENT OF CARDIAC ANS FUNCTION. Pre-
vious studies have shown a significant impact of RF
ablation for AF on cardiac ANS function, with an

increase of mean heart rate (around 10 beats/min)
postablation.22-24 The increase was found to be posi-
tively associated with a significantly lower rate of AF
recurrences.25 However, such an observation may not
be causal. A higher elevation of heart rate after PVI
because of higher parasympathetic modulation at
baseline might be an epiphenomenon of younger age
and/or absence of comorbidities in patients who are
principally less prone to AF recurrences. We observed
a much higher increase in heart rate in our patients
after RF ablation (around 20 beats/min) because this
change was investigated intraprocedurally when its
magnitude is the highest, whereas the effect weakens
during the follow-up.

Attenuated heart rate variability (HRV) is another
marker of reduced cardiac ANS activity. This was also
reported to be associated with a better outcome of AF
ablation.23,24,26 Various HRV measures can be used,
including the simple time-domain indexes, advanced
frequency domain measures, descriptors of heart rate

FIGURE 3 SAN and AVN Responsiveness to ECVS at the End of the Procedure: Categorical Evaluation

The maximum P-P interval <1.5 seconds in sinus rhythm (left) and maximum R-R interval <1.5 seconds while atrial pacing (right) induced by ECVS define substantial

reduction of responsiveness to parasympathetic stimuli. RF and PEF ablation groups are compared. Abbreviations as in Figure 1.
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turbulence, heart rate recovery, or acceleration/
deceleration capacity of the heart rate by sophisti-
cated signal-processing technology.26 The disadvan-
tage of all of these methods is that they require
several hours (or at least several minutes) of electro-
cardiogram recording, so they are not suitable for the
assessment of intraprocedural dynamics of HRV.

UTILITY OF THE ECVS. To overcome this, we have
used the ECVS technique proposed by Pachon et al,27

which was already used in previous studies for the
quantification of acute reduction of parasympathetic
innervation during cryoballoon ablation.28 The ECVS
can be repeatedly assessed during the procedure with
almost instant assessment of temporal evolution of
cardiac vagal innervation (including trends to recov-
ery during the waiting period). Another advantage of
the ECVS is that, unlike HRV, which is limited to
analysis of the behavior of SAN, the parasympathetic
innervation of AVN can be assessed with the help of
atrial pacing. Such a systematic investigation of vagal
modulation of both nodes in the setting of PVI was
performed for the first time in our study.

We stimulated the right vagal nerve because access
to the right vs left jugular vein is considerably easier.
As the right vagal nerve innervates predominantly
the SAN, stronger responses of SAN vs AVN were
observed at baseline. We do not consider this to be a
limitation because we used the right ECVS consis-
tently in all patients and primarily investigated the
relative change of vagal responses during the ablation
procedure.

COLLATERAL AF ABLATION EFFECTS. Known ef-
fects of ablation on cardiac ANS were derived mainly
from studies that used RF energy. However, compa-
rable modulation of cardiac ANS was also reported
after cryoballoon-based PVI29,30 and is probably pre-
sent in all thermal energy ablations. Interestingly, the
RF PVI resulted in complete loss of responsiveness of
both SAN and AVN to ECVS in all but 1 patient (with
persistent AVN innervation only), even if specific

sites of GPs were ablated merely because of spatial
coincidence within PV antra or were not targeted at
all (namely those responsible for AVN innervation).
Perhaps, the major attenuation of vagal responses
was associated with isolation of right-sided PVs, and
this was in agreement with results of previous
studies.22,29 Although the reduction in responsive-
ness was weaker after PEF ablation, it was rather
concordant with RF ablation in terms of the higher
impact of right PVI.

Until now, it was not possible to differentiate
whether the modulation of cardiac ANS is required for
the prevention of AF recurrences or whether it is only
a bystander effect.

Given the high selectivity of PEF ablation for car-
diomyocytes compared with neural cells, not only is
PEF ablation promising in overcoming the drawbacks
of RF or cryo-based approaches to PVI, but it may also
serve as an investigational tool that yields highly
durable PVI with a limited extent of GPs ablation. Our
observations confirm for the first time that PEF re-
sults in transient abolition of the vagal responses with
subsequent early recovery, probably because of the
neural stunning effect. Whether this will be reflected
by lower efficacy of ablation in the maintenance of
sinus rhythm has to be verified. In this respect, a
recent study has shown a high clinical success rate of
84% in patients undergoing PEF PVI at 1 year follow-
up.31 In addition, the role of parasympathetic modu-
lation of the heart in the prevention of AF recurrence
is not well established. Although attenuation of vagal
innervation may have a protective role, the opposite
intervention—intermittent low-level transcutaneous
stimulation of the auricular branch of the vagal
nerve—was shown to lower the median AF burden in a
randomized trial.32 This suggests that elimination of
parasympathetic innervation may not be necessary
for successful AF elimination. Whether adjuvant
modulation of the cardiac ANS may play a role in se-
lective patient subpopulation remains to be eluci-
dated by upcoming studies.

TABLE 2 Changes of Electrophysiological Parameters

Radiofrequency Ablation (n ¼ 13) Pulsed Electric Field Ablation (n ¼ 18)

P Value RF vs PEFBefore PVI After PVIa Change Before PVI After PVIa Change

Heart rate, beats/minb 60.5 � 8.7 80.8 � 8.8 þ20.3 � 13.2c 55 � 11.5 67.1 � 9.9 þ12.1 � 9.9c 0.04

Heart rate, beats/mind 55 � 8.2 73.3 � 15.5 þ18.6 � 11.9c 49.2 � 9.0 60.7 � 15.5 þ11.5 � 13.4c 0.06

Sinus node recovery time, ms 1,322 � 301 1,116 � 309 �205 � 338e 1,794 � 650 1,500 � 484 �294 � 586e 0.7

Wenckebach point, beats/min 155 � 23 156 � 25 þ1.5 � 12f 126 � 22 132 � 22 þ5.7 � 21f 0.6

Values are mean � SD. aAt the end of the procedure (after the waiting period). bMean heart rate from standard surface electrocardiogram recorded at the ward. cP < 0.005 (for
the statistical significance of the change within the study groups). dMean heart rate recorded during the ablation procedure. eP # 0.05. fP > 0.05.

PVI ¼ pulmonary vein isolation.
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CENTRAL ILLUSTRATION Acute Change of Responsiveness of Sinoatrial Node and Atrioventricular Node
to Extracardiac Vagal Stimulation After Pulmonary Vein Isolation
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Stojadinovi�c P, et al. J Am Coll Cardiol EP. 2022;-(-):-–-.

Example of baseline response to extracardiac vagal stimulation during sinus rhythm and atrial stimulation (top). Voltage remaps after pulmonary vein

isolation performed by radiofrequency and pulsed electric field energy and the x-ray of the skull with decapolar catheter position used for extracardiac

vagal stimulation (middle). The results are shown on the bottom.
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STUDY LIMITATIONS. First, only acute effects of PVI
were investigated. Even if there was a significant re-
covery of the parasympathetic branch of cardiac ANS
after PEF ablation within the first 20 minutes of the
waiting period, we cannot speculate whether this is
followed by further restoration, with a theoretical
return to preablation level. Second, the small number
of patients were allocated to treatment strategies in a
nonrandomized fashion, limiting the direct compari-
son between groups, subgroup analyses, and appli-
cability of results. Third, although the differences
between study groups were not significant for the
majority of baseline variables (because of the small
sample size), the patients in the PEF group had more
advanced disease with a higher proportion of patients
on beta-blockers and antiarrhythmic therapy, lower
proportion of patients in sinus rhythm on admission,
and lower baseline sinus rate. All of these factors
could contribute to between-group differences in the
PVI-induced suppression of cardiac ANS function.
Fourth, a longer duration of general anesthesia in the
RF group could hypothetically potentiate the gradual
suppression of cardiac ANS. However, both sudden
change in cardiac ANS function after the right PVI and
a trend toward recovery in the waiting period in the
PEF group go against this concept. Fifth, we investi-
gated merely the innervation of SAN and AVN, which
is not equivalent to overall atrial innervation. In
addition, recent studies33,34 have shown that there is
significant discordance between the location of GPs
that either cause bradycardia responses or trigger
atrial ectopy that may initiate or perpetuate AF. The
outcome measure in our study was based on the
functional assessment of bradycardia-related GPs.
Sixth, the acute effect of ablation on cardiac sympa-
thetic innervation was not assessed because of the
absence of a clinically suitable surrogate measure. A
certain degree of loss of sympathetic innervation can
be expected because previous studies demonstrated
that adrenergic and cholinergic nerves are highly
colocated close to the PV-LA junction.35 Finally, the
efficacy of PEF ablation is conditioned by ablation
catheter type, pulse energy and duration, and many
other PEF characteristics. Our data are relevant for a
specific mapping and ablating system with a lattice-
tip ablation catheter introduced by the Affera
company.

CONCLUSIONS

PEF ablation provides a unique opportunity to test in
the clinical setting the hypothesis of whether ablation
of GPs during PVI contributes to the effectiveness of
AF ablation. Our data suggest that cardiac vagal
response is preserved in a considerable proportion of
AF patients after PEF ablation, which is in contrast to
a significantly stronger effect of RF energy. There-
fore, it would be important to analyze the freedom
from AF during the follow-up in both study groups.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Significant

alteration of cardiac ANS functions has been described as a

collateral effect of PVI. Previous studies suggested that targeted

ablation of GPs on top of PVI may have a beneficial effect in

terms of the clinical outcome of the procedure. Our data suggest

that cardiac vagal response is preserved in a considerable pro-

portion of AF patients after PEF ablation, which is in contrast to a

significantly stronger effect of RF energy ablation.

TRANSLATIONAL OUTLOOK: Further studies are needed to

elucidate whether a stronger alteration of cardiac ANS after PVI

is associated with a better clinical outcome of the procedure.
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Cardiac side effects of some pulmonary drugs are observed in clinical practice.
Aminophylline, a methylxanthine bronchodilator with documented proarrhythmic action,
may serve as an example. Data on the action of aminophylline on cardiac cell
electrophysiology and contractility are not available. Hence, this study was focused on
the analysis of changes in the beat rate and contraction force of human pluripotent stem
cell–derived cardiomyocytes (hPSC-CMs) and HL-1 cardiomyocytes in the presence of
increasing concentrations of aminophylline (10 µM–10mM in hPSC-CM and 8–512 µM in
HL-1 cardiomyocytes). Basic biomedical parameters, namely, the beat rate (BR) and
contraction force, were assessed in hPSC-CMs using an atomic force microscope (AFM).
The beat rate changes under aminophylline were also examined on the HL-1 cardiac
muscle cell line via a multielectrode array (MEA). Additionally, calcium imaging was used to
evaluate the effect of aminophylline on intracellular Ca2+ dynamics in HL-1
cardiomyocytes. The BR was significantly increased after the application of
aminophylline both in hPSC-CMs (with 10 mM aminophylline) and in HL-1
cardiomyocytes (with 256 and 512 µM aminophylline) in comparison with controls. A
significant increase in the contraction force was also observed in hPSC-CMs with 10 µM
aminophylline (a similar trend was visible at higher concentrations as well). We
demonstrated that all aminophylline concentrations significantly increased the
frequency of rhythm irregularities (extreme interbeat intervals) both in hPSC-CMs and
HL-1 cells. The occurrence of the calcium sparks in HL-1 cardiomyocytes was significantly
increased with the presence of 512 µM aminophylline. We conclude that the observed
aberrant cardiomyocyte response to aminophylline suggests an arrhythmogenic potential
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of the drug. The acquired data represent a missing link between the arrhythmic events
related to the aminophylline/theophylline treatment in clinical practice and describe cellular
mechanisms of methylxanthine arrhythmogenesis. An AFM combined with hPSC-CMs
may serve as a robust platform for direct drug effect screening.

Keywords: aminophylline, IPSC, hESC, cardiomyocytes, drug cardiotoxicity, atomic force microscopy,
arrhythmogenic effects, methylxanthines

INTRODUCTION

Theophylline (1,3-dimethylxanthine) and its more soluble form
aminophylline (a complex of two theophylline molecules and
ethylenediamine) are well-known bronchodilators used mostly
for therapy of chronic obstructive pulmonary disease (COPD)
and asthma. These drugs are also recommended for the treatment
of emphysema (Zatloukal et al., 2020). Other indications have
been suggested, for example, treatment of apnea in premature
neonates (Ye et al., 2019). Unfortunately, a narrow therapeutic
range and frequent adverse effects make their use controversial
(Singh et al., 2019). An increased mortality rate in theophylline
users has been reported by multiple research teams (Lee et al.,
2009; Horita et al., 2016). A higher percentage of cardiovascular
deaths was observed in asthma patients who received
aminophylline (Suissa et al., 1996), as well as in patients with
COPD (Lee et al., 2009), and also in a general patient population
overdosed with theophylline (Shannon, 1999).

The adverse effects of theophylline/aminophylline include
arrhythmias, even at their therapeutic plasma concentrations
(Bittar and Friedman, 1991). In a meta-analysis of several
randomized clinical trials, 13% incidence of arrhythmias or
palpitations after intravenous aminophylline infusion has been
observed (Nair et al., 2012). More than 20% of patients experience
cardiac arrhythmias during an aminophylline overdose episode
(Shannon, 1999). Supraventricular arrhythmias have been
observed most frequently, usually represented by atrial
fibrillation (AF) (Varriale and Ramaprasad, 1993; Huerta
et al., 2005). Concurrently, COPD is an independent risk
factor of AF (Goudis, 2017). The risk of arrhythmias is further
enhanced by hypokalemia (Hoppe et al., 2018), which may
develop as a side effect of aminophylline treatment,
particularly occurring in cases of intentional overdose (Ellis,
1985; Charytan and Jansen, 2003).

Mechanisms of theophylline-/aminophylline-induced
arrhythmias are not clear. It is well known that
methylxanthines non-specifically inhibit phosphodiesterases
(hence increasing the cAMP level) and adenosine receptors
(Ukena et al., 1993). These effects may explain the sinus
tachycardia often observed in clinical practice. In contrast, this
does not explain the origin of AF associated with aminophylline
treatment. Effects of theophylline/aminophylline on cardiac
electrophysiology were studied mostly in animal models
(Komadina et al., 1992; Onodera et al., 2001; Shamsuzzaman
et al., 2016). However, a conclusive explanation of their
proarrhythmic action has not been provided, and data from
human cardiomyocytes (CMs) embedded in cardiac syncytia
have been missing completely.

This study was aimed to reveal changes of basic functional
characteristics (contraction force and beat rate) of human cardiac
tissues induced by aminophylline at a wide range of
concentrations. A clinically relevant model was employed, for
example, 3D structures called embryoid bodies (EBs) derived
from human pluripotent stem cells subsequently differentiated
into cardiomyocytes (hPSC-CMs). The model was originally
described in previous studies (Burridge et al., 2012; Pesl et al.,
2014). Its functional properties were further validated using
atomic force microscopy (Liu et al., 2012; Dinarelli et al.,
2018; Pribyl et al., 2019), a method enabling real-time
monitoring of contractions and thus also beating properties of
single cardiomyocytes or cardiac cell clusters, alone or in
combination with other methods such as microelectrode array
(Caluori et al., 2019b) or calcium imaging (Odstrcilik et al., 2015;
Caluori et al., 2019a). This model was recently used for disease
modeling in studies by Acimovic et al., 2018; Jelinkova et al., 2019.
The effects of aminophylline were further validated on an
independent model of HL-1 cardiomyocyte cells. The overall
scheme of all experiments within this study is presented in
Figure 1. This approach has provided the first experimental
data well-corresponding with the aminophylline-induced
arrhythmias observed in clinical medicine.

MATERIALS AND METHODS

Cell Cultivation
The hESC line CCTL14 (46 XX) derived at Masaryk University,
Brno, and previously characterized (International Stem Cell
Initiative et al., 2007) was routinely maintained on a feeder
layer of mitotically inactivated mouse embryonic fibroblasts as
previously described (Dvorak et al., 2005; Krutá et al., 2014;
Jelinkova et al., 2020).

Differentiation into CMs via embryoid bodies (EBs) and
measurements by an AFM were performed as previously
described (Pesl et al., 2014), with minor modifications. Briefly,
hESC colonies were collected 4 days after seeding and
subsequently broken down into smaller clumps which were
seeded into the EB medium (86% KO DMEM, 10% FBS, 1%
L-glutamine, 1% penicillin/streptomycin, 1% non-essential
amino acids, 0.1 mM 2-mercaptoethanol, and 10 µg/ml
ascorbic acid) with 10 ng/ml BMP4 (R&D) and placed in
hypoxic conditions (5% O2, 5% CO2,) where they
spontaneously formed EBs. After 3 days, the medium was
removed and replaced with fresh EB medium supplemented
with 5 ng/ml FGF2 (Peprotech), 10 ng/ml BMP4, and 6 ng/ml
activin A (R&D) for a 4-day incubation. A 3-day incubation in EB
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medium supplemented with 10 ng/ml VEGF (R&D) and 10 µM
IWR1 (R&D). The next induction medium was the EB medium
supplemented with 10 ng/ml VEGF and 5 ng/ml FGF2, with a
medium exchange every 4 days. After four days in this medium
(day 14 of differentiation), the EBs were transferred into a
normoxic incubator (21% O2, 5% CO2) for the remaining
8 days of this induction period. From then onward, EBs
remained in normoxia and were fed with the EB medium
every 4 days until analysis. Beating EBs were selected and
transferred on a gelatin-coated PM3 dish to adhere to for
measurement. These cellular constructs of the cardiac
syncytium were coupled to an AFM force sensor to perform a
high-fidelity contraction pattern as an hPSC-CM–based
biosensor (Pesl et al., 2014). The constant size of clusters of
hPSC-CMs allows comparable and stable beating pattern
evaluation allowing for force- and rhythm-related drug effect
tracking.

For the immunocytochemistry experiment, either whole or
dissociated EBs attached on coverslips were fixed with 4% PFA,

blocked and permeabilized by 1% BSA (Sigma) in 0,1% Triton-X
(Sigma) or 0,05% TWEEN (Sigma) in PBS, and incubated with
anti–troponin T antibody (1:5,000, Cell Signaling, 5,593, Rb)
overnight in 4 C. Anti-rabbit Alexa 594 (1:500, Invitrogen) was
left to incubate for an hour at room temperature, and the slips
were mounted on slides with Mowiol containing DAPI (Sigma).
The images were obtained using a Zeiss LSM 700 confocal
microscope.

The contracting clusters were previously checked for
expression and checked by immunostaining for cardiac
troponin T (cTnT) and ryanodine receptor RyR2 as described
elsewhere (Pesl et al., 2014; Souidi et al., 2021). The expression of
myosin heavy chain MYH6/7 and MYH7, RyR2, and the striated
pattern of cTnT in dissociated cardiomyocytes was used to assess
the progress in CMmaturation. The clusters consisted of all three
CM subtypes as described elsewhere; in brief, nodal-like CMs had
an AP duration at 90% of repolarization shorter than 100 ms
(about 16%), slightly more frequent were atrial-like cells, and
recorded AP mainly demonstrated a typical ventricular-like

FIGURE 1 | Experimental design: (A) hPSCs were differentiated in the form of EBs into contracting 3D clusters of cardiomyocytes, and under the influence of
increasing concentrations of aminophylline, the mechanocardiogram (MCG) was recorded was recorded by an atomic force microscope. The BR and contraction force
values of each contractive event were further analyzed and compared. (B) Field potential by themultielectrode array (MEA) system, together with intrinsic Ca2+ kinetics via
Fluo-8 AM, a calcium-binding dye, was assessed on HL-1 cells to further confirm the arrhythmogenic effect of aminophylline.
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shape (Acimovic et al., 2018). EB responses to basic heart
modulators, such as β adrenoceptor agonist and blocker,
isoproterenol, and metoprolol, were previously measured
(Supplementary Figure S1).

EBs from the same cultivation batch were checked for the
presence of cTnT in the clusters as well as in the dissociated EBs
by immunostaining to demonstrate the batch-to-batch
differentiation consistency (Figure 2).

The HL-1 Cardiac Muscle Cell Line (Sigma) was routinely
maintained on fibronectin-coated dishes in Claycomb medium
(Sigma) supplemented with 10% FBS, 100 U/ml:100 µg/ml
penicillin:streptomycin, 0.1 mM norepinephrine, and 2 mM L-
glutamine. The cells were passaged with trypsin after reaching full
confluency, usually every 3–4 days, in a ratio of 1:3. For
experiments with MEA, the HL-1 cells were cultivated on
MEA chips coated with fibronectin in 0.02% gelatin (5 mg/ml;
Sigma). The HL-1 response to β-adrenoceptor agonist
isoproterenol was measured (Supplementary Figure S1).

Atomic Force Microscopy Measurements
NanoWizard 3 AFM (Bruker-JPK) combined with inverted light
microscope IX-81 (Olympus) was used to obtain
mechanocardiograms (MCGs) of beating EBs as previously
described (Pesl et al., 2014; Caluori et al., 2019b; Pribyl et al., 2019).

Drug response tests were performed after initial equilibration
of EBs in Tyrode’s solution (composition in mM: NaCl 135, KCl
5.4, MgCl2 0.9, CaCl2 1.8, HEPES 10, NaH2PO4 0.33, and glucose
5.5; pH 7.4 adjusted with 3M NaOH) (Bébarová et al., 2017). The
addition of increasing concentrations of aminophylline (10 µM,
100 µM, 1 mM, and 10 mM; Fagron) followed. Each
concentration was prepared in Tyrode’s solution from 1 mM
stock solution of aminophylline. The MCG was recorded for

further analysis; each measurement point consisted of 10 min of
stabilization time, followed by 10 min of measurement. Control
experiments were conducted in the same setting without
aminophylline in the treatments.

The contraction of beating EBs was recorded as a force value in
time (MCG). In-house built MATLAB-based script located R and
S peaks for each contractive event and their respective vertical
deflection and time values. From these values, R-R (sec), R-S
(contraction force; nN), and BR (beat rate; beats per minute) were
calculated, averaged, and normalized to the respective baseline
values recorded in Tyrode’s solution.

Multielectrode Array Measurements
The field potential of the HL-1 cells was measured using
MEA2100-mini-60 (Multi Channel Systems). Drug responses
were measured after initial equilibration in Claycomb medium,
followed by the increasing concentrations of aminophylline in
Claycomb medium (8, 16, 32, 64, 128, 256, and 512 µM).
Measurement points consisted of 3 min of stabilization time,
followed by 5 min of measurement. As a monolayer, HL-1 cells
are more sensitive to a treatment than hPSC-CM clusters.
Therefore, treatment measurement times and concentration
ranges were modified.

MEA recordings were analyzed using Multi-Channel
Analyzer software and in-house Python script, which
processed the data in a similar way; however, the resulting
parameters were only R-R (sec) and BR (beat rate; beats per
minute). R-S (amplitude; µV) values in case of MEA recordings
do not correlate with R-S values measured via AFM; therefore,
they were not used in this study. Noisy and non-representative
MEA channels were eliminated, and at least 3 channels were
then used for calculations.

FIGURE 2 | Fluorescence staining of whole and dissociated CCTL14 EBs (cell cluster) illustrates the presence of matured cardiomyocytes identified by the
presence of troponin T (red color); cells are localized with DAPI staining of the nucleus (blue color).
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Measurements of Intracellular
Cytosolic Ca2+
HL-1 cells were passaged and seeded onto an imaging dish with a
polymer coverslip bottom (Ibidi) and allowed to adhere. Fluo-8
(490/525; AAT Bioquest) was added into the medium (final
concentration 2 µM; stock solution in DMSO 2 mM), and the
cells were incubated for 20 min at 37°C. After the incubation, the
solution was replaced with fresh medium, and the cells were
placed on the heated stage (37°C) of an inverted microscope. Ca2+

images in the line-scan (line size 3.37 µm, 100 Hz) mode were
recorded using a laser scanning confocal microscope Olympus
FL1200 (Olympus) with a ×40 water immersion objective, in the

x–y mode. Kinetic properties of intracellular Ca2+ were analyzed
via the in-house Python-based script (Kabanov, 2021).

Measurement of HL-1 Viability
The HL-1 cells were passaged and mixed with PBS containing
aminophylline (final concentration 512 µM) or only PBS for
control. The cells were incubated for 8 min after which their
viability was analyzed via the trypan blue dye exclusion method
(Vicell-XR, Beckman Coulter).

Statistical Analyses
Statistical evaluation was carried out with the use of GraphPad
Prism 8.5 software (GraphPad Software). All data were tested for

FIGURE 3 | Effect of aminophylline (A) on contractile properties of 3D cardiac clusters. Scatterplots (mean ± standard deviation) of the BR (blue) and contraction
force (red) overall changes, normalized to a baseline measurement (relative response) and to control measurement means (n � 19 for A 10 µM, n � 30 for A 100 µM, n �
16 for A 1 mM, n � 13 for A 10 mM, n � 9 for BR ctrl and n � 7 for contraction force ctrl). At least four biological repetitions were used in each column. (A) BR of the
measured EBs with 10 mM aminophylline (A 10 mM) was significantly increased compared to that of the control (p < 0.05). (B) Similarly, the BR of EBs treated with
10 mM concentration of aminophylline was significantly increased over that of the controls (p < 0.05). (C) Contraction force of EBs with 10 µM aminophylline treatment
was significantly increased over that of the control (p < 0.05), with a similar trend in higher concentrations. (D) Group analyses then showed a strong statistically
significant effect of therapeutic concentration / overdose (10 μMand 100 μM and 1mM) aminophylline over the controls. (Brown–Forsythe andWelch ANOVA tests were
used in all analyses).
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outliers by the ROUT (Q � 1%) method, and available normality
tests were performed for the obtained data. In case of hPSC-CM
measurements, Brown–Forsythe ANOVA with Games–Howell
multiple comparisons test was used to assess the statistical
significance of the differences on normally distributed group
pairs. In the case of arrhythmia analysis, R-R for each
contractive event was extracted via processing scripts as
mentioned before. R-R values over 1 or 3 s (cut-off) in HL-1
and hPSC-CMs, respectively, were quantified in all treatment
groups and compared to controls. Choice of the cut-off value for
hPSC-CMs was based on clinical experience with arrhythmia
in human patients. The cut-off value for HL-1 was reduced
with respect to the fact that HL-1 is a murine cell line with a
higher overall beat rate. The resulting contingency tables were
statistically evaluated by using the chi-square test with Yates’s
correction. The use of the individual statistical test is specified
in appropriate figure legends and in Supplementary Data.
Additionally, datasets containing complete raw data from all
measurements are available at the online open-access
repository (Klimovic et al., 2021).

RESULTS

Positive Chronotropic and Inotropic Effects
of Aminophylline on hPSC-CMs
In the case of hPSC-CMs, two groups of treatment concentrations
were determined according to the literature (Aslaksen et al., 1981;
Goldberg et al., 1986; Rowe et al., 1988; Higgins et al., 1995;
Shannon, 1999). The “therapeutic concentration/overdose”
group consisted of 10 µM, 100 µM, and 1 mM of
aminophylline treatments, while the 10-mM aminophylline

treatment was considered “severe overdose” concentration.
Consistent presence of troponin-positive cardiomyocytes in
whole and dissociated embryoid bodies (EBs) was confirmed
by immunostaining (representative example shown in Figure 2).

The positive chronotropic effect of aminophylline on hPSC-
CMs was seen only in the 10 mM concentration of aminophylline
(Figures 3A,B; p < 0.05; the remaining p-values are given in
Supplementary Table S1 and Supplementary Table S2). The
positive inotropic effect was evident by a significantly increased
contraction force of EBs in lower concentrations of
aminophylline that was in contrast to its chronotropic effect
(Figure 3D; p < 0.0001; the remaining p-values are given in
Supplementary Table S3). Statistical analysis showed that this
effect was significant in 10 µM concentration, with a similar trend
in the concentrations of 100 µM and 1 mM (Figure 3C; p < 0.01;
the remaining p-values are given in Supplementary Table S4).
Linear regression analysis showed that the beat rate increase
correlates with the concentration of aminophylline
(Supplementary Figure S2A,B, p < 0.0001). On the contrary,
this relationship was not proven in case of contraction force
(Supplementary Figure S2A,B). To further strengthen the
presented results, the washout experiment was performed on
hPSC-CMs. The results showed that the BR of EBs increases
significantly after administration of aminophylline; however, it
decreased again during the washout period, suggesting that the
chronotropic and inotropic effects is likely due to the effect of
aminophylline and not due to irreversible cellular damage
(Supplementary Figure S3).

In order to further explain molecular mechanisms, hPSC-CM
cells were treated with 1 µM adenosine, followed by a
combination of 1 µM adenosine and 1 mM aminophylline, a
well-known non-selective adenosine receptor antagonist. The
results showed an insignificant trend toward the adenosine-
antagonizing aminophylline effect (Supplementary Figure S3B).

Positive Chronotropic Effect of
Aminophylline on HL-1
To test whether chronotropic effects of aminophylline are model-
independent, field potential measurements of the HL-1 cardiac
cell line treated with aminophylline were conducted. The
concentrations of aminophylline in a range of 8 up to 512 µM
were used. Higher concentrations turned out to be toxic for the
cells, which can be explained by higher treatment efficacy on the
cellular monolayer of HL-1, as opposed to the cellular cluster of
hPSC-CMs. Non-toxicity of selected concentrations was
experimentally tested by trypan blue staining (Supplementary
Figure S3C).

The results of these experiments showed a similar positive
chronotropic effect with increasing concentration of
aminophylline. Compared to controls, the BR was significantly
increased only in the cells treated with 256 µM aminophylline;
however, we observed a similar non-significant trend also in the
case of the 512-µM treatment (Figure 4; 256 µM aminophylline
vs. the control p < 0.05; 512 µM aminophylline vs. the control p <
0.06; the remaining p-values are given in Supplementary
Table S5).

FIGURE 4 | Effect of aminophylline (A) on the BR of HL-1 cells.
Scatterplots (mean ± standard deviation) of the BR (blue) normalized to a
baseline measurement (relative response) and to control measurement means
(n � 5 for A 8 and 16 µM, n � 8 for 32 and 64 µM, n � 9 for 128 and
256 µM, n � 5 for 512 µM and n � 5 for ctrl). At least three biological repetitions
were used in each column. Results showed linear increase of BR correlating
with a higher concentration of aminophylline, with statistically significant and
partially significant changes of BR 256 and 512 µMmeasurements compared
that of the control (A 256 vs. ctlr p < 0.01, A 526 vs. ctlr p � 0.06, ordinary one-
way ANOVA).
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Exposure to Aminophylline Causes
Spontaneous Ca2+ Releases Leading to
Arrhythmia
Among the adverse effects of aminophylline apparent in clinical
practice, arrhythmias are most frequent. To test whether this
effect is also present in our in vitro hPSC-CM model and HL-1
cardiomyocytes, we assessed the number of R-R intervals (inter-
beat interval length) over 3 s or 1 s, respectively. Our results
showed that the frequency of cutoff R-R values in measurements
with aminophylline was significantly higher than that in controls
in both models (Figure 5; p-values in Supplementary Table S6
and Supplementary Table S7).

To further investigate this effect, intracellular cytosolic Ca2+

events were measured on HL-1 cells in the presence of 256 and
512 µM aminophylline. A significantly higher number of Ca2+

sparks was detected in the presence of 512 µM aminophylline
than the control (Figure 6, 512 µM aminophylline vs. the control
p < 0.0001). A similar effect was not detected in the presence of
256 µM aminophylline. Higher concentrations of aminophylline
cause arrhythmic events presented by calcium leakage events
(sparks). This is in good agreement with the measurement of
electrical activity of cells (Figure 5B), where the concentration of
256 µM did not cause a significantly higher occurrence of
arrhythmia; however, the concentration of 512 µM leads to

rhythm irregularities. Last, the time to peak and decay time of
main calcium waves were analyzed. While aminophylline caused
no change in time to peak, the decay time significantly decreased,
corresponding to an increased BR (Figures 6B,C).

DISCUSSION

This is the first study demonstrating the proarrhythmic action of
aminophylline on human cardiomyocytes in vitro. To monitor
aminophylline’s effect at a wide range of concentrations, AFM
was used on cell clusters [embryoid bodies (EBs)] formed by
aggregation of human pluripotent stem cell–derived
cardiomyocytes. Furthermore, the effect of aminophylline was
investigated via a multielectrode array and by means of
intracellular cytosolic Ca2+ measurement on HL-1 cells.
Despite the differences between the models such as monolayer
growth, cellular populations, or the fact that it is a murine cell
type, HL-1 cells are considered a standard drug screening
platform; therefore, we chose them to confirm our findings.

A missing link between the previous experimental data and
aminophylline-induced arrhythmias observed in clinical practice
was identified. Our most important finding was that
aminophylline had two principal actions of arrhythmogenicity,
the first being concentration-dependent (“deterministic”) and the

FIGURE5 | Analysis of arrhythmogenic effect of aminophylline on hPSC-CMs and HL-1 cells. R-R values over 3 s in case of hPSC-CMmeasurements or 1 s in case
of HL-1 of aminophylline and control measurements were subtracted, and the resulting contingency tables were statistically analyzed. Column graphs show sums of
cutoff R-R values (arrhythmic events) per 1,000 contractions in each treatment group and controls of (A) hPSC-CMs and (B) HL-1 experiments (chi-square test with
Yates’ correction). Results show significant or partially significant higher frequency of aminophylline group cutoff values compared to that of the control. Poincaré
plots of R-R values of representative concentration for (C) hPSC-CMs and (D) HL-1 experiments with visible cutoff lines.
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FIGURE 6 | Calcium sparks measured as extra events in the fluorescence in-time signal, showing leakage of calcium from the sarcoplasmic reticulum. (A)
Scatterplot (mean ± standard deviation) showing calcium leakage events in a one-second period in control cells compared to the treatment by 256 and 512 μM
aminophylline (A; n � 43 for ctlr, n � 33 for 256 µM and n � 37 for 512 µM). The frequency of calcium leakage events of cells treated with 512 µM aminophylline was
significantly higher than that of the control (A 512 vs. ctlr p < 0.01, ordinary one-way ANOVA). (B,C) Scatterplots (mean ± standard deviation) showing times to peak
and decay times of the control compared to the treatments. Aminophylline caused no significant change to time to peak compared to the control; however, decay time

(Continued )
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second one concentration-independent (“stochastic”). First, we
observed a linear concentration-dependent positive chronotropic
effect with increasing aminophylline concentrations in hPSC-
CMs (Figures 3A,B and Supplementary Figure S2A,B).
Moreover, this effect was also confirmed to an extent on the
HL-1 cellular line (Figure 4). This may be related to previous
clinical findings that demonstrated that theophylline’s higher
plasmatic levels were associated with an increased heart rate
(sinus tachycardia); the relationship was linear and
concentration-dependent (Vestal et al., 1983; Nadkarni et al.,
1988). This effect is sometimes used to treat severe, atropine-
resistant bradycardia (Pasnoori and Leesar, 2004) or other
indications (Conte et al., 2017). The inotropic effect was non-
linear in our study. An increased inotropic effect was present only
in lower aminophylline concentrations. This response may be
attributed to reaching peak-shortening amplitude, as a physical
parameter of cells and cluster, respectively, and partial
immaturity may be responsible for lower number of present
sarcomeres and, thus, lower shortening capability of the cells
(Fraticelli et al., 1989).

In parallel to the “deterministic” effect, we observed a second
arrhythmogenic action of aminophylline expressed as a
concentration-independent occurrence of RR interval
abnormities. This action was stochastic, independent of the
applied aminophylline concentration. It consisted of repeated
tachycardia-like periods followed by bradycardia-like periods
(not illustrated), which is reflected by the extreme R-R
intervals in Figure 5 that occurred significantly more often in
the cells exposed to aminophylline. Even though certain beat rate
variability was present in spontaneously beating hPSC-derived
CMs in previous studies (Mandel et al., 2012; Binah et al., 2013;
Niehoff et al., 2019), similar events have never been previously
described to our best knowledge. We speculate that this effect
may be an experimental equivalent to the sick sinus syndrome
(Tse et al., 2017) or to tachy–brady alternating episodes in
patients with AF, an arrhythmia that was previously observed
both in aminophylline overdose cases and at therapeutic levels of
the drug (Laaban et al., 1988; Bittar and Friedman, 1991; Varriale
and Ramaprasad, 1993).

Attempts to reveal mechanisms of the arrhythmogenic action
of aminophylline/theophylline have been performed previously,
using various animal models. In rats, aminophylline induced
tachycardia and elevated blood pressure and potential cardiac
ischemia (Shamsuzzaman et al., 2016), which may be related to
theophylline-induced myocardial fibrosis found as a long-term
concentration-/dose-dependent side effect in a notable portion of
rats (Onodera et al., 2001). In a canine model, aminophylline
significantly enhanced AV nodal and His–Purkinje conduction;
this effect was potentiated in combined therapy with
metaproterenol (Komadina et al., 1992).

Studies published so far have not provided a clear clue to the
genesis of proarrhythmic effects of aminophylline/theophylline,
namely, AF. Aminophylline effects (likely an equivalent of the
sinus tachycardia in patients) may be explained by the effect of
elevated cAMP and the absence of the inhibitory effect of
adenosine (Belardinelli et al., 1995) on cardiac ionic currents
(see insignificant trend in Supplementary Figure S3B).

As studied in detail by Kong et al. (2008), caffeine (another
type of methylxanthine), aminophylline, and theophylline
preferentially potentiated luminal Ca2+ activation of the
ryanodine type 2 (RyR2) receptor, reduced the threshold for
spontaneous Ca2+ release, and increased the basal activity,
inducing repeated quantal Ca2+ releases. As is well-known, the
accumulation of Ca2+ in the cytoplasm may result in delayed
afterdepolarizations, which can trigger arrhythmia. Considering
the increased occurrence of Ca2+ sparks in HL-1 cardiomyocytes
treated with 512 µM aminophylline (Figure 6), the
concentration-independent “stochastic” effect of aminophylline
observed in our study may be a consequence of microdomain
cAMP level–related diastolic release of Ca2+ via independent
clusters of RyR2 receptors (Berisha et al., 2021). Such transient
Ca2+ accumulation may induce an increased BR and, following
Ca2+ depletion, results in a pause in the investigated cardiac cell’s
beating clusters. Such chain of events might also be amplified by
the local cAMP level–induced alteration of the current amplitude
via modulation of hERG potassium channel phosphorylation
(Cui et al., 2000). Detailed subcellular mechanisms of this
effect should be studied in the future.

To our best knowledge, this is the first study reporting results
of experiments with aminophylline conducted on human
cardiomyocytes derived from hPSCs. As such, this set of
experiments showed that our comprehensive monitoring
system is a unique and valuable tool for cardiotoxicity vs.
safety testing of various molecules or drugs. Our results may
present the missing link between the described subcellular
mechanisms of methylxanthine arrhythmogenesis and the
clinical variability of arrhythmic events related to the
theophylline treatment in clinical practice.

CONCLUSION/SUMMARY

We conclude that aminophylline had two parallel
arrhythmogenic mechanisms of action on EBs: a
concentration-dependent (“deterministic”) effect, presenting
with an increased beat rate (potential clinical correlate: sinus
tachycardia), and a concentration-independent (“stochastic”)
effect, which was characterized by tachycardia-like episodes
alternating with long pauses (potential clinical correlate: atrial
fibrillation). Our comprehensive monitoring system is a unique

FIGURE 6 | significantly decreased in a linear trend (n � 65 for ctrl, n � 89 for A 256 µM, n � 77 for A 512 µM; ctlr vs. A 256 µM p < 0.05, ctlr vs. A 512 µM p < 00.001;
Kruskal–Wallis test). (D–F) Fluorescence line profiles were measured in time, typical recordings together with fluorescence–time curves were filtered for the presence of
noise, and calcium sparks were found—labeled as red lines (B � control, C � 256 µM, D � 512 µM). Each recording is accompanied with a fluorescence image showing
the exact location of line scan on the cell (dashed line).
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and valuable tool for cardiotoxicity vs. safety testing of various
molecules or drugs.

STUDY LIMITATIONS

The study presents the effect of aminophylline on contractile
properties of human hPSC-CMs along with results of field
potential measurements on the HL-1 cardiac cell line that
further confirmed the effects. First, it has to be considered that
hPSC-derived CMs represented immature/neonatal phenotype
possibly affecting drug effect kinetics [e.g., altered IK1 levels
which may affect resting potential, repolarization, and
depolarization dynamics (Sartiani et al., 2007)]. Second, if
different hPSC lines are used to generate embryoid bodies, it is
likely that there will be different degrees of maturity and the effect
of aminophylline might also differ. The last limitation is that field
potential measurements can generate information about the BR
but not about contraction force; therefore, the results with HL-1
cells confirmed only the chronotropic effect of aminophylline.
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Rubáčková Popelová J,

Tomková M, Tomek J and Živná R
(2022) Long-Term Survival of Adult

Patients With Atrial Septal Defect With
Regards to Defect Closure

and Pulmonary Hypertension.
Front. Cardiovasc. Med. 9:867012.

doi: 10.3389/fcvm.2022.867012

Long-Term Survival of Adult Patients
With Atrial Septal Defect With
Regards to Defect Closure and
Pulmonary Hypertension
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Background: Atrial septal defect (ASD) is the most common congenital heart disease
(CHD) in adults and pulmonary hypertension (PH) is an established risk factor. A decision
whether to perform ASD closure, especially in elderly patients with PH, is a complex
dilemma. The aim of our study was to compare long-term survival in patients with closed
and open ASD.

Methods: A retrospective cohort study was performed on 427 patients with ASD
(median age at diagnosis 38 years, IQR 18–56) out of which 186 patients (44%)
manifested PH. ASD closure in patients with PH was only considered in patients without
Eisenmenger syndrome with pulmonary vascular resistance < 5 WU. Median follow-up
duration was 18 years (IQR 9–31 years). Kaplan-Meier and Cox proportional hazards
survival analyses were performed to evaluate 12 potential predictors of survival.

Results: Defect closure was associated with improved long-term survival in ASD
patients both with (P < 0.001) and without PH (P = 0.01) and this association was
present also in patients over 40 years. The 20-year survival since diagnosis was
significantly higher in patients with PH and closed ASD compared to those with PH
and open ASD (65% vs. 41%). ASD closure was a significant independent predictor
of long-term survival (P = 0.003) after accounting for age at diagnosis, PH, NYHA
class, Eisenmenger syndrome, and mitral regurgitation. Significant negative independent
predictors of survival were older age at diagnosis (P < 0.001), Eisenmenger syndrome
(P < 0.001), and PH (P = 0.03).

Conclusion: ASD closure appears to be associated with improved long-term survival
independently of age, PH, and other clinical variables.

Keywords: atrial septal defect, long-term survival, pulmonary hypertension, defect closure, congenital heart
disease
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INTRODUCTION

Atrial septal defect (ASD) is the most common congenital
heart disease (CHD) in adults and is often diagnosed late in
adulthood. Identification of patients who would benefit from
a closure of atrial septal defect (ASD) in adulthood remains a
crucial, but complicated question (1). One particularly important
group with unclear closure benefit comprises patients with
pulmonary hypertension (PH). ASD closure appears safe in
young patients without PH or even with PH meeting the
criteria for defect closure (2–6). However, the presence of PH
in older patients is associated with increased mortality following
ASD closure compared to patients without PH (3, 4). It is
not known whether the poor prognosis of the PH patients
results from the ASD closure itself, or if their outcome would
have been similar or even worse if the ASD closure was not
carried out. As highlighted in the latest ESC guidelines, the
impact of shunt closure on long-term outcome of patients
with PH remains an area of uncertainty and requires further
research (6).

We therefore sought to compare long-term survival of adults
with and without ASD closure, with respect to PH, age, and other
clinical variables.

METHODS

Patients
Following institutional ethics committee approval, we performed
a retrospective observational cohort analysis of isolated ASD
patients in our database. The consecutive patient data were
collected between 1995 and 2020. Mortality data were obtained
from the national mortality register. The inclusion criteria were:
adults with ASD type secundum, sinus venosus or coronary
sinus defect diagnosed in adulthood or childhood, with accessible
information concerning presence of PH and defect closure. The
exclusion criteria were: ASD type primum, patent foramen ovale,
missing data on ASD closure or on PH, or presence of another
hemodynamically important congenital heart disease.

Clinical Variables
For the purpose of this analysis, pulmonary hypertension (PH)
was defined as mean pulmonary arterial pressure ≥ 25 mmHg, as
determined by catheterization (if available) or echocardiography
(7, 8). Patients suspected to have moderate or severe PH
based on echocardiography have undergone right heart
catheterization (RHC) with pulmonary vascular resistance
(PVR) assessment. ASD size was measured by transesophageal
echocardiography in 74% patients. The contraindications for
ASD closure were: (a) Eisenmenger syndrome or non-indexed
PVR > 5 Wood Units (WU) not responding to vasodilatation
testing with epoprostenol or advanced therapy treatment
(5, 6), (b) an increase in left atrial mean pressure during
temporary balloon occlusion > 10 mmHg compared to baseline
(9). In some patients, ASD was not closed in accordance
with their wish.

Statistical Analysis
Comparisons between cohorts (with and without PH) were
performed with the Fisher’s exact test for binary variables
and Mann-Whitney U-test for continuous variables, with
Benjamini-Hochberg correction for multiple testing (false-
discovery rate 0.05) applied on the reported P-values. Kaplan-
Meier estimates and Cox proportional hazards model were
used to analyze survival. All covariates were assessed that
they fulfill the proportional hazards assumption, using the
MATLAB fitcox function, which is based on the scaled
Schoenfeld residuals, as derived by Grambsch and Therneau
(10). The following variables were included in the univariable
model: ASD closure, age at diagnosis, sex, New York Heart
Association (NYHA) functional class, PH, moderate or severe
mitral regurgitation (MR), Eisenmenger syndrome, ASD types
(ASD secundum, sinus venosus, coronary sinus defect), ASD
size, and advanced pulmonary vasodilator therapy. NYHA
was used as a binary variable (NYHA > 2) to fulfill the
proportional hazards assumption. The variables significant in
univariable Cox proportional hazards model were then included
in a multivariable model. Both the Kaplan-Meier and the
multivariable Cox proportional hazards analyses were performed
first in all patients (model A) and second in patients without
Eisenmenger syndrome (model B). Values of P < 0.05 were
considered statistically significant (∗∗∗P < 0.001; ∗∗P < 0.01;
∗P < 0.05). Statistical tests were two-sided. Data were analyzed
using MATLAB (R2021b).

RESULTS

Patient Characteristics
Data analysis was performed in 427 patients from our database
meeting the inclusion criteria. Median age at diagnosis of the
whole group was 38 (IQR 18–56) years and 74% of patients were
female (Table 1). The age at diagnosis was higher in patients
with PH compared to patients without PH: 50 (IQR 30–60) vs.
29 (IQR 13–46) years for closed defects (P < 0.001) and 53
(IQR 29–70) vs. 39 (IQR 28–57) for open defects (P = 0.3),
(Table 1). Median follow-up was 18 years (IQR 9–31). Sinus
venosus defect was present in 77 patients (18%) and coronary
sinus defect in 8 patients (2%). Catheterization was performed
in 60% of patients with PH and in 22% of patients without PH,
altogether in 166 patients. ASD closure was performed in 367
patients (86%); out of which 58% by sternotomy, 14% video-
assisted mini-thoracotomy, 10% robotic cardiac surgery, and
17% transcatheter.

Pulmonary Hypertension
PH was present in 186 patients (44%), out of which 150 have
undergone ASD closure (81%) and 36 have not (19%), (Table 1).
The group of 36 patients with PH and open ASD comprised
12 patients who refused a recommended ASD closure (7 of
them died), 7 patients with Eisenmenger syndrome (5 of them
died), 4 patients with high PVR without Eisenmenger syndrome
(3 died), 2 patients with small defects and PH (1 died), and
11 patients with various reasons for leaving ASD open (lung
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TABLE 1 | Patient characteristics.

Feature No PH closed
(n = 223)

PH closed
(n = 144)

P-value closed no
PH vs. PH

No PH open
(n = 25)

PH open
(n = 35)

P-value open no
PH vs. PH

All (n = 427)

Age at diag. (years) 29 [13–46]
(n = 217)

50 [30–60]
(n = 150)

1 × 10−8 (***) 39 [28–57]
(n = 24)

53 [29–70]
(n = 36)

0.3 38 [18–56]
(n = 427)

NYHA > 2 11.5% (25/217) 54.7% (82/150) 3 × 10−18 (***) 16.7% (4/24) 61.1% (22/36) 0.007 (**) 31.1%
(133/427)

MR 12.0% (26/217) 28.9% (43/149) 1 × 10−4 (***) 12.5% (3/24) 31.4% (11/35) 0.2 19.5% (83/425)

Eisenmenger NA 0.0% (0/150) 1 NA 19.4% (7/36) 0.1 1.6% (7/427)

ASD secundum 82.9%
(180/217)

80.7%
(121/150)

0.7 95.8% (23/24) 80.6% (29/36) 0.2 82.7%
(353/427)

Sinus venosus 17.5% (38/217) 19.3% (29/150) 0.8 4.2% (1/24) 25.0% (9/36) 0.1 18.0% (77/427)

Coronary sinus 0.5% (1/217) 2.7% (4/150) 0.2 0.0% (0/24) 8.3% (3/36) 0.4 1.9% (8/427)

ASD size 16 [11–20]
(n = 147)

20 [14–25]
(n = 126)

0.001 (**) 6 [4–12]
(n = 16)

19 [12–28]
(n = 25)

9 × 10−4 (***) 18 [12–23]
(n = 314)

Advanced therapy 0.0% (0/217) 4.7% (7/150) 0.003 (**) 0.0% (0/24) 8.3% (3/36) 0.4 2.3% (10/427)

Sex (male) 28.1% (61/217) 22.0% (33/150) 0.3 20.8% (5/24) 30.6% (11/36) 0.7 25.8%
(110/427)

10-year survival 98.2%
(166/169)

86.5%
(109/126)

2 × 10−4 (***) 90.5% (19/21) 63.6% (21/33) 0.1 90.3%
(315/349)

20-year survival 94.8%
(110/116)

65.1% (56/86) 2 × 10−7 (***) 69.2% (9/13) 40.6% (13/32) 0.2 76.1%
(188/247)

40-year survival 80.5% (33/41) 44.3% (27/61) 5 × 10−4 (***) 0.0% (0/5) 23.3% (7/30) 0.4 48.9% (67/137)

TVP 7.8% (17/217) 40.7% (61/150) 5 × 10−13 (***) NA NA NA NA

MVP + MVR 6.5% (14/217) 20.7% (31/150) 2 × 10−4 (***) NA NA NA NA

antiarrhythmic
MAZE + CTI

4.6% (10/217) 24.0% (36/150) 2 × 10−7 (***) NA NA NA NA

Binary variables are given as percentage (positive/all cases). Continuous variables are given as median [interquartile range] (n), where n is the number of patients in the
group with available data. ASD, atrial septal defect; MR, moderate or severe mitral regurgitation; NYHA, New York Heart Association class; PH, pulmonary hypertension;
TVP, tricuspid valvuloplasty; MVP, mitral valvuloplasty; MVR, mitral valve replacement; CTI, ablation of cavo-tricuspid isthmus. (***P < 0.001; **P < 0.01; *P < 0.05).

disease, left heart failure with high pulmonary capillary wedge
pressure (PCW), age or increased PVR between 3 and 5 WU),
10 of them died.

Concomitant Surgical Procedures
Concomitant surgical procedures were performed inmoderate or
severe valve regurgitations: tricuspid valve repair (TVP), mitral
valve repair (MVP) or replacement (MVR) or documented
supraventricular arrhythmias: MAZE procedure or cryo-
ablation of cavo-tricuspid isthmus (CTI). The concomitant
surgical procedures were significantly more frequent in
the group of 150 closed defects with PH compared to
the group of 217 closed defects without PH (TVP: 41%
vs. 8%, MVP/MVR: 21% vs. 6%, MAZE/CTI: 24% vs. 5%,
respectively, Table 1).

Advanced Pulmonary Vasodilator
Therapy
Advanced pulmonary vasodilator therapy was administered to 10
patients with ASD and PH in our study (5.4%): three patients
with Eisenmenger syndrome and open ASD, six patients after
ASD closure (all with persistent PH and PVR ≥ 2.9 WU),
and one patient with PVR > 5 WU received the therapy
both before and after the ASD closure. The remaining 4
patients with Eisenmenger syndrome died before the specific
therapy was available.

Pulmonary Hypertension and Atrial
Septal Defect Closure as Predictors of
Mortality
As expected, PH was associated with higher all-cause mortality
of ASD patients with closed defects (log-rank P < 0.001) as
well as with open defects (log-rank P = 0.01 for model A and
log-rank P = 0.006 for model B with Eisenmenger patients
excluded) (Figure 1A and Supplementary Figure 1A). At the
same time, defect closure was associated with improved survival
not only in patients without PH (log-rank P = 0.01), but also
in patients with PH and PVR < 5 WU (log-rank P < 0.001 for
model A and log-rank P < 0.001 for model B) (Figure 1A and
Supplementary Figure 1). Finally, this difference was present
also in patients older than 40 years at diagnosis (Figure 1B and
Supplementary Figure 1B).

The 20-year survival since diagnosis was higher in closed ASD
than open ASD both in patients with PH (65% vs. 41%, P = 0.02)
and without PH (95% vs. 69%, P = 0.01).

Univariable Analysis of Mortality
Prediction
Six variables significantly predicted mortality in a univariable
model. While defect closure was negatively associated with
mortality (hazard ratio 0.2, 95% confidence interval 0.1–0.4,
P < 0.001), positive association with mortality was found for
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FIGURE 1 | Kaplan-Meier survival analysis of atrial septal defect (ASD) patients stratified by pulmonary hypertension (PH) and ASD closure; all patients (model A).
(A) Patients of all ages. (B) Patients diagnosed at the age above 40. ASD, atrial septal defect; MR, moderate or severe mitral regurgitation; NYHA, New York Heart
Association class; PH, pulmonary hypertension.

older age at diagnosis, PH, Eisenmenger syndrome, NYHA class,
and MR (Table 2 and Figure 2A). The remaining variables
were not significantly predictive of mortality: ASD secundum,
sinus venosus defect, coronary sinus defect, advanced therapy,
ASD size, and sex.

Multivariable Analysis of Mortality
Prediction
The six variables significant in univariable analysis were
subsequently included in a multivariable model A, in which
four of them remained significantly predictive of mortality: ASD
closure negatively (P = 0.003), while older age at diagnosis
(P < 0.001), Eisenmenger syndrome (P < 0.001), and PH
(P = 0.03) positively (Table 2 and Figure 2B). Finally, even when
patients with Eisenmenger syndrome (as they are contraindicated
for ASD closure) were completely excluded from this analysis
(multivariable model B), the better long-term survival in patients
with closed defects remained significant (P = 0.003) (Table 2).

DISCUSSION

The decision concerning ASD closure is particularly difficult in
elderly patients with PH given the increased mortality risk in this
group after ASD closure compared to young patients or patients
without PH (3, 4, 11, 12).

The previous studies were missing a control group of patients
without ASD closure, and thus could not distinguish whether the
worsened survival is due to ASD closure itself, or PH and older
age (3). Other previous studies have indicated that older patients
with moderate or severe PH benefit from transcatheter closure of

ASD with regards to improvement of symptoms and reduction of
PH; however, these studies did not report a survival analysis (9,
13, 14).

A study of ASD and trisomy 21 showed a significantly
higher mortality in uncorrected ASD including those with severe
pulmonary vascular disease (PVD) compared to those with ASD
closure. However, this study comprised only children and the
group with PH before ASD closure was not analyzed (15).

Here, we conducted a retrospective study comparing long-
term mortality in ASD patients with and without defect
closure, with respect to PH, age, and other clinical variables. In
line with previous studies (3, 4), we observed PH to be associated
with higher all-cause mortality. The frequency of PH was high
in our cohort (44%). This reflects the fact that our patients
were older with late ASD diagnosis (they were followed-up since
1995). There could be also a selection bias resulting from the
fact that high-risk patients with PH were sent to our tertiary
referral center, while simple ASD patients were frequently treated
at the local level.

A key finding of our study is that ASD closure (with adherence
to the contraindication criteria) is associated with improved long-
term survival in patients with or without PH and this holds also
for patients over 40 years of age. ASD closure was a significant
independent predictor of survival even after adjusting for age at
diagnosis, PH, NYHA, MR, and Eisenmenger syndrome (which
was present only in patients with open defects). In particular,
ASD patients with PH had significantly better long-term survival
after defect closure (65% after 20 years since diagnosis) compared
to patients with PH and open ASD (41% after 20 years since
diagnosis). Therefore, our data do not support the hypothesis
that closure itself increases mortality risk for patients at high
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TABLE 2 | Cox-proportional hazards models for mortality prediction.

Univariable analysis (n = 427) Multivariable model A (n = 425) Multivariable model B (n = 418)

Feature Hazard ratio P-value Hazard ratio P-value Hazard ratio P-value

Age at diag. (decades) 2.9 [2.4–3.5] 1 × 10−27 (***) 2.8 [2.3–3.5] 7 × 10−22 (***) 2.7 [2.2–3.4] 6 × 10−20 (***)

Eisenmenger 4.3 [1.7–10.8] 0.002 (**) 16.4 [4.9–54.3] 3 × 10−06 (***)

ASD closure 0.2 [0.1–0.4] 2 × 10−10 (***) 0.5 [0.3–0.8] 0.003 (**) 0.5 [0.3–0.8] 0.003 (**)

PH 6.2 [3.4–11.1] 8 × 10−10 (***) 2.0 [1.1–3.8] 0.03 (*) 2.0 [1.0–3.7] 0.03 (*)

NYHA > 2 4.6 [2.9–7.4] 8 × 10−11 (***) 1.3 [0.8–2.2] 0.2 1.4 [0.8–2.3] 0.2

MR 2.1 [1.3–3.4] 0.001 (**) 1.4 [0.9–2.3] 0.2 1.4 [0.9–2.3] 0.2

ASD secundum 1.9 [1.0–3.8] 0.06

Sinus venosus 0.7 [0.4–1.2] 0.2

Coronary sinus 2.0 [0.6–6.6] 0.2

Advanced therapy 0.9 [0.2–3.8] 0.9

ASD size 1.0 [1.0–1.0] 0.4

Sex (male) 1.0 [0.6–1.6] 1

In the univariable analysis, all variables were assessed independently, and the significant variables were then included in the multivariable analysis (models A and B).
In the multivariable model A, all 425 patients with non-missing values for the seven variables were included. In the multivariable model B, patients with Eisenmenger
syndrome were excluded and all 418 patients with non-missing values for the remaining six variables were included. ASD, atrial septal defect; MR, moderate or severe
mitral regurgitation; NYHA, New York Heart Association class; PH, pulmonary hypertension. (***P < 0.001; **P < 0.01; *P < 0.05).
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FIGURE 2 | Forest plot of Cox-proportional hazards survival analysis in ASD patients. (A) univariable analysis. (B) Multivariable analysis (all patients, i.e., model A).
The forest plot shows the hazard ratios and their 95% confidence intervals at a log10 scale. Significant variables are highlighted by a filled black square. ASD, atrial
septal defect; MR, moderate or severe mitral regurgitation; NYHA, New York Heart Association class; PH, pulmonary hypertension.

age or with PH, but rather that these patients are at high risk
even without the closure. Our finding of the benefit of ASD
closure is in line with results of a large nationwide study showing
that patients with closed ASD have lower mortality compared to
patients with open ASD (16).

It should be emphasized that the association of improved
survival with ASD closure is relevant only for patients who
fulfill the indication criteria for defect closure, with PVR ≤ 5
WU at baseline or after pulmonary vasodilator therapy (5,
6). Patients with PVR above 5 WU were shown to develop
pulmonary arterial hypertension (PAH) late after defect closure,
with poor prognosis (17). However, some case reports in the
literature and also one of our patients suggest the possibility of
“treat and repair” strategy with the use of advanced pulmonary

vasodilator therapy in ASD patients with higher baseline PVR
than 5 WU (18).

Patients with Eisenmenger syndrome are rare in ASD
(1.6% in our study). Since Eisenmenger syndrome is a
contradiction for defect closure, we designed our analysis
with a special care to account for this potential confounding
factor and performed all analyses with and without
inclusion of patients with Eisenmenger syndrome. In our
study, Eisenmenger syndrome was a strong predictor
of mortality in univariable as well as in multivariable
analysis (Table 2). However, ASD closure was a significant
independent predictor of survival both in the analysis with
Eisenmenger syndrome patients included (model A) and
excluded (model B).
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Rubáčková Popelová et al. Survival in Atrial Septal Defect

The presence of PH is sometimes erroneously considered to
be a contraindication for defect closure on the basis of the study
by Manes et al. (19). The authors observed the worst survival
in patients with closed defects and PH, while the best survival
was observed in Eisenmenger syndrome with open defects (most
of them treated by advanced therapy). On the contrary, in our
study, the highest long-term mortality was observed in open
ASD with PH, including Eisenmenger syndrome. Eisenmenger
syndrome, age at diagnosis, and PH were independent positive
predictors of mortality in our study, while defect closure was
a significant independent negative predictor of mortality. The
discrepancy between the studies may be explained by the fact
that the study of Manes et al. comprised predominantly post-
tricuspid defects with unknown and potentially high preoperative
PVR due to PAH and PVD. Therefore, the conclusions of
Manes study are not applicable to ASD patients with PH and
PVR ≤ 5 WU considered for closure. Moreover, the favorable
long-term survival in patients with Eisenmenger syndrome in
Manes et al. study could have been influenced by the use of
advanced pulmonary vasodilator therapy. This therapy could
only be used in a minority of our patients. While we observed
general stabilization of clinical state in patients treated with
advanced therapy, the numbers were too low to evaluate a
potential significant benefit in the survival analysis.

The results of our study support the strategy of active
screening of the ASD in adults with timely closure of
hemodynamically significant defects early after diagnosis. ASD
closure should be performed even in asymptomatic patients and
on the other side even in older patients with PH if they comply
with the indication criteria for ASD closure specified in the
guidelines (5, 6). Transcatheter closure is preferred because of
its lower invasiveness; however, if a patient with ASD and PH
has concomitant severe tricuspid or MR or large defect without
appropriate rims, we believe there is still place for surgery as
recommended by the guidelines (5, 20).

High-risk patients should always be assessed for risks and
benefits of ASD closure in a specialized expert center (6). ASD
closure may prevent further deterioration of PH and improve
survival, however in patients with severe PH and advanced
PVD, the shunt closure may be detrimental. Therefore, the
catheterization with PVR assessment is crucial (5, 6, 21). The
current recommended cut-off value of PVR for ASD closure is
5 WU (6). In high-risk patients with PAH, a small fenestration
may be useful to prevent right heart failure after ASD closure. In
postcapillary and combined PH, we aimed to remove the cause of
postcapillary PH (mitral regurgitation, coronary artery disease,
left heart failure, etc.) before or during the ASD closure and to
leave a small fenestration to prevent left heart failure.

Mortality and morbidity (stroke or heart failure) are
significantly increased by atrial arrhythmias (22). The risk of
atrial arrhythmias and stroke is increased in patients with ASD
(23, 24) and the prevalence of atrial arrhythmias in ASD increases
with age (22). In our study, we performed the antiarrhytmic
surgery (MAZE and/or CTI) in the case of documented atrial
arrhythmias. This procedure was significantly more frequent
in patients with PH compared to defects without PH (24%
vs. 5%, p < 0.001). Close long-term follow-up of patients

with open as well as closed ASD is important. It should
include clinical examination with assessment of symptoms,
especially arrhythmias, repeated echocardiogram, and ECG
monitoring. Some of the small defects may increase their
hemodynamic relevance with increasing age and such defects
should be closed in time.

Our study confirmed that ASD patients with PH had higher
mortality and suffered more often from mitral and tricuspid
regurgitation and arrhythmias, compared to patients without PH.
This is in line with the literature; patients with PH had more
comorbidities, were older and had a significantly higher risk
of developing major cardiac and cerebrovascular adverse events
after transcatheter ASD closure (25).

In conclusion, our study on 427 ASD patients identified
ASD closure as a positive independent predictor of survival. In
contrast, older age at diagnosis, Eisenmenger syndrome, and PH
were independent negative predictors of survival. Patients with
PH and closed ASD had significantly lower long-term mortality
compared to patients with PH and open defects. ASD closure
thus appears to be beneficial even in older patients with PH
and PVR < 5 WU, who are not contraindicated for closure
for other reasons.

LIMITATIONS OF THE STUDY

(A) Due to the retrospective nature of our study, the
groups with and without ASD closure could not be matched.
Patients with open ASD and PH formed a heterogenous
group comprising patients contraindicated for ASD closure
(Eisenmenger syndrome, small defects with severe PH), and
patients who refused ASD closure despite PVR < 5 WU.
However, the mortality was high in all subgroups of open ASD
and PH patients. (B) While the long-term follow-up (and data
collection since 1995) is of a general advantage of our study,
it brings two inherent limitations. First, catheterization was
not performed in all patients, but preferentially in those with
suspicion of moderate or severe PH based on echocardiography.
Second, not all patients with high PVR had the possibility of
advanced pulmonary vasodilator therapy treatment. However, as
soon as the advanced therapy was accessible, it was administered
to all patients with Eisenmenger syndrome or high PVRwhowere
still alive. The impact of advanced vasodilator therapy on the
long-term survival of ASD patients with high PVR and open or
closed defects therefore remains to be assessed in future research.
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Pulmonary hypertension (PH) is an established risk factor in patients with atrial septal

defect (ASD), and its persistence after ASD closure is associated with increasedmortality.

Therefore, predictors for PH normalization after defect closure are needed. Multiple

hemodynamic types of PH exist, but little is known about their prevalence and prognostic

value for PH normalization after ASD closure. We carried out a retrospective study

on 97 patients (76% female, median age at ASD closure 58 years) with four types of

PH determined predominantly by right heart catheterization: hyperkinetic, pulmonary

arterial hypertension, isolated post-capillary, and combined pre- and post-capillary. We

investigated the frequency of the PH types and their prognostic significance for PH

normalization after ASD closure. Frequency of PH types before ASD closure in our study

was: hyperkinetic 55%, pulmonary arterial hypertension 10%, isolated post-capillary PH

24%, and combined PH 11%. Hyperkinetic PH type was positively associated with

PH normalization after ASD closure (78% patients normalized), remaining a significant

independent predictor when adjusted for age at closure, sex, heart failure, and NYHA.

Hyperkinetic PH patients also had significantly better survival prognosis versus patients

with other PH types (p = 0.04). Combined PH was negatively associated with PH

normalization, with no patients normalizing. Pulmonary arterial hypertension and isolated

post-capillary PH had intermediate rates of normalization (60 and 52%, respectively). In

summary, all four hemodynamic types of PH are found in adult patients with ASD, and

they can be used to stratify patients by their likelihood of PH normalization and survival

after ASD closure.

Keywords: pulmonary hypertension, atrial septal defect, hemodynamic type of pulmonary hypertension,

normalization, reversibility, mortality

INTRODUCTION

Pulmonary hypertension (PH) represents an important risk factor associated with reduced
functional capacity and increased mortality in patients with atrial septal defect (ASD) (1–6).
Moreover, persistence of PH after ASD closure is strongly associated with increased mortality
(4, 7, 8). On the other hand, patients with normalization of PH after ASD closure have similar
outcome as patients without PH (7). The decision of whether to close ASD in patients with PH

  rejstřík
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presents a complex clinical dilemma (9, 10). Therefore, it is
highly important to predict in which patients with ASD and PH
the defect closure will lead to PH normalization and in which
patients the closure may be detrimental with right heart failure
and persistence or even progression of PH.

The guidelines give limits for safe defect closure for
pulmonary vascular resistance (PVR) < 3 Wood Units (WU) or
4WU×m2 and contraindication of defect closure for PVRmore
than 5 WU or 8 WU × m2 (2, 11, 12). However, the guidelines
do not specify the probability of PH normalization after defect
closure, an important factor for survival (4, 7, 8). Moreover, many
studies (including guidelines) deal only with pulmonary arterial
hypertension (PAH) in congenital shunt lesions (2, 3, 13, 14),
although it is just one of four hemodynamic types of PH in
adults with ASD (9, 15). We hypothesized that the hemodynamic
types of PH may be predictive of normalization of PH following
ASD closure.

Existing ESC/ERS guidelines for the diagnosis and treatment
of PH recognize pre-capillary PH, isolated post-capillary PH
(IpcPH), and combined pre- and post-capillary PH (CpcPH) (2,
15). Pre-capillary PH involves pulmonary arterial hypertension
(PAH), defined by elevated pulmonary vascular resistance (PVR
≥ 3 WU). One of the causes of PAH can be congenital heart
disease (CHD) with shunt (2). Although most studies on ASD
with PH focus just on PAH (3, 14, 16), hyperkinetic PH (H-
PH), characterized by normal or only modestly increased PVR
(<3 WU) and normal pulmonary capillary wedge pressure
(PCW ≤15 mmHg), is another type of PH described in ASD
(9, 17, 18). Interestingly, hyperkinetic PH is currently not
discussed in ESC/ERS guidelines for the diagnosis and treatment
of pulmonary hypertension (2, 15). IpcPH is characterized by
increased left atrial pressure or PCW (>15 mmHg), which can
in some cases worsen after defect closure (10, 19). Little is known
about CpcPH in patients with ASD.

The objective of this study was to characterize the frequency
of the four types of PH (H-PH, PAH, IpcPH, and CpcPH) as
determined predominantly by right heart catheterization (RHC)
in adults with ASD, to assess their prognostic value for predicting
PH normalization after defect closure, and to evaluate patient
mortality in the four PH types.

METHODS

Patients
Following institutional ethics committee approval (Na Homolce
Hospital), we performed a retrospective observational study
including all the adult patients in our database with the
diagnosis of ASD (type secundum, sinus venosus or coronary
sinus defect) with PH who underwent defect closure, with
known PH type before defect closure. Patients with incomplete
atrioventricular septal defects (ASD type primum) or ASD
combined with other hemodynamically important CHD were
excluded. PH was defined for the purpose of this study as
mean pulmonary arterial pressure (mPAP) ≥ 25 mmHg (2).
The contraindications for ASD closure were: PVR > 5 WU
not responding to advanced therapy or (previously) to acute
vasodilation testing which is not recommended any more (11,

12). Another contraindication for ASD closure was increase in
left atrial mean pressure during temporary balloon occlusion >

10 mmHg compared to baseline in patients with postcapillary PH
(19). Mortality data were obtained from the national mortality
register. Processing of human data was carried out in accordance
with institutional guidelines.

Catheterization
During right heart catheterization (RHC) the right atrial
pressure, sPAP, mPAP, pulmonary capillary wedge pressure
(PCW), and left atrial pressure were measured. Cardiac output
(pulmonary flow) was measured by Fick method preferentially
with measured oxygen consumption, but also with estimated
oxygen consumption or dye-dilution or thermodilution,
according to the cath-lab facilities. PVR was calculated, and the
shunt was quantified by oximetry. Left heart catheterization
with coronary angiography was performed according to the
usual criteria. Re-catheterization after defect closure was
performed in the case of suspected moderate or severe PH
from echocardiography.

For the purpose of this study, the four investigated
hemodynamic types of PH were defined as specified in Table 1
(2, 15, 17, 18). IpcPH and CpcPH were distinguished by PVR,
not by diastolic pressure gradient (15).

Echocardiography
The size of the ASD was assessed by transesophageal
echocardiography. In addition to RHC-determined
hemodynamic types of PH, 19 out of the 97 patients (all 19
with H-PH) were diagnosed by echocardiography (20–22). These
patients had only mild PH (mPAP 25–30 mHg), with no signs
of left heart disease, high pulmonary flow and near-normal
PVR (assessed by echocardiographic method which has good
correlation with invasive PVR) (21). Therefore, we consider
the diagnosis of H-PH in these patients as reliable. All other 78
patients had diagnosis of the type of PH assessed by RHC.

PH normalization was assessed by echocardiography using
the method of mPAP assessment described by Aduen et al.
(22). Mean PAP = mean pressure difference between right
ventricle and right atrium, which is derived from the velocity-
time integral (VTI) of the tricuspid regurgitation and the
estimated right atrial pressure (RAP) is added. This method
correlates closely with invasive measurements (22). Only in the
rare case of absence of tricuspid regurgitation we used the
alternative method of peak Doppler velocity of the pulmonary
regurgitation, mPAP = 4V2

+ RAP. Both methods are
recommended in a review article by Parasurman (20). When
PH was suspected after defect closure, RHC was used for the
diagnostics. PH was considered normalized when mPAP was
< 25 mmHg (2).

Statistical Methods
Kruskal-Wallis ANOVA was used to compare clinical features
between PH types (Table 2). Cox proportional-hazards ratio
was used to study the association between clinical features
and PH normalization (Table 3). One exception within
Table 3 is the CpcPH, where the zero rate of normalization
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TABLE 1 | Definition of hemodynamic types of PH in ASD.

mPAP (mmHg) PCW (mmHg) PVR (WU)

Hyperkinetic (H-PH) ≥ 25 ≤15 <3

Pulmonary arterial hypertension (PAH) ≥ 25 ≤15 ≥3

Isolated post-capillary PH (IpcPH) ≥ 25 >15 <3

Combined pre- and post-capillary PH (CpcPH) ≥ 25 >15 ≥3

mPAP, mean pulmonary arterial pressure; PCW, pulmonary capillary wedge pressure; PVR, pulmonary vascular resistance.

TABLE 2 | Cohort summary.

Clinical variable H-PH (n = 53) PAH (n = 10) IpcPH (n = 23) CpcPH (n = 11) All (n = 97) p-value

PH normalization 78% (35/45) 60% (6/10) 52% (12/23) 0% (0/11) 60% (53/89) 4.8·10−5

Sex (female) 77% (41/53) 90% (9/10) 57% (13/23) 100% (11/11) 76% (74/97) 0.025

Age at diagnosis 47.0 [34.0–59.0] (n = 53) 59.0 [37.0–60.0] (n = 10) 50.0 [10.0–65.0] (n = 23) 66.0 [52.8–72.0] (n = 11) 50.0 [28.0–61.0] (n = 97) 0.18

(years)

Age at closure 52.0 [42.0–61.3] (n =53) 59.0 [51.0–65.0] (n =10) 60.0 [51.0–70.8] (n =23) 69.0 [58.0–74.0] (n =11) 58.0 [46.8–65.0] (n =97) 0.009

(years)

NYHA before 2.0 [2.0–3.0] (n =53) 3.0 [2.0–3.5] (n =10) 3.0 [2.6–3.0] (n =23) 3.0 [2.6–3.0] (n =11) 2.5 [2.0–3.0] (n =97) 2.4·10−5

closure

ASD size (mm) 20.0 [16.5–25.5] (n =48) 28.0 [20.0–39.3] (n =7) 15.5 [11.0–21.0] (n =20) 19.5 [14.0–22.5] (n =8) 20.0 [15.0–24.8] (n =83) 0.06

Qp/Qs 2.4 [1.8–3.0] (n =48) 2.0 [1.7–2.5] (n =9) 2.2 [1.6–2.6] (n =18) 2.5 [2.2–2.7] (n =6) 2.3 [1.8–3.0] (n =81) 0.63

HF before closure 13% (7/53) 40% (4/10) 35% (8/23) 55% (6/11) 26% (25/97) 0.011

mPAP before 30.0 [27.0–33.8] (n =51) 32.0 [28.0–40.0] (n =10) 33.5 [28.0–44.0] (n =22) 37.5 [35.0–45.0] (n =10) 32.0 [28.0–36.3] (n =93) 0.009

closure (mmHg)

sPAP before 44.0 [39.8–50.0] (n =53) 47.5 [45.0–63.0] (n =10) 50.0 [42.0–59.8] (n =23) 55.0 [52.0–69.5] (n =11) 47.0 [41.0–55.0] (n =97) 0.0006

closure (mmHg)

Surgical closure 77% (41/53) 100% (10/10) 100% (23/23) 64% (7/11) 84% (81/97) 0.012

PH follow-up 14.5 [9.0–48.5] (n =44) 14.0 [10.0–40.0] (n =10) 31.0 [12.0–60.8] (n =23) 13.0 [4.0–84.3] (n =11) 16.0 [10.0–51.0] (n =88) 0.74

length (months)

Binary variables are given as percentage (positive/all cases in the PH type). Numerical variables are given as median [interquartile range] (n), where n is the number of patients in the PH
group with available data. Qp/Qs, pulmonary-to-systemic flow; HF, heart failure; sPAP, systolic PAP; mPAP, mean PAP; H-PH, hyperkinetic PH; PAH, pulmonary arterial hypertension;
IpcPH, Isolated post-capillary PH; CpcPH, combined pre- and post-capillary PH. “Surgical closure” corresponds to sternotomy, minithoracotomy, or robotic thoracoscopy (in the other
cases, transcatheter closure was used).

precludes the use of the Cox proportional-hazards ratio,
and a Fisher test was used instead on the underlying
contingency table to obtain the p-value. We verified that all
covariates in the Cox model fulfill the proportional hazards
assumption, using the MATLAB fitcox function, which is
based on the scaled Schoenfeld residuals, as derived by
Grambsch and Therneau (23). The variables significant in
univariable Cox proportional hazard ratio model and sex
and age at closure and the NYHA class were then included
in a multivariable model. Kaplan-Meier survival analysis
was used to compare survival rates in the four PH types
(Figure 1). Wilcoxon rank-sum test was used to assess the
difference in NYHA in PH-normalized vs. PH-persisting
patients. Only patients with data available on normalization were
included in the Cox proportional-hazards and Kaplan-Meier
analyses. Hypothesis testing was two-sided and p < 0.05 was
considered statistically significant. Data were analyzed using
MATLAB (R2021b).

RESULTS

A total of 97 adult patients after ASD closure (70% via
sternotomy, 8% via minithoracotomy, 5% via robotic
thoracoscopy, 17% via transcatheter) were included in the
study. The median age at the ASD closure was 58 years
[47–65 IQR] and 76% of the patients were female. Before
defect closure, 53 (55%) patients had H-PH, 10 (10%)
PAH, 23 (24%) IpcPH, and 11 (11%) CpcPH. During long-
term follow-up for PH normalization after ASD closure
(median 16 months, IQR 10–51), PH normalized in 53
patients out of 89 (60%) for whom the data on normalization
were available.

PH normalization differed significantly between the
hemodynamic types (p = 4.8·10−5, Table 2). Patients
with H-PH manifested the greatest rate of normalization
(78%), while normalization was lowest in patients with
CpcPH (0%). Other features significantly different between
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TABLE 3 | Univariable and multivariable Cox proportional-hazards analysis for association of PH normalization and clinical features.

Univariable Cox proportional-hazards models

Feature PH normalized (n = 53) PH persisting (n = 36) Hazard ratio [CI] p-value

Sex (female) 81% (43/53) 69% (25/36) 1.633 [0.819–3.258] 0.16

Age at diagnosis (years) 49.0 [33.5–60.0] (n =53) 57.5 [18.0–66.0] (n =36) 1.008 [0.996–1.021] 0.19

Age at closure (years) 53.0 [42.0–62.3] (n =53) 60.5 [54.5–69.5] (n =36) 1.003 [0.984–1.022] 0.74

NYHA before closure 2.0 [2.0–3.0] (n =53) 3.0 [2.0–3.0] (n =36) 0.685 [0.449–1.047] 0.08

ASD size 20.0 [14.3–24.8] (n =47) 20.0 [16.3–23.3] (n =29) 1.003 [0.969–1.038] 0.86

Qp/Qs 2.2 [1.8–3.0] (n =44) 2.3 [1.9–3.5] (n =29) 0.895 [0.637–1.255] 0.52

HF before closure 17% (9/53) 42% (15/36) 0.456 [0.221–0.942] 0.034

H-PH 66% (35/53) 28% (10/36) 2.414 [1.344–4.338] 0.003

PAH 11% (6/53) 11% (4/36) 1.236 [0.526–2.904] 0.63

IpcPH 23% (12/53) 31% (11/36) 0.610 [0.313–1.188] 0.15

CpcPH 0% (0/53) 31% (11/36) N/A 1.6·10−5

mPAP before closure (mm Hg) 30.0 [27.0–33.8] (n =51) 35.0 [29.0–40.0] (n =34) 0.991 [0.955–1.029] 0.65

sPAP before closure (mm Hg) 45.0 [40.0–52.3] (n =53) 50.0 [45.0–61.5] (n =36) 0.995 [0.971–1.019] 0.67

Surgical closure 85% (45/53) 78% (28/36) 1.230 [0.576–2.628] 0.5924

Multivariable Cox proportional-hazards model

Model Feature Hazard ratio [CI] p-value

H- PH adjusted for age at closure, sex, HF, and NYHA Hyperkinetic PH 2.37 [1.22–4.6] 0.01

Age at closure (years) 1.0 [0.99–1.03] 0.56

Sex 1.43 [0.7–2.94] 0.33

HF before closure 0.53 [0.23–1.22] 0.13

NYHA before closure 1.12 [0.64–1.96] 0.68

Binary variables are given as percentage (positive/all cases). Numerical variables are given as median [interquartile range] (n). Distinct PH types were represented as four separate binary
variables (1=presence of the PH type). Hazard ratios (HR) are expressed with regards to PH normalization, i.e., hazard ratio > 1 means a positive association between the feature and
PH normalization. Qp/Qs, pulmonary-to-systemic flow; HF, heart failure; sPAP, systolic PAP; mPAP, mean PAP; H-PH, hyperkinetic PH; PAH, pulmonary arterial hypertension; IpcPH,
Isolated post-capillary PH; CpcPH, combined pre- and post-capillary PH. In the case of CpcHP, the Cox proportional-hazards analysis cannot be applied given the zero normalization
rate; the Fisher-test was used to calculate the p-value from the underlying contingency table instead.

hemodynamic types were: sex, age at closure, NYHA
class before closure, presence of heart failure (HF) before
closure, the measurements of sPAP (systolic PAP) and
mPAP (mean PAP) before closure, and the proportion
of surgical closure (as opposed to transcatheter closure)
(Table 2).

Three clinical variables were significantly predictive of PH
normalization (Table 3, top). While H-PH type was positively
predictive of PH normalization (p = 0.003, HR = 2.4 [1.34–
4.34]), CpcPH type was negatively predictive (p = 1.6·10−5).
Presence of HF before closure was negatively predictive of
normalization [p = 0.034, HR = 0.46 (0.22–0.94)]. In addition,
the NYHA class was borderline nonsignificantly negatively
predictive of PH normalization [p = 0.08; HR = 0.69 (0.45–
1.05)].

Next, we used a multivariable Cox proportional-hazards
model for the H-PH, further accounting for age at closure,
sex, heart failure, and the NYHA class. H-PH remained a
significant independent predictor of PH normalization (p= 0.01)
(Table 3, bottom). Given the zero normalization rate in the
CpcPH group, a similar analysis could not be carried out for this
hemodynamic type.

In addition, we compared the improvement in NYHA
class after ASD closure between PH-normalized and PH-
persisting patients. The PH-normalized patients showed a
significantly increased improvement in NYHA class compared
to PH-persisting patients (mean improvement of 0.85 vs. 0.28;
p= 0.007).

Finally, we compared survival of patients in the four
hemodynamic types using Kaplan-Meier survival analysis
(Figure 1A). H-PH type showed the best survival (p = 0.04;
logrank test compared to other PH types) with a 10-year survival
of 92% (Figure 1B). PAH and IpcPH types had intermediate 10-
year survival (77 and 66%, respectively). The survival was lowest
in CpcPH type with a 10-year survival of 61%.

Due to the exclusion criterion PVR > 5 WU in our study,
advanced therapy (bosentan and sildenafil) was used in 7 (7%)
of our ASD patients only (6 after defect closure, one before and
after closure). Majority of patients with advanced therapy (5 out
of 7) did not normalize PH (3x CpcPH, 1x PAH, 1x H-PH).
The patient with H-PH had PVR 2.7 WU before closure and
developed CpcPH after ASD closure with PVR 5 WU and died
due to heart failure with severe left ventricular dysfunction 12
years after ASD closure.
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FIGURE 1 | Kaplan-Meier survival analysis of hemodynamic types of PH in ASD. In the left panel (A) is shown the comparison of survival among the four

hemodynamic types. In the right panel (B) is the comparison of H-PH patients vs. patients with other PH types pooled together. The tables underneath the

Kaplan-Meier curves give the number of patients who were alive and followed at the given time point. The log-rank test was used to test the significance of survival

difference between hyperkinetic patients and all other patients.

DISCUSSION

This study is the first to evaluate the frequency of the four
different types of PH in ASD patients, as well as their predictive
value for PH normalization and mortality. We observed that the
PH types are highly predictive of PH normalization after ASD
closure, with H-PH being a significant positive predictor, even
after adjusting for age, sex, NYHA class, and presence of heart
failure. Conversely, CpcPH was a significant negative predictor
of PH normalization. Moreover, we observed a substantially
higher improvement in NYHA class after ASD closure in
PH-normalized patients compared to PH-persisting patients.
Our study therefore shows the importance of assessing the
hemodynamic PH type for the risk stratification and design of
treatment strategy of ASD patients. The RHC is recommended
for PH type diagnosis; the echocardiography-based studies
cannot usually conclusively determine the hemodynamic type of
PH, particularly in more severe PH.

The reversibility of PH is known to be affected by the
severity of pulmonary vascular disease (PVD) and the extent of
remodeling of the pulmonary vasculature (14). In the past, the
prediction of PH normalization was assessed by histology from

open lung biopsies; however, it was abandoned for risk of the
procedure and non-uniform distribution of histological changes.
More recently, non-invasive predictors of PH normalization have
been suggested, reporting age at closure, NYHA class, degree of
tricuspid regurgitation, and baseline PAP as significant predictors
(4, 16, 24).

Interestingly, women comprised the vast majority of patients
with PVR ≥ 3 WU (PAH and CpcPH, Table 2) in our study,
although there was no significant difference in the rate of PH
normalization between men and women. On the contrary, the
hazard ratio for PH normalization was non-significantly better
for women (HR= 1.6; p= 0.16), (Table 3).

Hyperkinetic PH
Hyperkinetic PH (H-PH) in ASD is a consequence of increased
pulmonary blood flow due to the left-to-right shunt on the
atrial level. Volume overload of the highly distensible pulmonary
vascular bed in young patients may or may not lead to increased
PAP. If the increased pulmonary pressure is proportional to the
increased pulmonary flow, the PVR is low with no pulmonary
vascular disease (PVD). With time, excess pulmonary blood flow
can lead to early PVD changes with marked remodeling of the
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distal pulmonary vasculature and loss of the elastic properties
and stiffening of the large proximal pulmonary arteries. High
pulmonary flow leads to upregulation of flow-sensitive genes with
endothelial cell dysfunction and neomuscularization, which is
reversible when the high pulmonary flow is normalized (13). In
the case of progression of pulmonary vascular bed remodeling,
PVR increases. If PVR exceeds 3 WU, the H-PH turns to
PAH, suggesting the presence of a significant PVD. It is worth
mentioning that the cut-off of 3 WU is relatively arbitrary, and
PVR > 2 WU could be also considered abnormal (15). The
impact of mildly increased PVR (2.5–3WU) on patient prognosis
in H-PH remains to be assessed.

In our study, H-PH was the most frequent PH type
(55% patients). It was an independent positive predictor of
PH normalization after ASD closure, manifesting the greatest
normalization rate of 78%. Patients with H-PH had also
significantly better long-term survival after defect closure
compared to other types of PH, with a 10-year survival of
92%. This is in line with the mild PVD in H-PH, as well as
high pulmonary pressure proportional to high pulmonary flow,
resulting in normal or mildly increased PVR.

More attention therefore needs to be paid to the hyperkinetic
type of PH in ASD. Some patients with high PAP due to H-
PH may be erroneously considered inoperable by inexperienced
cardiologists, even though their prognosis after ASD closure
might have been very good with PH normalization. In addition,
hyperkinetic PH patients misdiagnosed as having PAH may be
prescribed expensive advanced therapy with no evidence of its
utility for hyperkinetic PH. Therefore, consultation in specialized
expert centers including RHC is important for patients with signs
of moderate or severe PH according to echocardiography.

Pulmonary Arterial Hypertension
While being the most studied PH type in connection with shunt
CHD, PAH was the least frequent type in our study (present
in 10% patients with ASD). It showed 60% PH normalization
rate and 77% 10-year survival rate after ASD closure. PAH is
characterized by increased PVR (≥ 3 WU) and more severe
PVD (2, 15). This includes not only the medial hypertrophy and
intimal hyperplasia but also resistance to apoptosis, neointimal
fibrosis with vascular lumen occlusion, and plexiform lesions
(13). While high likelihood of irreversible changes in pulmonary
vascular bed can be expected in patients with PVR above 5 WU
(2, 11, 12, 25), such patients are contraindicated for ASD closure
and therefore not a part of this study. However, more precise
prediction of PH normalization in PAH patients with PVR of 3–5
WU is needed. The role of newmethods such as nuclear imaging,
circulating biomarkers, or specific genetic mutations should be
evaluated in the future (13). Advanced pulmonary vasodilator
therapy, before and/or after ASD closure, may be helpful in
stabilization of the clinical state with NYHA improvement and
lowering of PAP and PVR, even if not leading to complete
PH normalization. Advanced therapy may lower PVR below 5
WU in some patients and thus allow ASD closure, usually with
fenestration (treat-and-repair strategy) if significant left-to right
shunt is still present (Qp:Qs > 1.5) (12).

Isolated Post-capillary PH
IpcPH was the second most frequent PH type (24% patients)
with 52% normalization rate and 66% 10-year survival rate since
ASD closure. IpcPH is a consequence of left heart failure with
increased filling pressures and PCW ≥ 15 mmHg. The reason
may be the co-incidence of ASD with mitral regurgitation or
stenosis or with left ventricular (LV) systolic dysfunction. IpcPH
may be also a consequence of LV diastolic dysfunction resulting
from altered geometry of the LV due to severely dilated right
ventricle. In post-capillary PH, the defect serves as a pop-off
valve alleviating the risk of pulmonary edema in the case of
high left atrial pressure. It is therefore important to exclude
further increase of filling pressures after defect closure. Based
on literature and our experience, temporary occlusion testing,
fenestrated closure, heart failure treatment before defect closure
and correction of valvular heart disease and arrhythmias are
important and recommended (7, 19, 26).

Combined Pre- and Post-capillary PH
Little is known about clinical and physiological characteristics of
CpcPH generally (27) and in connection with ASD. In our study,
CpcPHwas present in 11% patients with ASD. It was a significant
negative predictor of PH normalization in our study (no patients
normalized) and resulted in the lowest 10-year survival of 61%.
Patients with this PH type also had the highest mPAP and sPAP
and the highest rate of heart failure before ASD closure (55%).
Patients with ASD and CpcPH were the oldest (median age of
66 and 69 years at diagnosis and defect closure, respectively).
Patients with CpcPH develop more severe PVD than patients
with IpcPH and resemble PAH in hemodynamic and genetic
characteristics (27). Design of an optimal treatment strategy
in these patients needs further research. In our experience,
measures should be applied beyond ASD closure (if PVR is below
5 WU), such as heart failure treatment, concomitant valvular
or antiarrhythmic surgery, fenestrated closure or pulmonary
vasodilator treatment in individual cases and individual dosage
before and/or after defect closure (27).

Patients with ASD and IpcPH or CpcPH due to left heart
disease (mitral valve disease, left ventricular dysfunction, etc.) are
sometimes excluded from research studies concerning ASD (14,
16). Consequently, information on their prognosis and treatment
strategies is lacking. Our results demonstrate substantial
differences between normalization rates and prognosis in IpcPH
(52%normalized) vs. CpcPH (0%normalized), highlighting these
as two functionally highly distinct types.

Summary
In conclusion, we investigated four different hemodynamic types
of PH based on RHC, which may accompany ASD in adulthood.
They differed in frequency within the studied cohort, likelihood
of normalization following ASD closure, and in mortality. The
high frequency and strong prognostic value of hyperkinetic PH
suggests that this PH type is worth including and discussing in
future ESC/ERS guidelines (2, 15). The knowledge of the PH type
in ASD can help to guide a tailored treatment strategy.
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LIMITATIONS OF THE STUDY

We used an older cut-off value for the diagnosis of PH with
mPAP ≥ 25 mmHg in our study, based on the guidelines from
the time of data collection and study design (2). According to our
experience, inclusion of patients with mPAP 20–24mmHgwould
only increase the number of patients with mild hyperkinetic PH
who did not have RHC.

Given the retrospective nature of the study, certain clinical
variables are missing in some of the patients. However, Tables 2,
3 contain the patient counts for each comparison so that the
number of available measurements is clear.

Due to the exclusion criterion PVR > 5 WU in this study,
advanced therapy was used only in 7 of our ASD patients with
PH, which does not allow detailed analysis.
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Abstract: Background: If menopause is really independent risk factor for cardiovascular disease is
still under debate. We studied if ovariectomy in the model of insulin resistance causes cardiovas-
cular changes, to what extent are these changes reversible by estradiol substitution and if they are
accompanied by changes in other organs and tissues. Methods: Hereditary hypertriglyceridemic
female rats were divided into three groups: ovariectomized at 8th week (n = 6), ovariectomized
with 17-β estradiol substitution (n = 6), and the sham group (n = 5). The strain of abdominal aorta
measured by ultrasound, expression of vascular genes, weight and content of myocardium and
also non-cardiac parameters were analyzed. Results: After ovariectomy, the strain of abdominal
aorta, expression of nitric oxide synthase in abdominal aorta, relative weight of myocardium and of
the left ventricle and circulating interleukin-6 decreased; these changes were reversed by estradiol
substitution. Interestingly, the content of triglycerides in myocardium did not change after ovariec-
tomy, but significantly increased after estradiol substitution while adiposity index did not change
after ovariectomy, but significantly decreased after estradiol substitution. Conclusion: Vascular and
cardiac parameters under study differed in their response to ovariectomy and estradiol substitution.
This indicates different effects of ovariectomy and estradiol on different cardiovascular but also
extracardiac structures.

Keywords: ovariectomy; cardiovascular changes; estradiol substitution; insulin resistance; hereditary
hypertriglyceridemic rat

1. Introduction

It is still matter of debate whether menopause is an independent cardiovascular risk
factor. However, cardiovascular disease (CVD) caused mainly by atherosclerosis is the
primary and underscored cause of morbidity and mortality in women [1,2]. Moreover, in
addition to traditional risk factors for atherosclerotic disease and subsequent cardiovascular
events, insulin resistance associated with metabolic syndrome was definitely proved to
be risk factor for atherosclerosis and menopause could further aggravate and, potentially,
also even trigger unfavorable vascular changes. In addition, if female sex hormone sub-
stitution therapy after menopause could reverse unfavorable vascular changes remains
very controversial topic which is intensively investigated on experimental and human
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level [3–5]. Several studies indicated that if hormonal substitution therapy is started early
after menopause, it could have favorable vascular effects. This is in contrast to previous un-
successful studies which initiated hormone substitution therapy later after menopause [6,7].
However, despite many studies focused on the timing of hormone substitution therapy af-
ter menopause, less data is available regarding the effect of such intervention on traditional
atherosclerotic risk factors and other cardiovascular parameters but especially few data
exist regarding effect of hormone substitution therapy on extracardiac organs and tissues.
In particular, there are only few data available, to what extent exactly are atherosclerotic
and, in general, cardiovascular changes reversible by hormone substitution therapy, which
factors could be associated with (un)favorable changes of involved organs and if these
changes are associated with changes in other organs and tissues. This topic is of high
importance, because the presence of metabolic and other atherosclerotic and cardiovascular
risk factors before menopause could strongly determine success of hormonal substitution
therapy after menopause. Such interaction between hormone substitution therapy and
presence of risk factors or already present vascular pathology could potentially determine
future development of CVD in women [8]. Regarding optimal timing of potential interven-
tion, in our previous cross-sectional study of population sample of middle-aged women,
we detected much stronger impact of smoking on preclinical atherosclerosis defined as
carotid intima media thickness in perimenopausal women than in pre- and postmenopausal
women [9], potentially partly mediated by remnant lipoproteins [10]. In addition, in our
experimental study in hamster model [11] the hypolipidemic treatment with simvastatin
substantially decreased the prevalence of atherosclerotic changes after ovariectomy, but
otherwise did not change concentration of atherogenic LDL cholesterol. Nevertheless,
statin treatment improved proportions of pro- and antiatherogenic serum lipids by the
increase of HDL cholesterol. Therefore, antiatherogenic effect of statin treatment in this
study was not mediated by decrease of concentration of LDL cholesterol, but by the increase
of concentration of HDL cholesterol. Notably, in this model, the timing of simvastatin
treatment had no significant effect on prevention of atherosclerotic changes or lipid param-
eters. More complex changes after menopause beyond circulating lipoproteins should be,
therefore, studied.

In general, development of cardiovascular disease after menopause is a complex
and challenging process and the research in this field is focused on unfavorable arterial
changes at early stages of cardiovascular disease. Recently the use of non-invasive imaging
strategies, such as ultrasound studies of cardiac, but also aortic, cerebral, and peripheral
vascular disease models in rodents is widely implemented and ultrasound detection of
vascular disease is expanding methodology which allows longitudinal studies of different
vascular and cardiac structures in living animals [12]. This could be specifically applicable
for studying the effect of menopause on cardiovascular structures prospectively also in
animal models.

In the recent study, we focused on the more complex effect of ovariectomy and estradiol
substitution on vascular, cardiac, but also extravascular and extracardiac organs and
tissues, and metabolic, genetic and inflammatory parameters in already well-established
experimental model of insulin resistance, dyslipidemia, mild hypertension and low-grade
inflammation, particularly in hereditary hypertriglyceridemic (HHTg) female rats [13].

The main aim was to investigate cardiovascular, metabolic and inflammatory changes
caused by ovariectomy in the terrain of insulin resistance, i.e., mimicking menopause in
women with already present metabolic and inflammatory burden. We also studied to what
extent are these changes reversible with female sex hormone substitution, namely with
estradiol. In addition, we analyzed vascular parameters through repeated examination
of vascular system by ultrasound, but also structure and content of extravascular and
extracardiac organs and tissues.

  rejstřík
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2. Results

At the start of the experiments, study groups (sham, ovariectomized and ovariec-
tomized with estradiol substitution) did not differ in weight and, no pathological changes
in abdominal aorta were detected by ultrasound before start of the study. Body weight
increased in ovariectomized group during the study and remained stable in the group
with estradiol substitution. In addition, food intake increased in ovariectomized females
without estradiol substitution compared to other two groups.

2.1. Changes of Cardiovascular Parameters after Ovariectomy and Estradiol Substitution

At the end of the study, the strain of suprarenal aorta after ovariectomy was non-
significantly lower in suprarenal and significantly lower in infrarenal aorta and in ovariec-
tomized females with estradiol substitution the strain of suprarenal and infrarenal aorta
was significantly higher than in ovariectomized females without estradiol substitution;
in suprarenal aorta, the strain after estradiol substitution was higher not only than in
ovariectomized rats (p = 0.002) but also than in the sham group (p = 0.02) (Figure 1,
Table A1/Appendix A); even more pronounced increase was detected for the strain in
suprarenal aorta, but it was partly caused by higher diameter of this segment measured
at the start of the study (data not shown). Similar pattern was found for heart rate. The
heart rate at baseline was 297.0 ± 18.0, 324.7 ± 30.0, and 372.0 ± 22.5 beats per minute
in sham, ovariectomized group and in ovariectomized group with estradiol substitution,
respectively (one-way ANOVA: p < 0.001). The heart rate at the end of the study was
319.4 ± 29.7, 284.2 ± 25.9, and 285.0 ± 30.3 beats per minute in sham, ovariectomized
group and in ovariectomized group with estradiol substitution, respectively (one-way
ANOVA: p < 0.881). This means that in ovariectomized rats and in ovariectomized rats
with estradiol substitution heart rate significant decreased (Figure A1/Appendix A).
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In addition, the expression of the gene for nitric oxide synthase 3 (Nos3) measured in 
the whole abdominal aorta irrespectively of supra/infrarenal segment was significantly 
lower after ovariectomy while in ovariectomized females treated with estradiol it was 
similar to the sham group. No significant between-group differences were observed for 
connexin 37 (Cx37) gene expression measured also in the whole abdominal aorta (Figure 

Figure 1. Differences in the strain of the abdominal aorta after ovariectomy and estradiol substitution
in HHTg rats in suprarenal (A) and infrarenal (B) segments. Legend: Strain: (systolic-diastolic aortic
diameter)/diastolic aortic diameter; HHTg: hereditary hypetriglyceridemic; HHTg-Sham: sham
group, n = 5; HHTg-OVX: Ovx: ovariectomy (n = 6); HHTg-OVX + estradiol: ovariectomy followed by
estradiol substitution (n = 6). Data are expressed as mean ± SD and evaluated by one-way ANOVA
and Fisher LSD post-hoc test; n.s.: nonsignificant, * p < 0.05, ** p < 0.01.

In addition, the expression of the gene for nitric oxide synthase 3 (Nos3) measured in
the whole abdominal aorta irrespectively of supra/infrarenal segment was significantly
lower after ovariectomy while in ovariectomized females treated with estradiol it was
similar to the sham group. No significant between-group differences were observed for
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connexin 37 (Cx37) gene expression measured also in the whole abdominal aorta (Figure 2).
No between group differences were detected for circulating nitric oxide synthase (NOS)
(Table A1/Appendix A). The correlation between Nos3 and Cx37 gene expression was
r = 0.459 in the whole group, r = 0.752, r = 0.183, and r = 0.624 for the sham group,
ovariectomized rats, and ovariectomized rats with estradiol substitution, respectively.
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Figure 2. Differences in the expression of genes in abdominal aorta after ovariectomy and estradiol
substitution in HHTg rats. Legend: HHTg: hereditary hypetriglyceridemic; HHTg-Sham: sham
group, n = 5; HHTg-OVX: Ovx: ovariectomy (n = 6); HHTg-OVX + estradiol: ovariectomy followed
by estradiol substitution (n = 6). (A) NoS expression: expression of the gene for nitric oxid synthase,
(B) Connexin 37 expression: expression of the gene for connexin 37. Data are expressed as mean ± SD
and evaluated by one-way ANOVA and Fisher LSD post-hoc test; n.s.: nonsignificant, * p < 0.05.

Regarding cardiac parameters, relative weight of myocardium and the weight of the
left ventricle were significantly lower in ovariectomized females than in the sham group
at the end of the experiment while in ovariectomized females with estradiol substitution
they were similar to the sham group. Different pattern was observed for the content of
triglycerides in the myocardium which was similar in ovariectomized females at the end of
the study as in the sham group, but significantly higher in ovariectomized females with
estradiol substitution than in other two groups (Figure 3). However, no between group
differences were found in the expression of genes potentially responsible for triglyceride
and/or other lipid content in the heart, oxidative stress and other pathophysiological
pathways/homeostatic mechanisms: namely lipoprotein lipase, stearoyl-CoA-desaturase-1,
nuclear factor E2-related factor 2 and connexin 43 (data not shown).

2.2. Changes in Other Organs after Ovariectomy and Estradiol Substitution

Changes of these parameters are shown in Table 1. Body weight was significantly
higher in ovariectomized females than in the sham group, and similar in ovariectomized
females with estradiol substitution as in the sham group at the end of the study. In addition,
relative and absolute weight of uterus was lower in ovariectomized females than in the
sham group, and similar in ovariectomized females with estradiol substitution as in the
sham group. Interestingly, the adiposity index was similar in ovariectomized females
as in the sham group, but in ovariectomized females substituted with estradiol it was
significantly lower than in other two groups; in other words, reversed pattern compared to
the content of triglycerides in myocardial tissue was observed. Relative liver weight was
significantly lower in ovariectomized females than in the sham group and was found to be
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higher in ovariectomized rats with estradiol substitution than in the sham group. Similar
patterns for the effect of ovariectomy and ovariectomy with estradiol substitution were
found for: increased and decreased content of triglycerides in the liver tissue, increased
and decreased content of cholesterol in the liver tissue, decreased and increased relative
weight of kidneys, and increased and decreased content of triglycerides in the renal cortex,
respectively. No between group differences were detected for the content of triglycerides in
the skeletal muscle.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 17 
 

 

 
Figure 3. Differences in the relative weight of myocardium (A) and the left ventricle (B) and tri-
glycerides content of the myocardium (C) after ovariectomy and estradiol substitution in HHTg 
rats. Legend: HHTg: hereditary hypetriglyceridemic; HHTg-Sham: sham group, n = 5; 
HHTg-OVX: Ovx: ovariectomy (n = 6); HHTg-OVX + estradiol: ovariectomy followed by estradiol 
substitution (n = 6). Data are expressed as mean ± SD and evaluated by one-way ANOVA 
and Fisher LSD post-hoc test; n.s.: nonsignificant, * p < 0.05, ** p <0.01, *** p <0.001. 

2.2. Changes in Other Organs after Ovariectomy and Estradiol Substitution  
Changes of these parameters are shown in Table 1. Body weight was significantly 

higher in ovariectomized females than in the sham group, and similar in ovariectomized 
females with estradiol substitution as in the sham group at the end of the study. In addi-
tion, relative and absolute weight of uterus was lower in ovariectomized females than in 
the sham group, and similar in ovariectomized females with estradiol substitution as in 
the sham group. Interestingly, the adiposity index was similar in ovariectomized females 
as in the sham group, but in ovariectomized females substituted with estradiol it was 
significantly lower than in other two groups; in other words, reversed pattern compared 
to the content of triglycerides in myocardial tissue was observed. Relative liver weight 
was significantly lower in ovariectomized females than in the sham group and was found 
to be higher in ovariectomized rats with estradiol substitution than in the sham group. 
Similar patterns for the effect of ovariectomy and ovariectomy with estradiol substitution 
were found for: increased and decreased content of triglycerides in the liver tissue, in-
creased and decreased content of cholesterol in the liver tissue, decreased and increased 
relative weight of kidneys, and increased and decreased content of triglycerides in the 
renal cortex, respectively. No between group differences were detected for the content of 
triglycerides in the skeletal muscle. 

Table 1. Differences after Ovariectomy and Estradiol Substitution in Hereditary Hypertriglycer-
idemic Rats in the Relative Weight and Lipid Content of Extracardiac Tissues and Organs. 

 Sham 
n = 5 

Ovx 
n = 6 

Ovx 
+Estradiol 

n = 6 

One-Way 
ANOVA 

p 
Ovx vs. Sham 

p  
Ovx + E vs. Ovx 

Body weight (g) 242.4 ± 8.2 272.2 ± 12.9 238.0 ± 12.9 0.001 0.001 0.001 
Uterus (g/100 g bwt) 0.226 ± 0.029 0.098 ± 0.034 0.290 ± 0.069 0.001 0.001 0.001 

Adiposity index (g/100 g bwt) 2.051 ± 0.453 2.253 ± 0.397 1.620 ± 0.336 0.05 n.s. 0.05 
Liver (g/100 g bwt) 3.283 ± 0.095 2.556 ± 0.042 3.769 ± 0.094 0.001 0.001 0.001 

Figure 3. Differences in the relative weight of myocardium (A) and the left ventricle (B) and triglyc-
erides content of the myocardium (C) after ovariectomy and estradiol substitution in HHTg rats.
Legend: HHTg: hereditary hypetriglyceridemic; HHTg-Sham: sham group, n = 5; HHTg-OVX: Ovx:
ovariectomy (n = 6); HHTg-OVX + estradiol: ovariectomy followed by estradiol substitution (n = 6).
Data are expressed as mean ± SD and evaluated by one-way ANOVA and Fisher LSD post-hoc test;
n.s.: nonsignificant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Rats in the Relative Weight and Lipid Content of Extracardiac Tissues and Organs.

Sham
n = 5

Ovx
n = 6

Ovx + Estradiol
n = 6

One-Way
ANOVA

p
Ovx vs. Sham

p
Ovx + E vs. Ovx

Body weight (g) 242.4 ± 8.2 272.2 ± 12.9 238.0 ± 12.9 0.001 0.001 0.001
Uterus (g/100 g bwt) 0.226 ± 0.029 0.098 ± 0.034 0.290 ± 0.069 0.001 0.001 0.001

Adiposity index (g/100 g bwt) 2.051 ± 0.453 2.253 ± 0.397 1.620 ± 0.336 0.05 n.s. 0.05
Liver (g/100 g bwt) 3.283 ± 0.095 2.556 ± 0.042 3.769 ± 0.094 0.001 0.001 0.001

Hepatic content of triglycerides (µmol/g) 7.885 ± 1.853 12.970 ± 1.533 10.215 ± 0.851 0.001 0.001 0.01
Hepatic content of cholesterol (µmol/g) 6.581 ± 0.826 9.950 ± 0.593 6.763 ± 1.029 0.001 0.001 0.001

Kidneys (g/100 g bwt) 0.570 ± 0.015 0.438 ± 0.009 0.620 ± 0.027 0.001 0.001 0.001
Content of triglycerides in the renal

cortex (µmol/g) 0.771 ± 0.067 1.075 ± 0.112 0.824 ± 0.049 0.001 0.001 0.001

Content of triglycerides in the skeletal
muscles (µmol/g) 1.223 ± 0.242 1.467 ± 0.205 1.491 ± 0.621 n.s. n.s. n.s.

Legend: Data are given as the mean ± SD. One-way ANOVA and Fisher LSD post-hoc test were used. Ovx:
ovariectomy, Ovx + E: Ovariectomy and estradiol substitution. Data are expressed as mean ± SD and evaluated
by one-way ANOVA and Fisher LSD post-hoc test; n.s.: non.significant.

2.3. Circulating Metabolic, Inflammatory and Hormonal Parameters after Ovariectomy and
Estradiol Substitution

Serum estradiol was significantly lower in ovariectomized females than in the sham
group, and was significantly higher in ovariectomized females with estradiol substitution,
in the latter group reaching very high values. Progesterone was significantly lower in
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ovariectomized females than in the sham group and remained at the same level in ovariec-
tomized females substituted with estradiol as in ovariectomized females without estradiol
substitution. No between group differences were detected for circulating Anti-Mullerian
hormone (AMH). Regarding serum cholesterol, no differences were found between study
groups. Serum triglycerides were significantly lower in the ovariectomized females than
in the sham group while in the ovariectomized females with estradiol substitution they
were at the same level as in the sham group. Serum HDL cholesterol was significantly
higher in ovariectomized females than in the sham group, and in ovariectomized females
with estradiol substitution it was higher than in other two groups. No between group
differences were detected for circulating free fatty acids (FFA), non-fasting glucose, insulin
and glucagon. The concentration of liver enzymes (AST, ALT) was higher in ovariectomized
females than in the sham group, and in ovariectomized females after estradiol substitution
it stayed at similar level as in ovariectomized rats. Serum concentration of interleukin 6
(IL-6) was significantly lower in ovariectomized females than in the sham group, and was
significantly higher in ovariectomized females with estradiol substitution, in the latter
group, the concentration of IL-6 was even higher than in the sham group (p = 0.001).

2.4. Summary of Changes of Parameters with Regard to Ovariectomy and Estradiol Substitution

Significant changes after ovariectomy reversed by estradiol substitution were increased
body weight, decreased expression of Nos3 in the abdominal aorta, decreased relative
weight of myocardium, decreased relative weight of the left ventricle, and changes in the
liver and kidney parameters including decreased relative organ weight, increased content
of cholesterol and triglycerides in particular organs and tissues, and decreased circulating
triglycerides. Significant changes after ovariectomy modified by estradiol substitution to the
levels significantly different than were in the sham group was decreased strain of infrarenal
segment of the abdominal aorta, increased serum HDL cholesterol and decreased circulating
IL-6. Significant changes after ovariectomy not reversed by estradiol substitution were
decreased serum progesterone level and increased liver enzymes. No effect of ovariectomy
and of the ovariectomy followed by estradiol substitution was observed for AMH, NOS,
expression of Cx37, circulating FFA, non-fasting glycemia, serum insulin, and glucagon. No
effect of ovariectomy but significant changes after ovariectomy with estradiol substitution
were observed for the increased triglycerides content in myocardium, increased strain of
suprarenal aorta, and decreased adiposity index.

3. Discussion

Regarding vascular parameters under study, the main finding was that aortic strain
moderately decreased after ovariectomy but increased significantly if ovariectomy was
followed by estradiol substitution; in the suprarenal segment estradiol substitution after
ovariectomy led even to significantly higher levels of the aortic strain than in the sham
group (Figure 1, Table A1/Appendix A). These vascular changes were accompanied by
changes in the expression of Nos3 gene which demonstrated similar pattern; it decreased af-
ter ovariectomy and increased to the levels similar as in the sham group if ovariectomy was
followed by estradiol substitution. On one hand, these findings demonstrated unfavorable
effect of decrease of sex female hormones, on the other hand, favorable effect of estradiol
substitution on the vasculature already was detected as in already detected in human and
experimental studies [14–17]. Moreover, our findings indicate mechanisms potentially
more or less involved in the vascular effects of sex hormones, in this case estradiol. In
contrast to the favorable effect of estradiol on aortic strain and expression of Nos3, there
was no effect of the ovariectomy and/or estradiol substitution on the expression of also
“cardiovascular” gene for Cx37 [18,19], which is potential target for intervention in cardio-
vascular disease [20] and described as important for cardiovascular disease in previous
(but not all) studies [21–24]. The explanation for this negative finding could be that the
change of Cx37 gene expression was not yet detectable relatively soon after ovariectomy
and could be relatively delayed compared to the change of the expression of gene for
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Nos3. In addition, changes of Cx37 activity and gap junctions were described mainly in the
smaller vessels including mice and dependent on changes of shear stress [25,26]. Therefore,
in abdominal aorta, the changes of shear stress in rats compared to mice could be less
pronounced in this location due simply to larger diameter and in contrast to Nos3 gene,
Cx37 gene could be less sensitive to these changes. Another explanation comes from our
pilot experimental study in which the expression of Cx37 gene was significantly lower in
the suprarenal than in the infrarenal segment in four Prague hypercholesterolemic females
on standard diet (suprarenal segment of abdominal aorta: 1.009 ± 0.152 vs. infrarenal
segment: 2.011 ± 0.297; p = 0.015; unpublished data). Notably, it was not observed on
hypercholesterolemic diet. Therefore, if we can suppose similar situation in HHTg rats in
which we measured Cx37 gene expression in the whole abdominal aorta, we could miss
segment specific differences in expression of particular genes including gene for Cx37. We
noted, that changes after ovariectomy/estradiol substitution both in Cx37 gene expres-
sion, but also in circulating NOS were similar to changes of aortic strain and of Nos3 but
were not statistically significant (Figure 2, Table A1/Appendix A). In this particular study,
Cx37 was involved in basal nitric oxide release, release of cyclooxygenase products and
the regulation of the sensitivity for acetylcholine in contrast to connexin 40. We found
rather strong correlation between Nos3 and Cx37 gene expression which was not present in
the ovariectomized group in contrast to the sham group and ovariectomized group with
estradiol substitution, but because of relatively low numbers of animals in each group we
are cautious to interpret these data on biological grounds.

Regarding cardiac parameters, the relative weight of myocardium and of the left ven-
tricle decreased significantly after ovariectomy and were completely reversed by estradiol
substitution to values similar as in the sham group. These findings could be explained
by rapid decrease of myocardial mass due also at least partly to rapid decrease of sex
hormones and decreased number of estradiol receptors in cardiac tissue after ovariectomy
and their restoration after estradiol substitution [27,28]. Changes levels of estradiol could
be also the cause of the significant changes of the heart rate, this could be caused also
by changes in estradiol receptors function and their impact on sensitivity of the heart
to stress. In addition, in recent study it has been shown in mice that cellular content of
the heart is dependent on and can be rapidly changed by endocrine factors, particularly
gonadal hormones [28–31]. In previous study estrogen (and also testosterone) were shown
to have direct interactions with ion channels and were able to transcriptionally alter ion
channel expression in a regionally dependent manner, in rabbit heart [32]. Changes of sex
hormone could, therefore, lead to different stress responses of the heart, but it should be
noted, that estradiol can have discordant cardiac effects based on the experimental models
used. However, in our study rather the rate of change of estradiol concentration was of
importance, because similar pattern, decrease of heart rate, was detected both in ovariec-
tomized females and in ovariectomized females with estradiol substitution. Nevertheless,
because of different values of heart rates detected at the beginning of the study in our study
groups, we are also cautious in the interpretation of these data. Moreover, no between
group differences were found in myocardial tissue for the expression of genes which could
be potentially responsible for impaired homeostatis especially in lipid metabolism.

In contrast to changes of myocardial mass, content of triglycerides in myocardium
changed after ovariectomy differently; the content of triglycerides in myocardium was
not affected by ovariectomy but it increased significantly if ovariectomy was followed by
estradiol substitution even above the values in the sham group. Increased content of triglyc-
erides in heart muscle is recently under investigation and considered to be unfavorable
process [33–35], however, which might be modified [36,37]. In this respect and with respect
to findings in other tissues, the favorable effect of estradiol in this case is questionable
and it seems that estradiol could cause also unfavorable shifts of fat content between
different body compartments [37], including myocardial tissue. Therefore, the evaluation
also of other organs and tissues in our study was important. Interesting finding in this
respect was the changes of adiposity index (Table 1) as the marker for central fat; it was
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not affected by ovariectomy but decreased when ovariectomy was followed by estradiol
treatment. Therefore, it followed reverse pattern as observed in the content of triglycerides
in myocardial tissue (Figure 3); IL-6 could also modify this process as discussed later. In
addition, also changes in the liver and renal cortex reflected significant increase in the
content of triglycerides after ovariectomy reversed when ovariectomy was followed by
estradiol substitution (Table 1). Notably, these rather robust changes in the mass and
content of organs and tissues were not accompanied by changes in circulating FFA, and
cholesterol, non-fasting glycemia, circulating insulin and glucagon. The explanation could
be from previous experimental study in Wistar rats [38] indicating that organ changes after
ovariectomy could precede changes in circulating factors, in this case not only changes of
circulating lipids but also of parameters associated with glucose homeostasis. Regarding
changes in circulating serum lipids, triglycerides decreased after ovariectomy and increased
when estradiol was substituted after ovariectomy. It means that changes of serum triglyc-
erides were in opposite direction compared to changes of the content of triglycerides in
the liver and in the renal cortex (Tables 1 and 2). Therefore, changing levels of estradiol
were associated with redistribution between serum triglycerides and triglycerides in these
organs. In addition, concentration of HDL cholesterol increased significantly after ovariec-
tomy and increased even further if ovariectomy was followed by estradiol substitution.
It should be noted, that neither in human plasma serum/plasma concentration of HDL
cholesterol exactly reflect structure or mechanisms of the real metabolic activity of HDL
particles [39]. In addition, in rodents HDL cholesterol could play different roles than in
humans [40]. Therefore, changes of HDL cholesterol concentrations after ovariectomy and
ovariectomy followed by estradiol treatment definitely could not be definitely defined
as favorable, i.e., concentration of HDL cholesterol does not reflect only positive effects.
Notably, HDL cholesterol could interact also with non-cardiovascular structures [41] and
also changes of HDL cholesterol concentration caused by ovariectomy and/or estradiol
treatment are rather complex [42].

Table 2. Differences after Ovariectomy and Estradiol Substitution in Circulating Metabolic and
Inflammatory Parameters in Serum in Hereditary Hypertriglyceridemic Rats.

Sham
n = 5

Ovx
n = 6

Ovx + Estradiol
n = 6

One-Way
ANOVA

p
Ovx vs. Sham

p
Ovx + E vs. Ovx

17β-estradiol (pg/mL) 35.16 ± 4.40 23.37 ± 3.58 314.95 ± 104.33 0.001 n.s. 0.001
Progesterone (ng/mL) 1.542 ± 0.366 0.417 ± 0.083 0.563 ± 0.061 0.001 0.001 n.s.

Anti-Mullerian hormone (ng/mL) 6.725 ± 1.645 6.654 ± 2.201 5.884 ± 0.636 n.s. n.s. n.s.
Cholesterol (mmol/L) 1.564 ± 0.265 1.795 ± 0.181 2.027 ± 0.244 0.01 n.s. n.s.

Triglycerides (mmol/L) 4.826 ± 1.073 2.220 ± 0.706 4.187 ± 0.698 0.001 0.001 0.01
HDL-cholesterol (mmol/L) 0.808 ± 0.085 1.025 ± 0.138 1.230 ± 0.078 0.001 0.01 0.01
Free fatty acids (mmol/L) 0.520 ± 0.132 0.625 ± 0.109 0.528 ± 0.091 n.s. n.s. n.s.

Non-fasting glucose (mmol/L) 8.260 ± 0.666 8.350 ± 0.709 8.317 ± 0.741 n.s. n.s. n.s.
Insulin (nmol/L) 0.191 ± 0.059 0.160 ± 0.034 0.151 ± 0.030 n.s. n.s. n.s.

Glucagon (pg/mL) 201.8 ± 25.5 214.1 ± 37.1 219.2 ± 18.6 n.s. n.s. n.s.
Alanine aminotransferase (µkat/L) 0.960 ± 0.082 1.250 ± 0.096 1.222 ± 0.118 0.001 0.001 n.s.

Aspartate aminotransferase, (µkat/L) 2.540 ± 0.179 3.202 ± 0.309 2.977 ± 0.226 0.01 0.001 n.s.
Circulating Interleukin 6 (pg/mL) 106.65 ± 7.47 72.73 ± 14.98 173.31 ± 22.06 0.001 0.01 0.001

Legend: Data are given as the mean ± SD, One-way ANOVA and Fisher LSD post-hoc test were used. Ovx:
ovariectomy, Ovx + E: Ovariectomy and estradiol substitution. Data are expressed as mean ± SD and evaluated
by one-way ANOVA and Fisher LSD post-hoc test; n.s.: nonsignificant.

The last interesting finding was the change of supposedly pro-inflammatory factor,
circulating IL-6 (Table 2). These changes were of similar pattern as changes in aortic vascular
strain, myocardial, liver and kidney mass and of reverse pattern than was observed in
adiposity index. It means IL-6 significantly decreased after ovariectomy and increased to
concentration significantly higher than in the sham group if ovariectomy was followed by
estradiol substitution. Such change of IL-6 seems to be counterintuitive, but IL-6 in the early
stages of vascular impairment could play more ambiguous and even protective role on the
vessel wall [43]. From previous findings, the role of the IL-6 is really ambiguous and could
exert different effects on cardiovascular system especially in the terrain of fluctuating sex
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hormones [44,45]. Additionally, it cannot be excluded that IL-6 could be involved also in
the shift of lipids between various organs and tissues including myocardial muscle [46,47].

Limitation of our study is the absence of blood pressure values at the time of ul-
trasound measurements of aortic strain; blood pressure at the time of measurements is
very tightly associated with this parameter. Nevertheless, invasive methods, the most
reliable methods for blood pressure measurements in experimental models to date, can
adversely affect obtained results; changes in aortic strain were logical and offered biological
plausibility. In addition, in our study we were focused not only on the arterial properties
but also on cardiac and non-cardiac changes. Another limitation could be the focus on the
abdominal aorta only and not on the other vessels, experimental studies in this area are
focused mainly on the model of abdominal aneurysm [48]. The evaluation of the whole
vasculature could be now possible with ultrasound studies.

Another potential limitation to be discussed is the dosage of estradiol and its relatively
high concentration after substitution. In our study, the concentration of estradiol after sup-
plementation was much higher than in the sham group (315 ± 57 pg/mL vs. 35 pg/mL).
In this respect, the dosage of estradiol was based on the information from previous studies
and was similar as in other published experiments. Dosage of estradiol 3 µg/day ad-
ministered through pump device, produced concentration of estradiol after 6 weeks in
serum 242 ± 89 pg/mL [49]. Polito et al. [50] administered doses 0.003 and 0.03 mg of
estradiol/kg per day in their experimental study without determined consequent estradiol
levels in circulation. In general, in available literature, in rat females is the concentration
of estradiol dependent on estrus and fluctuates in the range of 145–2100 pg/mL. In some
papers it could fluctuate in the range of 20–60 pg/mL. From vascular point of view, higher
doses of estradiol were studied intensively in the cerebral circulation and, interestingly,
proved to be protective irrespectively of ovariectomy [51]. However, the effects of estradiol
could be also dependent on the route of administration [52].

The strength of our study is specific design of repeated ultrasound measurements of
vascular changes in the same animal before and after intervention focused on functional
arterial properties and, more importantly complex assessment not only of cardiovascular
but also extracardiac parameters with possibility to study potential interactions between
cardiac, vascular and other organs and tissues after ovariectomy and estradiol substitu-
tion in the terrain of insulin resistance. Another advantage of this study is the focus on
reciprocal interactions between multiple organs after mimicking menopause and hormonal
substitutional therapy; as to our best knowledge, such approach was very rarely applied.

The main message from this study is that not all cardiovascular changes after estradiol
substitution after ovariectomy need to be favorable especially at the background of already
present metabolic disorders including insulin resistance accompanied by the inflammatory
status. These findings highlight need to assess changes after menopause and hormonal
substitution therapy in a complex manner including also assessment of the role of extravas-
cular and extracardiac structures and the complex status of organism at the time of rapid
hormonal changes induced by menopause but also by sex hormone substitution. In another
words, effects of estradiol substitution after menopause really need not to be favorable in
all aspects and in all individuals.

4. Materials and Methods
4.1. Animals and Diet

Design/flowchart of the study is presented in Figure 4. HHTg female rats were
included in the study as optimal model for prediabetes and insulin resistance [13]. This
strain is characterized by the presence of genetically determined hypertriglyceridemia,
insulin resistance of peripheral tissues and hepatic steatosis but with the absence of obesity
and fasting hyperglycemia. All animals used in the present study were bred at the animal
house of the Center of Experimental Medicine, Institute for Clinical and Experimental
Medicine (IKEM, Prague, Czech Republic). All of the experiments were performed in
agreement with the Animal Protection Law of the Czech Republic (311/1997), which is in
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compliance with European Community Council recommendations (86/609/ECC) for the
use of laboratory animals, and were approved by the Ethics Committee of the Institute for
Clinical and Experimental Medicine, Project No. 6/2020. Rats were kept at a temperature of
22 ◦C and humidity-controlled conditions under a 12/12 h light/dark cycle with free access
to a standard chow diet (Altromin, Maintenance diet for rats and mice, Lage, Germany) and
drinking water. At the beginning of the study female rats were randomly divided into three
experimental groups (n = 6), with measurements taken for body weight, serum glucose and
triglycerides. At 8 weeks of age, were anesthetized with ketamine (70 mg/kg) and xylazine
(10 mg/kg) administered intraperitoneally and then bilaterally ovariectomized using a
midline incision (W-OVX). Sham-operated animals underwent the entire surgery, except
for the removal of ovaries. Animals were saturated with oxygen throughout the procedure
followed by subcutaneous analgesia (meloxicam 1 mg/kg). The health status of animals
was monitored post-surgery. Two weeks after ovariectomy, 17-β estradiol subcutaneous
therapy, in a dose 12.5 µg of 17-β estradiol (Sigma-Aldrich, St. Louis, MO, USA)/ kg body
weight per day, was started in HHTg group supplemented with estradiol after ovariectomy.
Food intake was measured weekly over a 4-month period to ensure the likely development
of metabolic disorders associated with postmenopausal metabolic syndrome, as reported
in previous studies [53]. At the end of the experiment, rats were sacrificed by decapitation
after light anaesthetization (zoletil 5 mg/kg b.wt.) in a postprandial state. Aliquots of
serum and tissue samples were collected and stored at −80 ◦C for further analysis.
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4.2. Ultrasound Studies

Animal experiments were performed under a protocol approved by the Committee
of the Institute. Rats were examined by a high-resolution US imaging system (Vevo 2100,
FUJIFILM VisualSonics Inc., Toronto, Canada). The rats were anesthetized with isoflu-
rane using an induction chamber connected with a scavenger canister. After induction,
each animal was placed on a temperature-controlled board, and the four limbs coated
with conductive paste and taped on the ECG electrodes. During the examination, the
animals were maintained under gaseous anesthesia by a nose cone (1.5–2% isoflurane
in 0.4–0.8 L/min in pure oxygen) and heart rate, respiration frequency and electrocardio-
gram were monitored. The abdomen was shaved and coated with acoustic coupling gel.
M-mode images of abdominal aorta directly above and under the origin of renal arteries
were obtained with Vevo 2100 high-resolution in vivo microimaging system using MS
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250S transducer (20 MHz) (FUJIFILM VisualSonics Inc., Toronto, Canada) held in position
by a hand and/or mechanical arm was used for the image acquisitions. B-mode images
were obtained placing the US probe above the abdominal aorta to obtain cross-sectional
images with the region of interest located in the focal zone of the transducer. Screening
of aorta including aortic dilation was assessed by ultrasound 5 days prior surgery and
14 weeks after surgery (i.e., after 12 weeks of hormone replacement therapy) as a surrogate
marker of aortic elasticity. Examiners and readers were blinded to the status of animals.
Three consecutive cycles (maximal and minimal aortic diameter) were measured in three
separate recordings for both, abdominal aorta above and under the origin of renal arter-
ies. Aortic dilation was calculated as a difference between the averages of maximal and
minimal aortic diameters gated by ECG in systole and diastole. Data were evaluated in
a blinded fashion. Strain in abdominal aorta was calculated as previously described in
carotid arteries [54–56]. In short, the strain was expressed as percent change in the arterial
diameter: strain = (SD − DD)/DD, where SD was the systolic and DD the diastolic aortic
diameter. The main principle of the measurement of abdominal dilation used for aortic
strain calculation is shown in Figure 5.
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4.3. Analytical Methods and Biochemical Analyses

Serum levels of triglycerides (Kit number: TG250, BLT00059), glucose (Kit num-
ber: GOD 1500, 132410), total and HDL cholesterol (Kit number: CHOL250, BLT00036
and HDLC4, 07528566), ALT (Kit number: 94973UN18), AST (Kit number: 73201UN19),
and FFA (Kit number: half micro test, 11383175001) were measured using commercially
available kits (Erba Lachema, Brno, Czech Republic, and Roche Diagnostics, Mannheim,
Germany). Serum insulin (Kit number: 10-1250-01), glucagon (Kit number: YK90), IL-6
(Kit number: MBS 701221), AMH (Kit number: MBS 264077) and NOS (Kit number: MBS
261741) concentrations were determined using the rat ELISA kit (Mercodia AB, Uppsala,
Sweden; Yanaihara Institute Inc., Fujinomiya-shi, Japan, MyBioSource, San Diego, CA,
USA). Serum 17β-estradiol (Kit number: DLS 4800) and 17β-hydroxyprogesterone (Kit
number: IM 1452) were analyzed using rat RIA kits (Immunotech, Prague, Czech Republic).
To determine triglyceride and cholesterol content in tissues, samples were extracted using
a chloroform/methanol mixture. The resulting pellet was dissolved in isopropyl alcohol,
with triglyceride content determined by enzymatic assay (Erba-Lachema, Brno, Czech
Republic). Perimetrial fat pads (Figure 6) were removed and weighed to assess adiposity
index according to already established methodology [57] and the adiposity was determined
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by the adiposity index (the sum of the weight of perimetrial inguinal and perimetrial white
adipose tissue divided by body weight).
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assess adiposity index according to already established methodology [57] and the adi-
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4.4. Gene Expression

Total RNA were isolated from abdominal aorta and myocardial tissue using RNA
Blue (Top-Bio, Vestec, Czech Republic). Reverse transcription and quantitative real-time
PCR analysis was performed using the TaqMan RNA-to-CT 1-Step Kit and TaqMan Gene
Expression Assay (Applied Biosystems, Waltham, MA, USA). Relative expressions of Nos3
(Assay ID: Rn02132634_s1) and Cx37 (Assay ID: Rn00572193s1) were determined after
normalization against Hprt gene as an internal reference and calculated using 2-∆∆Ct
method, with results run in triplicate.

4.5. Statistical Analyses

Data are given as the mean ± SD. One-way ANOVA was applied to analyze the param-
eters describing the differences between variables before and after ovariectomy and before
and after estradiol treatment and Fisher LSD post-hoc test was used. When comparing
difference in suprarenal aortic strain of the group after ovariectomy and estradiol substitu-
tion with the sham group, unpaired Student’s t-test was used. Statistical significance was
defined as p < 0.05. Statistical analysis was performed using BMDP Statistical Software.

5. Conclusions

Ovariectomy in HHTg rats caused robust changes of the properties of abdominal aorta
and also of the mass and the structure of the heart. Most vascular and cardiac changes
after ovariectomy were reversed by estradiol treatment and some parameters reached
values even different from sham group. In addition, some parameters were changed by
estradiol supplementation irrespectively of ovariectomy. Moreover, vascular and cardiac
changes were accompanied by similar or reverse changes in other organs and tissues
including central adiposity, liver and kidney. In summary, these findings indicate different
effects of ovariectomy and estradiol on different cardiovascular but also extravascular
and extracardiac systems and structures and should be taken into account and studied
in parallel.
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Abbreviations

ALT Alanine aminotransferase
AMH Anti-Mullerian hormone
AST Aspartate aminotransferase
CVD cardiovascular disease
Cx37 Connexin 37
FFA Free fatty acids
HDL High density lipoprotein
HHTg Hereditary Hypertriglyceridemic
IL-6 Interleukin 6
LDL Low density lipoprotein
NOS Nitric oxide synthase (circulating)
Nos3 Nitric oxide 3 synthase (gene)
Ovx Ovariectomy
Ovx + E Ovariectomy followed by estradiol substitution
TAG Triacylglycerols
US Ultrasound

Appendix A

Table A1. Differences after Ovariectomy and Estradiol Substitution in Cardiovascular Parameters in
Hereditary Hypertriglyceridemic Rats.

Sham
n = 5

Ovariectomy
n = 6

Ovariectomy
+ Estradiol

n = 6

One-Way
ANOVA

p
Ovx vs. Sham

p
Ovx + E vs. Ovx

Strain in suprarenal aorta 0.148± 0.022 0.128 ± 0.025 0.182 ± 0.021 0.01 0.197 0.002
(0.020 vs. Sham)

Strain infrarenal aorta 0.090 ± 0.026 0.061 ± 0.020 0.101± 0.032 0.01 0.067 0.027
Nitric oxide synthase 3 gene expression in

abdominal aorta 1.006 ± 0.113 0.616 ± 0.212 0.951 ± 0.266 0.01 0.05 0.05

Connexin 37 gene expression in abdominal aorta 1.272 ± 0.490 1.183 ± 0.775 1.656 ± 1.043 n.s. n.s. n.s.
Circulating Nitric oxide synthase 6.746 ± 1.149 5.246 ± 1.873 6.284 ± 0.806 n.s. n.s. n.s.

Myocardium (g/100 g bwt) 0.269 ± 0.013 0.225 ± 0.005 0.280 ± 0.012 0.001 0.001 0.001
Left ventricle (g/100 g bwt) 0.175 ± 0.021 0.140 ± 0.006 0.182 ± 0.016 0.001 0.01 0.001

The content of triglycerides in the
myocardium (µmol/g) 3.350 ± 0.762 3.509 ± 0.317 4.487 ± 0.602 0.01 n.s. 0.05

Legend: Strain = difference between systolic and diastolic diameter/diastolic diameter. Ovx: ovariectomy,
Ovx + E: Ovariectomy and estradiol substitution. Data are expressed as mean ± SD and evaluated by one-way
ANOVA and Fisher LSD post-hoc test; n.s.: nonsignificant.
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Figure A1. Heart rate in Hereditary hypertriglyceridemic rats at baseline vs. values at the end of 
the study. Legend: Sham_baseline: sham group before surgery; sham_surgery: sham group after 
surgery (n = 5); Ovx_baseline: ovariectomized group before surgery; Ovx_surgery: ovariectomized 
group after surgery (n = 6); Ovx+E_baseline: ovariectomized group with estradiol substitution be-
fore surgery; Ovx+E_surgery: ovariectomized group with estradiol substitution after surgery (n = 
6). Evaluated by one-way ANOVA and Fisher LSD post-hoc test; n.s.: nonsignificant, * p < 0.05. 

Figure A1. Heart rate in Hereditary hypertriglyceridemic rats at baseline vs. values at the end of
the study. Legend: Sham_baseline: sham group before surgery; sham_surgery: sham group after
surgery (n = 5); Ovx_baseline: ovariectomized group before surgery; Ovx_surgery: ovariectomized
group after surgery (n = 6); Ovx+E_baseline: ovariectomized group with estradiol substitution before
surgery; Ovx+E_surgery: ovariectomized group with estradiol substitution after surgery (n = 6).
Evaluated by one-way ANOVA and Fisher LSD post-hoc test; n.s.: nonsignificant, * p < 0.05.
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Stereotactic body radiotherapy (SBRT) has been reported as an attractive option for

cases of failed catheter ablation of ventricular tachycardia (VT) in structural heart disease.

However, even this strategy can fail for various reasons. For the first time, this case

series describes three re-do cases of SBRT which were indicated for three different

reasons. The purpose in the first case was the inaccuracy of the determination of the

treatment volume by indirect comparison of the electroanatomical map and CT scan.

A newly developed strategy of co-registration of both images allowed precise targeting

of the substrate. In this case, the second treatment volume overlapped by 60% with

the first one. The second reason for the re-do of SBRT was an unusual character of

the substrate–large cardiac fibroma associated with different morphologies of VT from

two locations around the tumor. The planned treatment volumes did not overlap. The

third reason for repeated SBRT was the large intramural substrate in the setting of

advanced heart failure. The first treatment volume targeted arrhythmias originating in the

basal inferoseptal region, while the second SBRT was focused on adjacent basal septum

without significant overlapping. Our observations suggested that SBRT for VT could be

safely repeated in case of later arrhythmia recurrences (i.e., after at least 6 weeks). No

acute toxicity was observed and in two cases, no side effects were observed during

32 and 22 months, respectively. To avoid re-do SBRT due to inaccurate targeting, the

precise and reproducible strategy of substrate identification and co-registration with CT

image should be used.

Keywords: stereotactic body radiotherapy, ventricular tachycardia, electroanatomical mapping, failed catheter

ablation, safety

INTRODUCTION

Current strategies of catheter ablation are effective in the prevention of recurrences of ventricular
tachycardias (VTs) (1–3). Not frequently, catheter ablation may fail due to the inability to reach
the critical part of the substrate (4, 5). The reasons include deep intramural location or failure
to negotiate epicardial access (usually after previous surgery). Among the alternative treatment
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strategies, stereotactic body radiotherapy (SBRT) was first
reported in case reports or case series as an attractive
option (6–8).

The experience with SBRT is gradually growing and several
other case reports and prospective clinical studies documented
a significant decrease in VT occurrences (9–19). However, even
this strategy can fail for various reasons. Hence, the goal of
this report was to describe a case series of re-do SBRT for VT
recurrences, which is the first time in the literature.

METHODS

Since we used the same strategy of SBRT in all sessions, a
brief description was provided here. The MultiPlan treatment
planning system with sequential dose optimization and the
CyberKnife radiosurgery system (both from Accuray, Inc.,
Sunnyvale, CA, USA) were employed as described previously
(12). After image registration with two ECG-gated CT scans
(in both systole and diastole), the internal target volume was
calculated to account for heart contractions. For compensation
of respiratory movements, the existing implantable cardioverter-
defibrillator (ICD) lead was used as a surrogate marker. The

FIGURE 1 | A treatment plan for Case 1. (A) 3D reconstruction of planned treatment volumes for the first (1) and second (2) radiotherapy. (B–D) Depict sagittal,

coronal, and axial views with isodose lines for both sessions of radiotherapy (green line shows target volume for the first and red for the second session). In this case,

there is a significant overlap of both treatment volumes caused by inaccuracy in the planning of the first session.

tracking mode relevant to SBRT for VT is Synchrony using
“fiducials”. Based on the target surrogate, which is an ICD
lead tip, in this case, a correlation respiratory motion model
was created before the treatment. Such model was based on
lead 3D locations extracted from a series of X-ray image pairs
and corresponding respiratory phase signals from LED markers
placed on the patient’s chest. The created model was then used
during dose delivery to control radiation source position and
orientation to move together with the target (surrogate) while
the beam was on. During treatment, the correlation model was
updated with every new pair of X-ray images. In principle,
this technology required minimum target volume expansion to
cover respiratory motion-related target position variation during
breathing so it has relatively better potency to spare normal tissue
from dose.

CASE SERIES

Case 1
The first case was reported recently in detail as a case report,
illustrating the need for precision in planned target volume
(PTV) determination (20). Briefly, a 66-year-old man with a
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FIGURE 2 | The treatment plan for Case 2. Description of (A–D) is identical as in Figure 1. In this case, the second planned target volume covers an entirely different

region.

history of coronary artery bypass graft surgery and primary
prophylactic ICD implant (left ventricular ejection fraction
of 35%) underwent catheter ablation for recurrences of slow
VT. Clinical VT originated from a small reentrant circuit
located intramurally and/or epicardially below the base of the
posteromedial papillary muscle. Despite multiple endocardial
ablation attempts, VT remained inducible and an attempt
for percutaneous epicardial approach failed because of severe
adhesions from previous cardiac surgery. The first SBRT session
was planned based on a visual alignment of the presumed origin
of VT from electroanatomical maps and CT images. A single
fraction of 25Gy was delivered. For recurrences of VT episodes
of the same ECG morphology, the patient underwent the second
electrophysiology study and remapping 14 months later. Based
on the electroanatomical mapping, the low voltage area caused
by the previous SBRT was adjacent to the site of the earliest
endocardial activity during VT. Additional RF ablation failed
again to prevent the inducibility of VT and we used a newly
developed co-registration method for the precise targeting of
the SBR (20). Detailed maps were presented in a previously
published case report (20). Briefly, there was only a small bipolar
low voltage area after the first SBRT which was adjacent to
the true exit of VT. Precise co-registration of the target in the
second SBRT allowed to establish a smaller PTV amounting to

18ml, including an additional 3mm margin. The dice overlap
of previous and new PTV was 0.68. The second session was
performed 19 months after the first one. The same dose of 25Gy
was delivered (Figure 1). After transient early recurrences of slow
VT, arrhythmias gradually disappeared within 3 months and the
patient became arrhythmia-free for 32 months. No adverse effect
of SBRT was observed during this period.

Case 2
The second case of a patient with cardiac fibroma triggering
recurrent VTs of different morphologies was reported after the
first successful SBRT in 2017 (10). Briefly, it was a 34-year-
old patient diagnosed with an intramyocardial tumor (60 x 40
x 25mm) located in the inferolateral wall of the left ventricle.
The patient presented with several morphologies of VT. The
patient underwent exploratory surgery, but the excision of the
tumor was impossible for its size. Only far-field signals were
recorded above and around the tumor. Empirical epicardial
cryoablation around the tumor was performed with transient
suppression of VTs. Subsequent electroanatomical mapping and
pace mapping identified two regions responsible for two residual
clinical VTs. One had a reentrant character with an exit in
the lateral wall, which was close to the summit. This VT was
non-inducible after catheter ablation. The other VT became
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FIGURE 3 | Clinical findings from Case 3: (A) MRI with late gadolinium enhancement within the basal septum and adjacent inferior wall (arrows); (B) electroanatomical

bipolar voltage map merged with CT angiogram of the left ventricle in right anterior oblique (RAO) view, displaying low voltage inferoseptally and ablation points in this

region and at midseptal level before 1st stereotactic body radiotherapy (SBRT); (C) electroanatomical bipolar voltage maps obtained during third catheter ablation

before 2nd SBRT, showing a larger area of low voltage in the entire basal septum up to outflow tract with ablation points; (D) ECG recordings of dominant ventricular

tachycardia (VT) morphologies: VT1 and VT2 before the first SBRT, VT3 before the second SBRT. Note change in the exit from the low septum to high septum for VT3.

incessant and originated in a region between the septum and
posteromedial papillary muscle. It had characteristics of focal VT
with a source located deep in the wall, adjacent to the tumor.
The patient was referred for SBRT. PTV was determined based
on tumor location and visual comparison with electroanatomical
maps. SBRT was performed with 25Gy to the 75% isodose
line. After the procedure, VT disappeared gradually within 6
months. The patient was without any arrhythmia for the next 22
months. However, the patient remained on amiodarone which
had to be stopped due to amiodarone-related thyrotoxicosis.
After successful treatment of this condition, the patient was
without arrhythmias for the next 10 months. Then, the patient

returned with an electrical storm and one morphology of
VT. Electrophysiological study induced sustained VT from
the anterolateral basal part of the ventricle. Electroanatomical
bipolar voltage map showed normal values and pacing revealed
slowed conduction in this region. Ablation did not prevent the
inducibility of VT due to the deep location of the substrate.
The second session of SBRT was planned and conducted based
on precise integration of data from electroanatomical mapping
and CT. PTV for the second SBRT was applied on the opposite
side of the tumor and there was no overlap with the first
radiotherapy site. The size of the tumor remained the same. After
the second SBRT (25Gy, PTV 62.2ml; Figure 2), the patient
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FIGURE 4 | The treatment plan for Case 3. Description of (A–D) is identical as in Figure 1. In this case, the second planned volume covered extensive substrate

within the basal septum.

remained without VTs and did not gain any adverse effects for
22 months.

Case 3
The third patient was a 77-year-old man with a diagnosis of non-
ischemic cardiomyopathy and intramural location of fibrosis
in the basal region of the left ventricle. The patient presented
with ventricular arrhythmias for several years and was implanted
with a single chamber ICD. Later, aortic valve replacement with
mechanical prosthesis was performed for aortic regurgitation
together with a concomitant MAZE procedure. After 3 years,
the device was upgraded to cardiac resynchronization therapy-
defibrillators (CRT-D). At that time, the patient presented with
an electrical storm. They underwent electroanatomical mapping
and substrate ablation in the inferoseptal region of the left
ventricle two times. For sporadic recurrences of VT, the patient
was referred for SBRT 1 month later (Figure 3). A 25Gy dose
was applied to the basal inferoseptal region. After temporary
improvement, the patient presented with recurrent VTs and
underwent 2months later another electrophysiology study. Three
different VTs were induced, all with the exit in the septum
above the initially irradiated region. The entire basal septum
showed decreased bipolar voltage and catheter ablation covered
it all. No VT was inducible at the end of the procedure. The

patient was readmitted for decompensated heart failure due
to incessant VT with an exit in the upper septum and was
indicated to re-do SBRT. The septal region adjacent to the
initial PTV was delineated as a new PTV with minimal spatial
overlap. The second SBRT was performed 4 months after the
first one (Figure 4). After SBRT, the patient continued to present
with slow VT (CL around 600ms) which necessitated another
catheter ablation from both sides of the interventricular septum.
Non-inducibility of VT was achieved. Although the patient was
without VT, their overall clinical status gradually deteriorated
and then eventually died due to the progression of heart failure
1 month later. No autopsy was performed.

Timelines of treatment for all three patients are listed in
Table 1. Dose-volume parameters of organs at risk (OAR) and
PTVs are enumerated in Table 2.

DISCUSSION

This case series is the first of this kind that reports on the
feasibility and acute and mid-term safety of re-do SBRT in
patients with recurrent VTs. The reason for repeated SBRT was
different in all three subjects. One reason was the inaccuracy of
targeting when using indirect comparison of electroanatomical
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TABLE 1 | Timelines.

Case 1

Index date

1,5,11

months

18 months

34 months

38 months

69 months

A 66-year-old male with ischemic cardiomyopathy

and recurrent VTs requiring therapy from ICD

Repeated ineffective catheter ablations due to

intramural location of the substrate

First SBRT with continuing recurrences of VT

Remapping after the first SBRT

Second SBRT, after 3 months VT disappeared

Last follow-up visit, no arrhythmias

Case 2

Index date

6 months

13 months

14 months

38 months

38 months

60 months

A 34-year-old patient with an intramyocardial fibroma

(60 x 40 x 25mm) in the inferolateral wall of the left

ventricle and recurrent VTs of different morphologies

Empirical circumferential epicardial cryoablation

around the tumor, 6 months without recurrences of

VT

Catheter ablation for recurrences of 2 morphologies

of VT, one non-inducible, other almost incessant

First SBRT, within 6 months all arrhythmias gradually

disappeared

v Re-do catheter ablation, without elimination of VT

due to intramural substrate located in the opposite

side of the tumor

Second SBRT, within 3 months VT disappeared

Last follow-up visit, no arrhythmias

Case 3

Index date

70 months

71 months

73 months

75 months

76 months

77 months

A77-year-old male with non-ischemic

cardiomyopathy, aortic valve replacement and

fibrosis in basal region of left ventricle and sporadic

interventions of ICD

Repeated catheter ablation for electrical storm

First SBRT, arrhythmias less frequent

Re-do catheter ablation for VT recurrences in basal

septal region above the previous SBRT,

non-inducibility

Second SBRT for incessant VT, leading to slowing

VT to 100 bpm

Re-do catheter ablation in the basal septum,

non-inducibility

Progression of heart failure and cachexia, death

maps with pretreatment CT. The second reason for re-do SBRT
was an unusual character of the substrate, wherein there is an
inoperable cardiac fibroma associated with several morphologies
of VT from different regions of the tumor. The third reason for
repeated SBRT was the large intramural basal septal substrate in
the setting of dilated cardiomyopathy and advanced heart failure.

Regarding the safety of re-do SBRT, it is important to keep
in mind that the risk of cardiovascular complications associated
with chest radiotherapy can persist for many years (21, 22).
Studies on the relationship between the dose and adverse

TABLE 2 | Parameters of organs at risk (OAR) and planning target volume (PTV).

OAR and PTV volume parameter Case 1 Case 2 Case 3

Heart D15ml (Gy) 46.3 42.4 42.9

Heart D0,035ml (Gy) 61.0 51.3 50.0

Heart Dmean (Gy) 4.8 13.5 14.5

Lung Left Dmean (Gy) 1.8 7.7 2.1

Esophagus D5ml (Gy) 5.9 4.9 13.3

Esophagus D0,035ml (Gy) 8.6 7.1 21.9

Stomach D10ml (Gy) 10.4 7.3 6.5

Stomach D5ml (Gy) 12.2 8.0 8.7

Stomach D0,035ml (Gy) 18.3 11.6 14.3

PTV (mL) 21.2 23.4 43.4

PTVredo (mL) 18.3 62.2 20.0

PTVxPTVredo (mL) 11.3 0.1 0.4

PTVxPTVredo (%) 61.7 0.2 2.2

PTVxPTVredo Dmax (Gy) 32.1 25.6 25.8

PTVxPTVredo D0,035 ml(Gy) 31.9 24.5 25.6

PTVxPTVredo Dmean (Gy) 28.8 24 25.2

Dose-volume parameters are based on integrated isodose plans calculation from the first
and second SBRT sessions. Both CT series from simulation were registered according
to the heart region and summation of dose distribution was performed. D—abbreviation
for dose; D5ml, D10ml, and D15ml represents the dose to 5, 10, and 15ml of relevant
OAR, respectively. D.035ml represents near-maximum dose, “x” means the intersection
of volumes, redo means second irradiation.

outcomes show up to 16% relative risk of heart disease and major
cardiac events per Gy of themean heart dose (23, 24). In addition,
other studies showed correlations between radiation doses to
specific cardiac regions and cardiac morbidity andmortality (21).
In the case of repetition of SBRT, the likelihood of severe toxicity
may increase. Since no radiation-related adverse events were
observed in our patients, we were not able to comment about
the relationship between the dose to organs at risk dose and the
occurrence of side effects.

Another fear may concern the further worsening of left
ventricular ejection fraction after the second SBRT. Importantly,
we did not observe a significant change in this parameter nor the
significant increase of cardiac troponin after the second SBRT.
Additionally, our patients had no clinical symptoms or signs of
pericarditis or pneumonitis. The third patient died of terminal
heart failure which was not in our opinion in relation to the
second SBRT. One explanation for the good tolerability of the
repeated SBRT may reflect the fact that our strategy of SBRT
uses relatively small PTV, covering the critical region of the
substrate (12).

We found only one case of re-do SBRT description in the
literature. It was in a series by Lloyd et al. (15) who reported on
outcomes of SBRT in 10 patients with advanced heart failure and
VTs. One patient in this group who had no response to SBRT
underwent a second SBRT ineffective treatment 90 days later. The
patient was considered an outlier and ultimately underwent heart
transplantation for recurrent VTs despite all therapies. No more
details were available.

For a discussion on the indication to re-do SBRT and its safety,
it is important to recall that the tissue effect of SBRT for VT in
humans remains largely unknown, and also the time window to
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clinical effect is highly variable. Most of the experimental studies
suggested that electrophysiological effects are rather delayed and
that the development of fibrosis is important for clinical effect
(25, 26). Our recent report analyzing 3 post-mortem hearts
after SBRT is in line with the above experimental data on early
apoptosis and delayed fibrosis (27). Furthermore, the clinical
effect of SBRT was delayed and a similar pattern was observed
also in the current series (28, 29). In the largest published
clinical study of Encore VT, the blanking period of 6 weeks
was used to avoid counting early recurrences of VT (9). It
appeared that in the majority of cases, the clinical effect should
be observed after 2–3 months. Later recurrences or incessant
VT could be considered either for re-do catheter ablation or
repeated SBRT.

However, anecdotal cases described the immediate clinical
effect of SBRT resulting in acute termination of an electrical
storm (11, 13, 14, 16). Some recent experimental studies
suggested that the clinical effect of SBRT is not necessarily
related to the development of fibrosis and even deconstruct
fibrosis as the main antiarrhythmic mechanism. A study by
Zhang DM et al. demonstrated that postmortem heart specimens
from four patients, with a substantial reduction of VT after
SBRT, did not exhibit transmural fibrosis within the timeframe of
VT reduction (30). In an experimental study, electrophysiologic
assessment of irradiated murine hearts revealed a persistent
supraphysiologic electrical phenotype, mediated by increases in
components of the Natrium channel and Cx43. Additionally,
increased NaV1.5 expression was also found in the explanted
human heart from the said clinical study. The authors offered an
alternative explanation of the effect of SBRT—increased cardiac
conduction. Interestingly, another experimental study suggested
a different mechanism for the early effect of SBRT (31). In the
rat model of SBRT, the authors found acute structural changes,
such as interstitial and subsarcolemmal edema, widening of
intercalated discs, and microvascular inflammatory responses.
These acute structural changes resulted in the slowing of
intracardiac conduction on ECG, which might be an alternative
explanation of the effect of SBRT. These observations may
suggest that an even shorter time window than 2–3 months
could be employed to consider a failure of SBRT and re-
do procedure.

Our first case emphasized the need for using the accurate
and reproducible strategy of planned target volume delineation.
Using the novel method of co-registration of electroanatomical
maps with pretreatment CT, we were able to correct the
previous treatment plan and deliver successfully therapy (20).
More recently, we showed reproducibility of this strategy (32).
The other important issue related to accuracy and safety is
how to minimalize the treatment volume with respiratory
compensation. We used ICD lead tracking as described above.
The other possibility is the use of continuous real-time imaging
and tracking of the moving target during treatment with
gated irradiation using MR-guided radiotherapy (33). Therefore,
with current strategies of accurate targeting of the critical

substrate region and motion mitigation, the main reason for
considering re-do SBRT should be either extensive substrate
or development of a new substrate in a different region of
the heart.

CONCLUSION

Our observations suggest that SBRT for VT could be repeated
in case of arrhythmia recurrences with good acute and mid-
term safety. Long-term safety remains to be further documented.
The clinical effect of SBRT appears to be predominantly delayed
and re-do procedures should be considered after a 2–3 month
period. For earlier indications, there is still limited evidence.
With current strategies of accurate targeting of the critical
substrate region and precise delivery of SBRT, the main reason
for considering re-do SBRT should be either extensive substrate
or development of the new substrate in a different region of
the heart.
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Metformin treatment is associated 
with improved outcome in patients 
with diabetes and advanced heart 
failure (HFrEF)
Jan Benes1*, Martin Kotrc1, Katerina Kroupova1, Peter Wohlfahrt1, Jan Kovar1, 
Janka Franekova1, Marketa Hegarova1, Lenka Hoskova1, Eva Hoskova1, Terezie Pelikanova1, 
Petr Jarolim2, Josef Kautzner1 & Vojtech Melenovsky1

The role of metformin (MET) in the treatment of patients with advanced HFrEF and type 2 diabetes 
mellitus (DM) is not firmly established. We studied the impact of MET on metabolic profile, quality 
of life (QoL) and survival in these patients. A total of 847 stable patients with advanced HFrEF 
(57.4 ± 11.3 years, 67.7% NYHA III/IV, LVEF 23.6 ± 5.8%) underwent clinical and laboratory evaluation 
and were prospectively followed for a median of 1126 (IQRs 410; 1781) days for occurrence of 
death, urgent heart transplantation or mechanical circulatory support implantation. A subgroup 
of 380 patients (44.9%) had DM, 87 of DM patients (22.9%) were treated with MET. Despite worse 
insulin sensitivity and more severe DM (higher BMI, HbA1c, worse insulin resistance), MET-treated 
patients exhibited more stable HF marked by lower BNP level (400 vs. 642 ng/l), better LV and RV 
function, lower mitral and tricuspid regurgitation severity, were using smaller doses of diuretics (all 
p < 0.05). Further, they had higher eGFR (69.23 vs. 63.34 ml/min/1.73  m2) and better QoL (MLHFQ: 
36 vs. 48 points, p = 0.002). Compared to diabetics treated with other glucose-lowering agents, 
MET-treated patients had better event-free survival even after adjustment for BNP, BMI and eGFR 
(p = 0.035). Propensity score-matched analysis with 17 covariates yielded 81 pairs of patients and 
showed a significantly better survival for MET-treated subgroup (p = 0.01). MET treatment in patients 
with advanced HFrEF and DM is associated with improved outcome by mechanisms beyond the 
improvement of blood glucose control.

Type 2 diabetes mellitus (DM) is a common and severe comorbidity in patients with heart failure with reduced 
ejection fraction (HFrEF), but optimal treatment modality has not yet been clarified. Biguanides including 
metformin (MET) had long been considered contraindicated in HF patients due to concerns about lactic acido-
sis, that was observed with phenformin, an older biguanide with less favorable pharmacological  profile1. Large 
meta-analysis, however, has not demonstrated an association between MET therapy and increased risk of lactic 
 acidosis2, so MET has been used even in HF population. Observational studies showed not only MET safety in 
HF  subjects3–5 but some studies even suggested a survival benefit associated with this  drug6–8. However, there 
is only one study analyzing MET specifically in patients with  HFrEF9 and the absence of a randomized trial is a 
major limitation for MET use. Moreover, registry-based retrospective studies lack a precise characterization of 
analyzed patients (echocardiography, laboratory analysis including metabolic profile). Therefore, the mechanism 
of MET action in this population is speculative.

The aim of the present study was to evaluate the association between MET treatment and metabolic profile, 
quality of life and outcome in prospectively followed advanced HFrEF patients.

Methods
Patients. Patients with stable HFrEF (LVEF < 40%) of least 6-month duration receiving a stable medication 
for at least 3 months were enrolled in the study between 2008 and 2016 in a prospectively defined registry. Sub-
jects with potentially reversible LV dysfunction (planned valve surgery, revascularization, or tachycardia-induced 
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cardiomyopathy) were excluded. Patients were followed until July 2019. DM was diagnosed according to current 
 recommendation10. The investigation conforms with the principles outlined in the Declaration of Helsinki, the 
study protocol was approved by the Institutional Ethics Committee and all subjects signed an informed consent. 
At the study enrollment, patients completed a Minnesota Living with Heart Failure Questionnaire (MLHFQ) 
and had anthropometric tests and underwent an echocardiographic study (Vivid-7; General Electric, Milwau-
kee, Wisconsin). LV function and dimensions were measured according to  recommendations11. RV dysfunction 
was quantified in four grades (0–3). Mitral and tricuspid regurgitations were assessed semiquantitatively and 
expressed in 3 grades (mild, moderate, significant). An adverse outcome was defined as the combined endpoint 
of death, urgent heart transplantation (HTx) or mechanical circulatory support (MCS)  implantation12. Patients 
who received a non-urgent HTx were censored as having no adverse event at the day of HTx.

Statistical analysis. Data are presented as mean ± standard deviation, median with interquartile ranges 
(IQRs), or frequency (percent). Unpaired t-test or Mann–Whitney test were used to compare continuous vari-
ables between groups as appropriate. The effect of biomarker concentration on prognosis was tested using uni-
variate and multivariable Cox model. Event-free survival of patients was analyzed by Kaplan–Meier analysis 
with log-rank test comparison between groups. Propensity score matching was used to account for differences 
in characteristics of patients with and without MET. The propensity score for each patient was calculated using a 
multivariable logistic regression model in which the MET use was regressed on 17 characteristics (see “Results” 
section) that might influence the selection of MET therapy or that have been shown to influence prognosis of 
patients with advanced HF. All tests were 2-sided, and p values < 0.05 were considered significant. Calculations 
were performed using JMP 11 (SAS Institute Inc., Cary, NC) and R (Vienna, Austria). Methods in detail can be 
found in the Online Supplement.

Ethics approval and consent to participate. The ethical committee of the Institute for Clinical and 
Experimental Medicine-IKEM and Thomayer hospital in Prague approved the study protocol. Written, informed 
consent for participation in the study was obtained from all the subjects. The study was performed in accordance 
with the Helsinki Declaration of 1964, and its later amendments.

Results
Patients. A total of 847 advanced HFrEF patients (67.7% were in with NYHA III/IV, average LV-ejection 
fraction was 23.6%, 44.9% had moderate/severe RV dysfunction), were enrolled in the study (Fig. 1 in the Online 
supplement). Enrolled patients achieved high level of guideline-recommended HF pharmacotherapy and device 
therapy (Table 1). Patients were prospectively followed for a median of 1126 (IQRs 410; 1781) days. During 
follow-up, 515 patients (60.8%) experienced an adverse outcome.

A total of 380 patients (44.9%) were found to have DM, 467 patients (55.1%) were DM free. All DM patients 
had type 2 DM; none of the patients had type 1 DM. DM patients were older, had more often CAD as underlying 
HF etiology, larger body mass index, worse renal function (Table 1) and worse cumulative survival—269 (70.8%) 
DM vs. 246 (52.7%) non-DM patients experienced an adverse outcome, median time to event was 879 days (IQRs 
312; 1631) for DM patients compared with 1270 (IQRs 467; 2010) days for non-DM counterparts. Kaplan–Meier 
curves are provided in Fig. 2 in the Online Supplement.

Diabetes treatment. Out of 380 DM patients, 153 patients (40.3%) were treated with diet only, 87 patients 
(22.9%) with MET, 67 patients (17.6%) with sulfonylurea (SU) derivatives, 108 patients (28.4%) with insulin, 26 
patients (6.8%) with DPPIV-inhibitors, 3 patients (0.8%) with repaglinide and 1 patient (0.3%) was treated with 
liraglutide. In 3 patients the information about the treatment was missing. None of the patients was treated with 
thiazolidinediones, acarbose or SGLT2-inhibitors. 31 patients (8.2%) were treated with more than one peroral 
antidiabetics (PAD), 26 patients (6.8%) with the combination of PAD and insulin. More detailed information 
about DM treatment is given in Table 1 and Fig. 3 in the Online Supplement.

In patients treated with MET, the most widely used MET dose was 1000 mg (29 patients, 33.3%). 18 patients 
(20.7%) were taking a dose lower than 1000 mg, 14 patients (16.1%) a dose between 1000 and 2000 mg and 25 
patients (28.8%) were taking 2000 mg daily or higher. The information about MET daily dose was missing in 1 
patient (1.1%). Distribution of MET daily dose is in Fig. 4 in the Online Supplement.

Compared with MET-free counterparts, MET-treated DM patients had better LV function (LVEF), RV func-
tion and lower both mitral and tricuspid regurgitation severity, better renal function and larger BMI. They were 
using smaller diuretic doses but achieved similar level of guideline-recommended HF pharmacotherapy, had 
comparable rate of ICD and CRT treatment and similar hemodynamic profile (Table 1). MET-treated patients 
were more often treated with SU derivatives and DPPIV-inhibitors; no significant difference was found for 
insulin treatment.

Metabolic profile of MET-treated patients. Analysis of metabolic parameters revealed that compared 
with MET-free counterparts, MET-treated patients had similar levels of fasting glycemia and insulin secretion 
(C-peptide level), but larger Hb1Ac level, higher insulin and glucagon level and more pronounced insulin resist-
ance (HOMA-IR), Table 1 and Fig. 1. Further, MET-treated patients had higher level of beta-hydroxybutyrate 
but similar level of GDF-15 (Fig. 1).

Diabetes treatment and quality of life. No significant difference was found in QoL between patients 
with and without DM (Table 1). In DM subgroup, pharmacotherapy with neither insulin, SU derivatives nor 
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Whole cohort 
(n = 847) Non-DM (n = 467) DM (n = 380) P (non-DM vs. DM)

DM MET-free 
(n = 290)

DM MET-treated 
(n = 87)

P (MET-free vs. 
MET-treated)

Age (years) 57.40 ± 11.28 55.03 ± 11.94 60.31 ± 9.65  < 0.0001 60.14 ± 9.63 60.92 ± 9.85 0.51

Males (%) 82.8 81.6 84.2 0.31 83.5 86.2 0.53

HF etiology (% 
CAD) 50.2 41.6 60.8  < 0.0001 59.4 65.1 0.34

BMI (kg/m2) 27.82 ± 5.09 26.94 ± 4.55 28.9 ± 5.50  < 0.0001 28.27 ± 5.31 30.98 ± 5.61  < 0.0001

NYHA (2–4, %) 32.2/60.3/7.4 35.1/58.9/6.0 28.7/62.1/9.2 0.11 25.5/63.5/11.0 40.2/56.3/3.5 0.02

BNP (ng/l) 466 (208; 1077) 381 (162; 948) 613 (264; 1187)  < 0.0001 642 (334; 1354) 400 (148; 920) 0.0002

Hemoglobin (g/l) 140.85 ± 18.18 142.00 ± 18.36 139.49 ± 17.90 0.049 140.09 ± 18.13 138.00 ± 16.39 0.34

eGFR (ml/min 1.73/
m2) 68.91 ± 22.50 72.55 ± 22.55 64.59 ± 21.69  < 0.0001 63.34 ± 22.12 69.26 ± 19.76 0.03

CRP (mg/l) 4.5 (1.9; 9.9) 3.5 (1.5; 8.1) 5.5 (2.5; 11.4)  < 0.0001 5.5 (2.9; 11.3) 5.3 (2.1; 13.2) 0.70

Diabetes and metabolism

Glucagon (mIU/ml) 97 (77; 125) 90.8 (73.83; 116.2) 105.7 (82.5; 132.8)  < 0.0001 102.35
(80.35; 128.73)

116.30
(92.10; 145.70) 0.015

C-peptid (nmol/l) 1.38 (0.958; 1.942) 1.27 (0.92; 1.76) 1.52 (1.03; 2.16)  < 0.0001 1.50 (1.02; 2.12) 1.56 (1.08; 2.26) 0.90

Free fatty acids 
(mmol/l) 0.53 (0.37; 0.72) 0.49 (0.35; 0.69) 0.59 (0.40; 0.79) 0.0008 0.61 (0.39; 0.80) 0.57 (0.42; 0.79) 0.74

Biomarkers

Hs-TnT& (ng/l) 23.86 (14.46; 40.72) 20.05 (11.98; 33.41) 28.18 (18.71; 49.03)  < 0.0001 29.3 (18.8; 49.2) 25.3 (17.6; 43.1) 0.49

Cardiac morphology and function

SBP (mmHg) 116.33 ± 19.10 115.3 ± 19.2 117.6 ± 18.9 0.07 116.08 ± 18.89 122.78 ± 18.00 0.004

Heart rate  (min−1) 75.72 ± 14.54 74.22 ± 14.77 77.55 ± 14.07 0.002 77.66 ± 14.26 77.43 ± 13.61 0.90

LVEDD (mm) 69.41 ± 9.11 69.82 ± 9.72 68.90 ± 8.28 0.14 69.04 ± 8.47 68.31 ± 7.68 0.47

LVEF (%) 23.59 ± 5.80 23.57 ± 5.80 23.63 ± 5.79 0.88 23.05 ± 5.82 25.60 ± 5.30 0.0003

RVD1 (mm) 40.62 ± 7.94 39.64 ± 8.11 41.81 ± 7.58  < 0.0001 41.93 ± 7.81 41.40 ± 6.89 0.57

RV dysfunction 
grade (0–3, %) 32.3 22.8/33.5/11.4 38.5/23.8/28.6/9.1 24.7/21.6/39.5/14.2  < 0.0001 19.9/21.4/42.8/15.9 42.2/21.7/27.7/8.4 0.002

Mitral regurgitation 
(1–3, %) 25.2/40.5/34.3 27.0/40.3/32.7 22.9/40.8/36.3 0.32 18.3/44.1/37.6 39.1/28.7/32.2 0.0004

Tricuspid regurgita-
tion (1–3, %) 44.6/39.0/16.3 48.9/37.4/13.7 39.4/41.0/19.6 0.001 34.0/44.5/21.5 57.5/31.0/11.5 0.0004

Estimated systolic 
pulmonary pressure 
(mmHg)

45.11 ± 13.65 43.46 ± 13.93 46.98 ± 13.10 0.002 46.97 ± 12.95 47.60 ± 13.05 0.74

IVC (mm) 19.55 ± 5.74 18.93 ± 5.58 20.31 ± 5.86 0.0006 20.45 ± 5.81 19.54 ± 5.36 0.21

Quality of life

MLHFQ sum 44 (26; 60) 43 (24; 59) 44 (28; 61) 0.25 48 (30; 62) 36 (16; 51) 0.002

MLHFQ somatic 21 (12; 28) 21 (12; 27) 22 (12; 28) 0.59 23 (14; 29) 17 (10; 24) 0.0007

MLHFQ emotional 6 (2; 11) 6 (1; 12) 6 (2; 11) 0.86 6 (3; 12) 5 (1; 10) 0.09

Hemodynamics∆

RA pressure 
(mmHg) 9 (6; 13) 8 (5; 12) 10 (6; 16) 0.0009 10 (6; 16) 9 (7; 14) 0.56

Systolic PA pressure 
(mmHg) 53 (38; 65) 47 (34; 62) 57 (44; 68)  < 0.0001 57 (44; 69) 60 (45; 68) 0.89

Diastolic PA pressure 
(mmHg) 24 (18; 31) 22 (16; 29.5) 27 (20; 32) 0.005 27 (19.5; 32) 26.5 (19.75; 32.25) 0.92

Mean PA pressure 
(mmHg) 35 (26; 43) 32 (23; 42) 37 (30; 45) 0.0003 37 (30; 45) 38 (32; 44) 0.99

PCWP (mmHg) 24 (17; 29) 23 (16; 28) 25 (19; 30) 0.02 24.5 (19; 30 25 (16; 31) 0.73

CI (l/min/1.73  m2) 1.84 (1.58; 2.15) 1.90 (1.59; 2.18) 1.80 (1.55; 2.14) 0.14 1.75 (1.51; 2.13) 1.96 (1.73; 2.32) 0.06

Therapy

ACEi/ARB (%) 78.65 79.83 77.31 0.37 77.51 79.31 0.72

BB (%) 87.66 88.20 87.07 0.62 88.58 82.76 0.17

MRA (%) 76.99 75.32 78.89 0.22 79.93 75.86 0.42

Furosemide daily 
dose (mg) 80 (40; 125) 60 (40; 120) 80 (40; 125)  < 0.0001 80 (40; 131.25) 60 (40; 125) 0.03

ICD any (%) 59.4 57.8 61.4 0.29 61.70 61.45 0.97

CRT any (%) 32.0 31.5 32.6 0.73 35.11 24.10 0.06

Amiodarone (%) 18.3 17.9 18.8 0.73 19.66 16.09 0.45

Insulin (%) – – 28.4 – 30.34 22.99 0.18

Insulin daily dose – – 48 (31; 66)* – 46 (31; 63.5) 54.5 (31.5; 80) 0.29

Continued
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with DPPIV-inhibitors was associated with better QoL (Table 1 in the Online Supplement). On the contrary, 
MET treatment was associated with a better QoL (Table 1).

Multivariable regression analysis identified MET treatment together with BNP and BMI, but not eGFR, SU 
derivatives treatment, DPPIV-inhibitors treatment or insulin treatment to be independently associated with 
MLHFQ score (Table 2 in the Online Supplement). Similar results were obtained for the somatic component of 
MLHFQ whereas no association of MET treatment with emotional component of the MLHFQ score was found 
(data not shown).

Diabetes treatment and outcome. Kaplan–Meier analysis showed that MET-treated diabetic patients 
had better survival compared to MET-free counterparts. Other therapeutic regimes were not associated with any 
difference in event-free survival (Fig. 2). Similarly, Cox proportional hazard model identified MET treatment to 
be associated with improved outcome. No such relationship was observed for therapy with insulin, SU deriva-
tives or DPPIV-inhibitors (Table 3 in the Online Supplement).

Next, we have analyzed whether there was any subgroup having altered benefit from MET treatment. No 
significant interaction was found between MET therapy and NYHA functional class, LVEF, RV dysfunction 
grade, BNP level, eGFR, ACEi/ARB treatment, beta-blocker treatment, presence of ICD, or CRT (all p for inter-
action ≥ 0.20, Table 4 in the Online Supplement). This suggests that the benefit from MET therapy is preserved 
regardless of HF severity and independent of HF treatment. Similarly, no significant interaction was found 
between MET therapy and insulin or DPPIVi treatment (p for interaction = 0.35 and 0.95, respectively). However, 
borderline interaction was found for SU derivatives treatment (p for interaction = 0.054). Kaplan–Meier analysis 
showed borderline worse survival of patients treated with MET and SU derivatives compared with MET without 
SU derivatives (p (log-rank) = 0.08).

Adjustment for confounders, propensity score-matched analysis. Although MET-treated DM 
patients had better cardiac function, renal function and larger BMI, Cox proportional hazard model analysis 
revealed that MET treatment was associated with a significantly better outcome even after the adjustment for 
BNP, eGFR and BMI (Table 2).

Finally, we have performed propensity score matched analysis that matched the patients for 17 variables that 
might influence the selection of MET therapy or that have been shown to influence prognosis of patients with 
advanced heart failure (age, sex, NYHA functional class, BMI, estimated glomerular filtration rate, LVEF, RV 
dysfunction grade, mitral and tricuspid regurgitation severity, BNP level, beta-blockers use, renin-angiotensin 
system inhibitors use, ICD therapy, CRT therapy, uric acid levels, treatment with other PAD/incretins and 
treatment with insulin). Propensity score matching yielded 81 pairs of patients. Standardized mean differences 
of matched covariates ranged from 0 to 0.23, with a standardized median difference of 0.06 (IQR 0.029–0.076). 
Significantly better survival for MET-treated group was showed both using the McNemar (p = 0.04), as well as 
Cox proportional hazard model (p = 0.01, Fig. 3).

Discussion
The results of this study can be summarized as follows: (i) despite worse insulin sensitivity and worse DM com-
pensation in MET-treated patients, MET-treatment was independently associated with both better quality of life 
and improved outcome in advanced HFrEF patients with DM; (ii) MET treatment was associated with better 
outcome regardless of HF severity or compensation of diabetes.

Optimal treatment modality in patients with advanced HF and DM is not well established, which is mirrored 
by the large variability of treatment strategies observed in our study.

Only 22.9% of our patients were treated with MET, which is likely a consequence of previous recommenda-
tions to avoid this drug in HF because of concerns regarding lactic acidosis  risk13. Nevertheless, MET was used in 
clinical practice and data on MET use in HF patients with DM eventually emerged. One recently published study 
showed lower risk of hospitalization for HF in MET-treated DM  patients14. Thirteen studies have been published 
describing the association between MET treatment on outcome in patients with established HF and  DM6,7,9,15–24. 
However, the majority of studies are retrospective and based on administrative or disease  records7,17–21,23,24. 
Only five of them reported LV-ejection  fraction6,7,9,17,22 and only one study focused specifically on patients with 

Table 1.  Patients characteristics. Data are shown as mean ± SD or median with IQRs. & Available in 
450 patients only. ∆ Available in 385 patients only. *Calculated for only 108 patients treated with insulin. 
Information about DM treatment was missing in 3 patients. Significant values are in bold.

Whole cohort 
(n = 847) Non-DM (n = 467) DM (n = 380) P (non-DM vs. DM)

DM MET-free 
(n = 290)

DM MET-treated 
(n = 87)

P (MET-free vs. 
MET-treated)

SU derivatives (%) – – 17.6 – 15.17 26.44 0.02

DPP-IV inhibitors 
(%) – – 6.8 – 4.83 13.79 0.007

Outcome

Death (%) 324 (38.3%) 134 (28.7%) 190 (50.0%) – 152 (52.4%) 37 (42.5%) –

Urg. HTx (%) 107 (12.6%) 63 (13.5%) 44 (11.6%) – 39 (13.5%) 4 (4.6%) –

Norm. HTx (%) 35 (4.1%) 23 (4.9%) 12 (3.2%) – 10 (3.5%) 2 (2.3%) –

MCSi (%) 83 (9.8%) 48 (10.3%) 35 (9.2%) – 28 (9.7%) 6 (6.9%) –
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LVEF < 40%9. Although meta-analyses of these studies reported mostly better outcome in patients treated with 
 MET3,4, the heterogeneity of studied populations and approaches leave many questions unanswered. None of the 
studies focused specifically on patients with advanced HF and no study HFrEF patients employed propensity-
matching approach. As large randomized controlled trials with MET in HF patients with DM are unlikely to 
be carried  out25, our data offering a prospective observational design of well-characterized cohort employing 
propensity matching analysis offers the strongest evidence possible. In the propensity matching analysis, we 
have adjusted the cohort for seventeen possible confounders and our data thus strongly suggest that despite 
differences between MET-treated and MET-free patients, observed difference in outcome between these groups 
is indeed attributable to MET therapy.

Figure 1.  Metabolic profile. For Glucose and Hb1Ac, data are shown as mean ± SD, for HOMA-IR, Glucagon, 
GDF-15 and 3-hydroxybutyrate as median ± IQRs. For HOMA-IR, only patients without insulin treatment were 
evaluated (n = 196 DM MET-free, n = 61 DM MET-treated).
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The mechanism of action of MET is a subject of intense debate. Beneficial effect of MET was first explained by 
an inhibition of mitochondrial complex  I26,27 and by an increase in ADP/ATP ratio that activates AMP-dependent 
protein kinase (AMPK). However, the mechanism of action of MET is likely to be more pleiotropic; MET 
enhances cardiac  autophagy28, improves myocardial efficiency and reduces myocardial energy  consumption29, 
and directly modulates the growth and function of gut  microbiota30. MET has been also shown to have potent 
effect on cancer prevention and  recurrence31,32 and its anti-cancer effect might be also clinically relevant in HF 
patients as they are consistently reported to have higher risk of  malignancies33,34.

Although our study was not designed to unveil the mechanism responsible for overall benefit from MET 
therapy, our data suggest that the cardioprotection of MET is independent on glycemic control. This is in line 
with results of the post UKPDS-trial follow-up that showed significant risk reduction by MET in diabetes-related 

Figure 2.  Event-free survival DM patients according DM treatment; MET-treated DM patients had 
significantly better survival, no significant difference in survival was observed among patients treated with other 
glucose-lowering agents.

Table 2.  Metformin and outcome, Cox proportional hazard analysis. MET treatment was associated with 
lower risk of an adverse outcome even after the adjustment for BNP, eGFR and BMI. HR hazard ratio, CI 
confidence interval. Significant values are in bold.

HR 95% CI p

Model 1 MET (present vs. absent) 0.57 0.41–0.78 0.0003

Model 2
MET (present vs. absent) 0.63 0.45–0.87 0.004

BMI (kg/m2) 0.97 0.94–0.99 0.005

Model 3

MET (present vs. absent) 0.64 0.46–0.88 0.007

BMI (kg/m2) 0.97 0.94–0.99 0.01

eGFR (ml/min 1.73/m2) 0.995 0.989–1.0006 0.08

Model 4

MET (present vs. absent) 0.70 0.50–0.98 0.035

BNP (ng/l) 1.00056 1.0004–1.0007  < 0.0001

BMI (kg/m2) 0.99 0.97–1.018 0.51

eGFR (ml/min 1.73/m2) 0.996 0.991–1.002 0.24
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endpoints despite of the loss of between-group differences in glycated  hemoglobin35. Experimental studies have 
similarly shown anti-inflammatory properties of MET irrespective of DM  status36.

Metabolic abnormalities are observed early in the course of cardiac pathologies. When subjected to pres-
sure overload, the ventricular myocardium shifts from fatty acids to glucose as its main source for energy; this 
precedes the development of LV  hypertrophy36. The excessive glucose metabolism in the cardiomyocytes causes 
glucose-6-phosphate (G6P) accumulation. G6P activates mammalian target of rapamycin complex 1 (mTORC1), 
which induces hypertrophy. MET activates AMPK, which inhibits mTROC1, thus preventing LV  hypertrophy36. 
This explains that MET treatment has also been shown to induce regression of LV-hypertrophy and exert anti-
oxidant effects even in non-diabetic  patients37. Similarly, LV reverse remodeling has been observed in other drugs 
that activate AMPK such as SGLT2-inhibitors38.

In non-HF subjects, MET was shown to mediate its effect on body weight and energy balance through GDF-
1539. We have not observed increased GDF-15 level in MET-treated compared with MET-free patients in our 
study, which can be explained by worse cardiac and renal function in MET-free patients. Both cardiac as well as 
renal dysfunction are associated with higher GDF-15  levels40. MET-treated patients have increased ketone body 
beta-hydroxybutyrate, a metabolic substrate that is readily utilized by failing heart and that may have favorable 
effects on  bioenergetics41. Infusion of ketone bodies in HFrEF patients was shown to improve cardiac output and 
LV-ejection  fraction42. Interestingly, despite patients on MET had lower neurohumoral activation, we observed 
higher levels of stress hormone glucagon in MET-treated patients. Is was shown that MET administration to 
prediabetic subjects resulted in an increase of  glucagon43. Higher glucagon in MET-treated patients may be 
protective against hypoglycemia that is a feared complication of DM treatment and was linked to arrhythmias 
and increased  mortality44.

Although QoL was independent of DM status in our study, we have observed a better QoL in MET-treated 
DM patients and MET was significantly associated with QoL also in multivariable linear regression suggesting 
its independent effect on QoL. To our best knowledge, this is the first study that analyzed the QoL with respect 
to MET treatment using a validated  tool45. It has been recently demonstrated that QoL in HF patients is driven 
by HF itself, not by associated  comorbidities46. MET-induced improvement in myocardial  efficiency29 suggests 
that the effect of MET on QoL in HF is rather due to an improvement in HF, not due to improvement in blood 
glucose control.

Beneficial effects of MET documented in high risk advanced HF population suggest that MET should be more 
widely used in management of HF. Even in studies with SGLT2 inhibitors in HF patients, a substantial propor-
tion of DM+ patients were treated with biguanides (metformin). In DAPA-HF trial, 41.8% of patients had DM 
and 51% of DM+ patients were treated by biguanides (predominantly MET)47. EMPEROR-Reduced trial reports 
also a 49.8% prevalence of DM and 46.4% of DM+ patients were treated with  biguanides48,49. Our data strongly 
suggest that MET should be a frontline drug for the treatment of diabetic patients with HFrEF. Combination 

Figure 3.  Survival of MET-treated patients, propensity-score matched analysis. BMI body mass index, eGFR 
estimated glomerular filtration rate, LVEF left ventricle ejection fraction, RV right ventricle, BNP B-type 
natriuretic peptide, RAAi renin-angiotensin system inhibitors, ICD implantable cardioverter/defibrillator, CRT  
cardiac resynchronization, therapy, PAD peroral antidiabetics.
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therapy with MET and SGLT2i has been shown safe and efficacious in patients with  DM50. Combined therapy 
of these patients with MET and SGLT2 inhibitors warrants further research.

Limitations. Our study was performed in a heart center offering a complex cardiovascular program includ-
ing MCS implantation and HTx. Since this could introduce bias related to the analysis of prognostic value, urgent 
HTx and MCS implantation were considered adverse outcomes, while the patients receiving non-urgent HTx 
were censored as having no adverse outcome on the day of  transplantation12. In addition, it was a single-center 
study with a substantial predominance of males. Our study cohort included patients with advanced HFrEF, the 
results thus might not be fully applicable to patients with milder HF or to older patients. Data about HF re-
hospitalizations were not available in all patients so this endpoint could have not been included in the analysis. 
The information about DM duration and MET exposure time before entering the study were not available in all 
subjects, therefore it was not possible to address these variables in the propensity-matching analysis. The cause 
of death was not available in all patients, so we were not able to distinguish between cardiovascular and non-
cardiovascular mortality. QoL was analyzed only at baseline and is likely a result of a various time of preceding 
MET therapy; the time of MET treatment before baseline exam or during follow-up is unknown. Data about 
plasmatic MET concentration are not available; similarly, lactate was not measured. None of the patients was 
treated by sacubitril-valsartan or SGLT2 inhibitors. Therefore, it is impossible to analyze potentially additional 
effect of MET and these agents. Only a subset of patients had serial echocardiographic examinations, so it was 
not possible to analyze the impact of MET-treatment of cardiac reverse remodeling.

Conclusion
Metformin treatment in advanced HFrEF patients with DM is associated with better outcome by mechanisms 
beyond the improvement of blood glucose control. Metformin should stay among frontline drugs for the man-
agement of HFrEF patients with DM.

Data availability
The datasets analyzed during the current study are available from the corresponding author on reasonable request 
(jan.benes@ikem.cz).
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Aortic stenosis and mitral 
regurgitation modify the effect 
of venoarterial extracorporeal 
membrane oxygenation on left 
ventricular function in cardiogenic 
shock
Petr Ostadal1*, Dagmar Vondrakova1, Michaela Popkova2, Matej Hrachovina2, 
Andreas Kruger1, Marek Janotka1, Jan Naar1, Otomar Kittnar2, Petr Neuzil1 & Mikulas Mlcek2

Venoarterial extracorporeal membrane oxygenation (VA-ECMO) is widely used in the treatment 
of patients experiencing cardiogenic shock (CS). However, increased VA-ECMO blood flow (EBF) 
may significantly impair left ventricular (LV) performance. The objective of the present study was 
to assess the effect of VA-ECMO on LV function in acute CS with concomitant severe aortic stenosis 
(AS) or mitral regurgitation (MR) in a porcine model. Eight female swine (45 kg) underwent VA-ECMO 
implantation under general anaesthesia and mechanical ventilation. Acute CS was induced by global 
myocardial hypoxia. Subsequently, severe AS was simulated by obstruction of the aortic valve, 
while severe MR was induced by mechanical destruction of the mitral valve. Haemodynamic and LV 
performance variables were measured at different rates of EBF rates (ranging from 1 to 4 L/min), 
using arterial and venous catheters, a pulmonary artery catheter, and LV pressure–volume catheter. 
Data are expressed as median (interquartile range). Myocardial hypoxia resulted in declines in cardiac 
output to 2.7 (1.9–3.1) L/min and LV ejection fraction to 15.2% (10.5–19.3%). In severe AS, increasing 
EBF from 1 to 4 L/min was associated with a significant elevation in mean arterial pressure (MAP), 
from 33.5 (24.2–34.9) to 56.0 (51.9–73.3) mmHg (P ˂  0.01). However, LV volumes (end-diastolic, end-
systolic, stroke) remained unchanged, and LV end-diastolic pressure (LVEDP) significantly decreased 
from 24.9 (21.2–40.0) to 19.1 (15.2–29.0) mmHg (P ˂  0.01). In severe MR, increasing EBF resulted in a 
significant elevation in MAP from 49.0 (28.0–53.4) to 72.5 (51.4–77.1) mmHg (P ˂  0.01); LV volumes 
remained stable and LVEDP increased from 17.1 (13.7–19.1) to 20.8 (16.3–25.6) mmHg (P ˂  0.01). 
Results of this study indicate that the presence of valvular heart disease may alleviate negative effect 
of VA-ECMO on LV performance in CS. Severe AS fully protected against LV overload, and partial 
protection was also detected with severe MR, although at the cost of increased LVEDP and, thus, 
higher risk for pulmonary oedema.

Abbreviations
AS  Aortic stenosis
CO  Cardiac output
CO2  Carbon dioxide
CS  Cardiogenic shock
EBF  Extracorporeal blood flow
IV  Intravenous
LV  Left ventricle
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LVEDP  Left ventricular end-diastolic pressure
LVEDV  Left ventricular end-diastolic volume
LVEF  Left ventricular ejection fraction
LVESV  Left ventricular end-systolic volume
LVSV  Left ventricular stroke volume
MAP  Mean arterial pressure
MR  Mitral regurgitation
NIRS  Near-infrared spectroscopy
PaCO2  Partial pressure of  CO2
PaO2  Partial pressure of oxygen
PV  Pressure-volume
SpO2  Oxygen saturation
VA-ECMO  Venoarterial extracorporeal membrane oxygenation

Extracorporeal membrane oxygenation in the venoarterial configuration (VA-ECMO) is an established method 
that offers circulatory support in the most severe conditions of circulatory failure, including cardiogenic shock 
(CS). However, evidence supporting the use of VA-ECMO in CS is insufficient, with promising results only from 
retrospective or small randomized  studies1,2; nevertheless, large multicenter trials are  ongoing3–5.

Insertion of VA-ECMO in case of circulatory collapse enables rapid restoration and maintenance of adequate 
tissue perfusion; however, it may be associated with unfavorable consequences for the failing myocardium 
because the outflow part increases not only arterial blood pressure but also left ventricular (LV)  afterload6. The 
increased afterload may cause LV overload and further reduction of LV performance, especially if the LV systolic 
function is already severely compromised. The unfavorable effect of increased extracorporeal blood flow (EBF) on 
LV performance during ECMO therapy has been described in several experimental and clinical  studies7–15. Pro-
gressive LV overload is associated with increased left atrial pressure and frequently with subsequent severe pul-
monary oedema, resulting in a critical condition that often requires urgent intervention (e.g., LV unloading)16,17.

In the presence of severe valvular heart disease VA-ECMO may, however, influence LV function in a different 
 manner18. In particular, aortic stenosis (AS) or mitral regurgitation (MR) are not infrequent causes or modula-
tors of severe CS requiring mechanical circulatory  support18–20. The effect of VA-ECMO on LV function in CS 
with AS or MR has not been described. The aim of our study was, therefore, to assess LV functional variables at 
different VA-ECMO blood flow levels in a porcine model of acute CS with severe AS or MR.

Methods
Animal model. Eight female swine (Sus scrofa domestica, Large White × Landrace crossbreed), four to five 
months of age, and a mean body weight of 45 kg were used. Full details of the animal model used in the present 
study has been reported  earlier21.

Briefly, after a 24 h fasting, general anaesthesia was induced by administration of midazolam (0.3 mg/kg 
intramuscular) and ketamine hydrochloride (15–20 mg/kg intramuscular). Initial propofol and morphine boluses 
(2 mg/kg intravenous [IV] and 0.1–0.2 mg/kg IV, respectively) were administered, followed by orotracheal 
intubation. Continuous IV infusions of propofol (6–10 mg/kg/h) and morphine (0.1–0.2 mg/kg/h) were used to 
maintain anaesthesia. The depth was adjusted according to physiological parameters, pupillary photoreactions, 
corneal and palpebral reflexes, lacrimation, and spontaneous  movements21.

Potassium chloride (2 mEq/kg), in conjunction with general anaesthesia overdose, was used to euthanize the 
animals at the conclusion of the experiment.

Bilateral femoral (arterial and venous), carotid and jugular approaches were used for multiple sheath inser-
tions using a standard percutaneous Seldinger technique. An initial rapid IV infusion of 1000 mL normal saline 
was administered after anaesthesia induction to correct hypovolemia caused by 24 h of fasting, followed by 
continuous IV drip at a rate of 100–500 mL/h to reach and maintain a mean right atrial pressure of 5–7 mmHg. 
An unfractionated heparin IV bolus (100 U/kg) was administered after vascular sheaths placement, followed by 
continuous IV infusion of 50 U/kg/h to maintain activated clotting time of 200–250 s. Values were monitored 
every hour using a microcoagulation system (Hemochron Jr Signature Plus Microcoagulation System, ITC, 
Piscataway, NJ, USA)21.

Ventilation was provided using a ventilator (Hamilton G5, Hamilton Medical AG, Switzerland) set to the 
INTELLiVENT–Adaptive Support Ventilation mode. The ventilator was set to maintain an oxygen saturation 
 (SpO2) of 95–99% and an end-tidal carbon dioxide  (CO2) pressure of 4.8–5.6  kPa21.

VA-ECMO. The VA-ECMO setting used in our study has already been described  elsewhere7,21. The ECMO 
circuit consisted of a console (Cardiohelp, Getinge, Germany), centrifugal blood pump and tubing set, a mem-
brane oxygenator (Getinge, Germany), and a mechanical gas blender (Sechrist Industries, Inc, Anaheim, CA, 
USA). A venous cannula (21 Fr, Getinge, Germany) and arterial cannula (15 Fr, Getinge, Germany) were inserted 
percutaneously using the standard Seldinger technique into the femoral vein and artery. The venous inflow can-
nula was inserted into the right atrium (the tip position was verified using fluoroscopy), and the femoral arterial 
outflow cannula was inserted into the femoral artery with the tip placed in the descending aorta. Blood gas 
values leaving the oxygenator were continuously monitored (CDI™ Blood Parameter Monitoring System 500, 
Terumo Cardiovascular Systems Corporation, Elkton, MD, USA). The oxygen/air flow was repeatedly adjusted 
to maintain a partial pressure of oxygen (PaO2) and partial pressure of  CO2 (PaCO2) in the ranges of 10–15 kPa, 
and 4.0–6.5 kPa, respectively. The EBF rate was set to 1 L/min to prevent circuit coagulation until the start of the 
 experiment7,21.
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Vital functions and haemodynamic monitoring. Vital functions and haemodynamic monitoring used 
in our study has been described  previously7,21. Briefly, arterial pressure was measured using standard invasive 
methods with fluid-filled pressure transducers (Truwave, Edwards Lifesciences LLC, USA) through a pigtail 
catheter inserted into the aortic arch. A Swan-Ganz catheter was inserted into the pulmonary artery via the 
femoral vein. Electrocardiographic parameters, heart rate (HR), invasive blood pressures (aortic arch and cen-
tral vein), pulse oximetry, capnometry, and invasive central venous  SpO2 were continuously monitored in all 
animals (Monitor Life Scope TR, Nihon Kohden, Japan; and Vigilance II, Edwards Lifesciences, USA). Four-
channel NIRS (i.e., near-infrared spectroscopy) oximetry (INVOS, Medtronic, Minneapolis, MN, USA) was 
used to monitor regional tissue perfusion (brain, front limbs, body, hind limb); the threshold for the detection 
of hypoperfusion was 40%7,21.

Pressure–volume analysis. A pressure–volume (PV) conductance catheter (Scisense 7 Fr VSL Pigtail, 
Transonic, Ithaca, NY, USA) was inserted into the left ventricle from the left carotid artery through the aor-
tic valve to monitor cardiac performance during induction and maintenance of CS as described  elsewhere7,22. 
Correct positioning was assessed radiographically and by verifying optimal PV loop morphology. The catheter 
was connected to the PV unit (Scisense ADV 500, Transonic, USA) and operated in the admittance mode. The 
volume was calibrated according to baseline pulmonary thermodilution (Combo CCO catheter, Edwards Lifes-
ciences, Irvine, CA, USA). PV values were recorded continuously during the experiment. At each EBF level, 
values from five loops were taken at end-expiration, averaged, and used for further analysis. The collected PV 
data included LV end-diastolic pressure (LVEDP), LV end-diastolic volume (LVEDV), LV end-systolic volume 
(LVESV), dP/dtmax, and arterial elastance (Ea)7,22.

LV stroke volume (LVSV) was calculated as LVSV = LVEDV − LVESV; LV ejection fraction (LVEF) was calcu-
lated as LVEF = LVSV/LVEDV; cardiac output (CO) was calculated as CO = LVSV × HR; and cardiac index (CI) 
was calculated as CI = CO/body surface  area7,22.

Cardiogenic shock (CS) model. After initiation of ECMO, the animals were stabilized for 10 min. Dur-
ing this time period, oxygen/air flow and fluid infusion rate were repeatedly adjusted to reach and maintain 
target PaO2, PaCO2, and right atrial pressure. Mechanical ventilation was subsequently switched to the CMV 
mode (respiratory rate, 5 breaths/min; inspiratory volume, 100 mL; and fraction of inspired oxygen, 0.21), which 
precipitated severe hypoxemia in the blood entering the left chambers of the heart and, in turn, caused tissue 
hypoxia in all tissues perfused by LV ejections, including the coronary arteries. The resulting global myocardial 
hypoxia rapidly lowered cardiac contractility, LVEF, and arterial blood pressure. Concurrently, the lower body 
was perfused with fully oxygenated blood from ECMO entering the circulation via the femoral artery. During the 
hypoxic period, EBF was gradually increased to maintain a mean arterial pressure (MAP) > 60 mmHg, thereby 
ensuring adequate perfusion pressure. After approximately 1 h of myocardial hypoxia, the haemodynamic cri-
teria for severe CS were fulfilled, including LVEF, which decreased to < 30%, and CO, which decreased to < 3.5 
L/min. Thereafter, continuous perfusion of the heart with hypoxaemic blood maintained advanced myocardial 
dysfunction and severely compromised haemodynamic function. If cardiac performance decreased further with 
a risk for circulation collapse, the target level of CS severity was adjusted with a partial increase in  ventilation21.

AS. Severe AS was simulated by the insertion of a valvuloplasty balloon (True, BD Biosciences, Franklin 
Lakes, NJ, USA) across the aortic valve with subsequent stepwise inflation under fluoroscopic and ultrasound 
control to reach transaortic peak pressure gradient ˃ 40 mmHg. The valvuloplasty balloon was removed after the 
measurements.

MR. Mechanical destruction of the mitral valve leaflets and/or chordae tendineae was performed under 
fluoroscopic and ultrasound guidance using endoscopic grasping forceps (Olympus, Tokyo, Japan) inserted via 
the femoral vein and trans-septal approach to the left atrium. Development of severe MR was confirmed using 
echocardiography.

Experimental protocol. Figure  1 outlines the experimental protocol that is similar to our previous 
 studies7,22. After the placement of all catheters and the establishment of ECMO, the animals were permitted to 
stabilize for 10 min. CS was induced using global myocardial hypoxia, as described above. Following the occur-
rence of signs of tissue hypoperfusion (NIRS oximetry, < 40%) and an additional 10 min of stabilization, AS was 
simulated as described above, and the EBF rate was then set to 4 L/min and gradually decreased by 1 L/min 
every 5 min. Once an EBF rate of 1 L/min was achieved, it was maintained for 10 min. Subsequently, the EBF 
rate was gradually increased by 1 L/min every 5 min. At an EBF rate of 4 L/min, the animals were stabilized again 
for 10 min, and a second cycle of stepwise EBF decrease and increase was performed. After the measurements 
with AS were completed, the valvuloplasty balloon was removed from the aortic valve and MR was created 
(as described above) followed by 10 min stabilization. Subsequently, an additional two cycles of stepwise EBF 
decrease and increase were performed to record data for MR (Fig. 1). LV performance variables were analyzed at 
the end of each 5 min interval (four data sets per animal), and a mean value was calculated and used in further 
analysis.

Statistical analysis. Data are expressed as median (interquartile range). The Friedman test was used to 
compare values at different levels of EBF; differences with P < 0.05 were considered to be statistically significant. 
All statistical analyses were performed using GraphPad Prism version 8.4 (GraphPad, San Diego, CA, USA).
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Ethics approval and consent to participate. This study was approved by the Charles University First 
Faculty of Medicine Institutional Animal Care and Use Committee, and was performed at the Animal Labora-
tory, Department of Physiology, First Faculty of Medicine, Charles University in Prague and Na Homolce Hos-
pital, Prague, Czech Republic, in accordance with Act No 246/1992 Coll., for the protection of animals against 
cruelty. The investigation and protocol conformed to the Guide for the Care and Use of Laboratory Animals 
published by the United States National Institutes of Health (Publication No. 85-23, revised 1985). The study is 
reported in accordance with ARRIVE guidelines (https:// arriv eguid elines. org).

Results
Baseline characteristics. All animals survived and completed all protocol-defined procedures. Myocar-
dial hypoxia resulted in a marked decline in MAP, CO, CI, LVSV and LVEF, while HR significantly increased 
(Table 1).

AS. The stepwise increase in EBF was associated with a significant rise in MAP: 33.5 mmHg (24.2–34.9 mmHg) 
at EBF 1 L/min; 38.4 mmHg (36.9–44.9 mmHg) at EBF 2 L/min; 48.2 mmHg (45.4–61.3 mmHg) at EBF 3 L/
min; and 56.0 mmHg (51.9–73.3 mmHg) at EBF 4 L/min (P ˂  0.01) (Fig. 2A). LV volume variables (LVEDV, 
LVESV, LVSV), LVEF, dP/dtmax and Ea remained stable at different levels of EBF (Fig. 2B–G). LVEDP signifi-
cantly decreased with increasing levels of EBF: 24.9 mmHg (21.2–40.0 mmHg) at EBF 1 L/min; 23.6 mmHg 
(19.7–33.5 mmHg) at EBF 2 L/min; 20.5 mmHg (18.0–33.4 mmHg) at EBF 3 L/min; and 19.1 mmHg (15.2–
29.0 mmHg) at EBF 4 L/min (P ˂  0.01) (Fig. 2H). The median aortic valve pressure gradient achieved signifi-
cantly dropped with increasing levels of EBF, from 45.2 mmHg (33.0–74.8 mmHg) at EBF 1 L/min to 32.1 mmHg 
(25.1–39.6 mmHg) at EBF 4 L/min (P ˂  0.01) (Fig. 2I).

MR. A gradual increase in EBF resulted in a significant elevation in MAP: 49.0 mmHg (28.0–53.4 mmHg) 
at EBF 1 L/min; 56.9 mmHg (39.0–64.0 mmHg) at EBF 2 L/min; 72.5 mmHg (51.4–77.1 mmHg) at EBF 3 L/
min; and 84.0 mmHg (62.4–89.6 mmHg) at EBF 4 L/min (P ˂  0.01) (Fig. 3A). LV volume variables (LVEDV, 
LVESV, LVSV), LVEF and dP/dtmax remained stable at different EBF rates (Fig. 3B–F). Median Ea increased from 
1.5 mmHg/mL (0.4–1.6 mmHg/mL) at EBF 1 L/min to 2.5 mmHg/mL (0.4–2.7 mmHg/mL) at EBF 4 L/min 
(P ˂  0.01) (Fig. 3G). Median LVEDP significantly rose with increasing EBF: 17.1 mmHg (13.7–19.1 mmHg) at 

Figure 1.  Schematic illustration of the experimental protocol. VA-ECMO, veno-arterial extracorporeal 
membrane oxygenation; EBF, extravascular blood flow.

Table 1.  Major hemodynamic variables at baseline and after the development of cardiogenic shock. Data 
presented as median (interquartile range) unless otherwise indicated. CO cardiac output, HR heart rate, LVEF 
left ventricular ejection fraction, MAP mean arterial pressure, SV stroke volume.

Variable Baseline Cardiogenic shock P-value

MAP (mmHg) 90.2 (80.6–98.8) 47.6 (38.9–54.2) < 0.01

CO (L/min) 6.1 (5.2–7.4) 2.7 (1.9–3.1) < 0.01

CI (L/min/m2) 6.9 (5.8–8.3) 3.0 (2.1–3.48) < 0.01

SV (mL) 72.2 (68.5–75.1) 22.2 (15.4–29.2) < 0.01

HR (beats/min) 89.0 (79.1–104.9) 109.6 (98.5–124.2) < 0.01

LVEF (%) 55.5 (53.3–59.0) 15.2 (10.5–19.3) < 0.01
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EBF 1 L/min; 18.5 mmHg (14.5–19.9 mmHg) at EBF 2 L/min; 19.6 mmHg (15.0–22.4 mmHg) at EBF 3 L/min; 
and 20.8 mmHg (16.3–25.6 mmHg) at EBF 4 L/min (P ˂  0.01) (Fig. 3H).

Discussion
To the best of our knowledge, the present study was the first to directly address the effect of VA-ECMO on LV 
function in CS with AS or MR. There were two major findings. First, in CS with AS, the effect of increased VA-
ECMO blood flow on LV performance parameters was either neutral (LVEDV, LVESV, LVSV, LVEF) or even 
beneficial (LVEDP decrease). Second, in CS with MR, increased EBF, MAP and Ea did not affect LV volume 
variables (i.e., LVEDV, LVESV, LVSV, LVEF), but increased LVEDP. Therefore, AS prevented LV overload and 
partial protection was observed also with MR, at the cost of higher LVEDP.

There are numerous factors that can influence or modulate the effect of VA-ECMO on LV performance 
including severity of LV dysfunction, EBF rate, use of vasopressors, inotropes, mechanical ventilation setting, 
presence of right heart failure, and the competence of the heart valves. Valvular heart disease is often present 
in patients with CS, either with causal relationship or as a concomitant and modulating disease. Severe AS can 
be a cause of CS, especially if decompensated with LV systolic dysfunction, or contribute to shock in case of 
acute myocardial injury of other etiology (e.g., myocardial infarction or myocarditis). Additionally, acute MR 

Figure 2.  Comparison of the effect of different levels of venoarterial extracorporeal membrane oxygenation 
(VA-ECMO) blood flow (EBF) on hemodynamic and left ventricular performance parameters in a porcine 
model of cardiogenic shock with aortic stenosis. (A) MAP, mean arterial pressure; (B) LVEDV, left ventricle 
end-diastolic volume; (C) LVESV, left ventricle end-systolic volume; (D) LVSV, left ventricle stroke volume; (E) 
LVEF, left ventricle ejection fraction; (F) dP/dtmax; (G) Ea, arterial elastance; (H) LVEDP, left ventricle end-
diastolic pressure; (I) AoPG, peak aortic pressure gradient.
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can clinically manifest as CS, and severe MR is often present as concomitant disease as a result of LV dilatation 
in advanced heart  failure16–18.

Increased VA-ECMO blood flow in CS with severe LV dysfunction and competent valves predominantly 
increases LVESV and reduces LVSV and LVEF; this phenomenon is largely explained by increased LV afterload 
at higher EBF  rates7,14,22. However, if severe AS is present, LV afterload is determined almost entirely by obstruc-
tion of the aortic valve and increased VA-ECMO blood flow does not translate into an elevation in LV afterload 
as demonstrated in our study where Ea was not significantly changed. This could also be a reason why we did 
not observe any changes in LV volumes with increasing EBF during the simulation of AS. Moreover, decreased 
preload caused by increased blood drainage from the right atrium at higher EBF can be responsible for reduced 
LVEDP in our study. Therefore, our data indicate that, in CS with severe AS, VA-ECMO restores systemic circula-
tion and, at the same time, unloades the left ventricle, prevents LV overload, and reduces the risk for pulmonary 
oedema. In clinical practice, VA-ECMO is frequently used as circulatory support in CS with  AS23–27, and our 
data support this approach from the haemodynamic perspective.

The situation is different in CS with severe MR. Increased EBF is associated with higher Ea and an incompe-
tent mitral valve enables translation of the effect of increased LV afterload to the left atrium. We did not record 
regurgitation volumes; however, we speculate that increased LV afterload at higher EBF resulted in increased 
regurgitation volume, which would fully explain our observation of unchanged LVESV and LVSV together with 
increased LVEDP. Importantly, higher LVEDP is associated with an increased risk for subsequent pulmonary 
oedema. Thus, preservation of LV function (LV volumes and LVEF) in CS with MR does not necessarily lead 
to stable haemodynamic conditions but more likely increased congestion. This effect could be even greater in 

Figure 3.  Comparison of the effect of different levels of venoarterial extracorporeal membrane oxygenation 
(VA-ECMO) blood flow (EBF) on hemodynamic and left ventricular performance parameters in a porcine 
model of cardiogenic shock with mitral regurgitation. (A) MAP, mean arterial pressure; (B) LVEDV, left 
ventricle end-diastolic volume; (C) LVESV, left ventricle end-systolic volume; (D) LVSV, left ventricle stroke 
volume; (E) LVEF, left ventricle ejection fraction; (F) dP/dtmax; (G) Ea, arterial elastance; (H) LVEDP, left 
ventricle end-diastolic pressure.
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predominantly LV failure where preserved RV would contribute to increased LV preload, hence increased LVEPD. 
Additionally, atrial septostomy (transseptal puncture), that we had to performe when introducing MR model, 
may have aleviated pulmonary congestion to some extent by venting left  atrium28. Furthermore, because LVSV 
was calculated from the PV loop and includes both transaortic flow volume and mitral regurgitation volume, 
stable LVSV does not reflect reduced transaortic flow and thus lower native CO at higher EBF. Our results, 
therefore, support the recommendation to not use VA-ECMO alone in MR but rather in combination with other 
devices such as the Impella  system18.

Our study had several limitations. We used a model of CS caused by global hypoxia that affects not only the 
left but also the right ventricle, causing severe biventricular systolic dysfunction. Therefore, our model differs 
from other large animal models of acute heart failure, which are primarily based on the development of myo-
cardial infarction by coronary artery occlusion; however, it reflects frequent clinical scenarios. On the other 
hand, acute MR or AS usually do not result in immediate right ventricular systolic dysfunction and therefore, 
hemodynamic consequences of cardiogenic shock caused by acute myocardial infarction may be different then 
in shock caused by hypoxia affecting both ventricles. Furthermore, LV ejections in our model supply with the 
hypoxemic blood not only coronary arteries but also carotid arteries at least during the initial phases of the 
hypoxic period. Hypoxic brain damage could therefore be anticipated. We cannot exclude that cerebral hypoxia 
may have influenced some of the mechanisms of central regulation of blood circulation. Moreover, we focused 
on the acute effects of VA-ECMO on haemodynamic and LV performance variables. We speculate that, especially 
in severe MR, long-term use of VA-ECMO may result in an increase in LV volumes and LV dilatation. A specific 
limitation of our study is also the non-administration of vasopressors even at very low blood pressure, which is 
not in accordance with clinical practice. Another important limitation of our study is the simulation of AS by 
balloon obstruction of aortic valve and MR by mechanical destruction of the mitral valve which does not reflect 
the processes that happen in real-life valvular heart disease patients with varying degrees of aortic valve opening 
area, and where the mitral valve is usually not destructed, but tethered and dilated (or showing prolapsing or flail 
segments), leading to significant variations in the degree of MR. Both AS and MR in our study were also simu-
lated sequentially in each individual animal; however, since the aortic valve obstruction was completely reversible 
and preceded the development of MR, it is unlikely that the observations in MR were significantly influenced 
by previous AS simulation. Our study also includes only eight experimental animals; however, changes in MAP 
and LV performance variables were uniformly expressed across all individual subjects. Finally, our experimental 
study was conducted in young and otherwise healthy animals. Therefore, caution is advised in translating our 
results to clinical scenarios involving patients with advanced heart failure, LV remodelling, and comorbidities.

Conclusion
Results of the present study indicate that the presence of valvular heart disease may alleviate the negative effect 
of VA-ECMO on LV performance. In CS with severe AS, VA-ECMO restored systemic circulation together with 
LV unloading and prevention of pulmonary oedema. In acute CS with severe MR, the restoration of systemic 
blood flow was associated with acutely preserved LV volumes and LVEF at the cost of increased LVEDP and, 
thus, higher risk for pulmonary oedema.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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Stress pulmonary circulation 
parameters assessed 
by a cardiovascular magnetic 
resonance in patients after a heart 
transplant
Lukáš Opatřil1,2,3, Roman Panovsky1,2,3,4*, Mary Mojica‑Pisciotti2, Jan Máchal2,5, Jan Krejčí1,3, 
Tomáš Holeček2,6, Lucia Masárová1,2,3, Věra Feitová2,6, Július Godava1, Vladimír Kincl1,2,3, 
Tomáš Kepák2,7, Gabriela Závodná3 & Lenka Špinarová1,3

Rest pulmonary circulation parameters such as pulmonary transit time (PTT), heart rate corrected 
PTT (PTTc) and pulmonary transit beats (PTB) can be evaluated using several methods, including 
the first‑pass perfusion from cardiovascular magnetic resonance. As previously published, up to 
58% of patients after HTx have diastolic dysfunction detectable only in stress conditions. By using 
adenosine stress perfusion images, stress analogues of the mentioned parameters can be assessed. 
By dividing stress to rest biomarkers, potential new ratio parameters (PTT ratio and PTTc ratio) can 
be obtained. The objectives were to (1) provide more evidence about stress pulmonary circulation 
biomarkers, (2) present stress to rest ratio parameters, and (3) assess these biomarkers in patients 
with presumed diastolic dysfunction after heart transplant (HTx) and in childhood cancer survivors 
(CCS) without any signs of diastolic dysfunction. In this retrospective study, 48 patients after HTx, 
divided into subgroups based on echocardiographic signs of diastolic dysfunction (41 without, 7 with) 
and 39 CCS were enrolled. PTT was defined as the difference between the onset time of the signal 
intensity increase in the left and the right ventricle. PTT in rest conditions were without significant 
differences when comparing the CCS and HTx subgroup without diastolic dysfunction (4.96 ± 0.93 s vs. 
5.51 ± 1.14 s, p = 0.063) or with diastolic dysfunction (4.96 ± 0.93 s vs. 6.04 ± 1.13 s, p = 0.13). However, 
in stress conditions, both PTT and PTTc were significantly lower in the CCS group than in the HTx 
subgroups, (PTT: 3.76 ± 0.78 s vs. 4.82 ± 1.03 s, p < 0.001; 5.52 ± 1.56 s, p = 0.002). PTT ratio and PTTc 
ratio were below 1 in all groups. In conclusion, stress pulmonary circulation parameters obtained from 
CMR showed prolonged PTT and PTTc in HTx groups compared to CCS, which corresponds with the 
presumption of underlying diastolic dysfunction. The ratio parameters were less than 1.

Abbreviations
BMI  Body mass index
b-TFE  Balanced turbo field echo
CCS  Childhood cancer survivors
CMR  Cardiovascular magnetic resonance
CNS  Central nervous system
CO  Cardiac output
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DD  Diastolic diameter
DD LV  Left ventricular diastolic diameter
HCM  Hypertrophic cardiomyopathy
HR  Heart rate
HTx  Heart transplant
HTx_A  Heart transplant without diastolic dysfunction subgroup
HTx_B  Heart transplant with diastolic dysfunction subgroup
IR-TFE  Inversion-recovery turbo field echo
LA  Left atrium
LAP  Left atrial pressure
LGE  Late gadolinium enhancement
LV  Left ventricle
LVEF  Left ventricular ejection fraction
LV LGE  Left ventricular late gadolinium enhancement
LVOT  Left ventricular outflow tract
LV SV  Left ventricular stroke volume
MRI  Magnetic resonance imaging
PBVI  Pulmonary blood volume index
PCWP  Pulmonary capillary wedge pressure
PH  Pulmonary hypertension
PSIR  Phase-sensitive inversion recovery
PTB  Pulmonary transit beats
PTB_S  Stress pulmonary transit beats
PTT  Pulmonary transit time
PTTc  Bazett’s formula corrected pulmonary transit time
PTT_S  Stress pulmonary transit time
PTTc_S  Bazett’s formula corrected stress pulmonary transit time
PTT ratio  Pulmonary transit time ratio
PTTc ratio  Bazett’s formula corrected pulmonary transit time ratio
ROIs  Regions of interest
RV  Right ventricle
RV SV  Right ventricular systolic volume
SAX  Short-axis
SI  Signal intensity
sPAP  Systolic pulmonary artery pressure
SSFP  Steady-state free precession
TE  Echo time
TR  Repetition time
TTE  Transthoracic echocardiography

Pulmonary circulation biomarkers obtained with non-invasive methods are not new themselves. Acquired by 
different modalities, including radionuclide  imaging1, contrast-enhanced transthoracic or transesophageal 
 echocardiography2,3, or computed  tomography4, they have been studied for decades.

One of the latest techniques to assess pulmonary circulation parameters is magnetic resonance imaging 
(MRI). Firstly, through MRI  angiography5, and later on by the first-pass perfusion from cardiovascular magnetic 
resonance (CMR)6–8. The latter option offers advantages such as using an already employed sequence and opens 
new opportunities with retrospective studies, although data are still limited.

From the analysis of rest perfusion images, biomarkers such as pulmonary transit time (PTT), pulmonary 
transit beats (PTB) and pulmonary blood volume index (PBVI), can be obtained. Likewise, by using adenosine 
stress perfusion images, their analogues, the stress pulmonary transit time (PTT_S) and the stress pulmonary 
transit beats (PTB_S), can also be determined. To our knowledge, so far, just one article reported stress param-
eters, but only in hypertrophic cardiomyopathy (HCM)7.

PTT has already shown to be increased in both heart failure with reduced and preserved ejection  fraction6,9. 
As previously published by Meluzin et al.10, by pulmonary capillary wedge pressure acquired by right heart cath-
eterization, 16% of patients after heart transplant (HTx) showed signs of diastolic dysfunction in rest condition, 
but in stress condition, another 58% showed these  signs10. Therefore, we hypothesise that in a population after 
HTx, the stress biomarkers will be prolonged compared to a group of patients without any signs of systolic or 
diastolic function impairment.

We further assume that in a healthy population, the stress pulmonary transit biomarkers should be shorter 
and assessing not only the absolute values of rest and stress parameters, but also their corresponding ratio could 
be valuable.

As far as we know, these biomarkers have not been studied before on patients after HTx or in the childhood 
cancer survivors (CCS).

This study aimed to (1) provide more evidence about stress pulmonary circulation biomarkers, (2) present 
and investigate stress to rest ratio parameters, and (3) assess these biomarkers in patients with presumed diastolic 
dysfunction after heart transplant (HTx) and in CCS without diastolic dysfunction.

  rejstřík



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:6130  | https://doi.org/10.1038/s41598-022-09739-z

www.nature.com/scientificreports/

Methods
Study design and population. This retrospective study was performed in accordance with the Declara-
tion of Helsinki (2000) of the World Medical Association. The Ethics Committee of the Faculty of Medicine, 
Masaryk University, confirmed that this study has been performed on data of patients already participating in 
other research studies with signed Informed Consent and therefore, according to the Czech legislation, no spe-
cific new approval of the ethics committee was required.

In this retrospective study, 48 subjects after HTx and 39 CCS patients were included. Detailed inclusion and 
exclusion criteria are shown in Table 1.

The HTx group consisted of patients who underwent HTx for different diagnoses and were being monitored 
at our center. In the first year after transplantation, a detailed follow-up, including myocardial biopsies and other 
examinations, took place. During the first-year check-up, they underwent more thorough examinations with 
CMR, including a stress perfusion test.

The CCS group were patients after cardiotoxic chemotherapy in young or adolescent age treated at the pae-
diatric oncology. Patients were treated with anthracyclines in 74.3%, the rest with Cisplatin and high dose 
Carboplatin. In terms of specific drugs, 93% of patients treated with anthracyclines received Doxorubicin. All 
subjects were examined and monitored at our department between the years 2016 and 2020. Only patients that 
after a thorough examination including transthoracic echocardiography (TTE) and CMR methods showed no 
signs of systolic or diastolic function impairment or another cardiac pathology were enrolled.

Inclusion criteria required a CMR examination with contrast methods and stress perfusion and TTE with-
out signs of pulmonary hypertension (PH) within 30 days of CMR. Stress perfusions were indicated to exclude 
coronary artery disease, since it was already detected in some patients treated with anthracyclines or alkylating 
 agents11,12 and were performed as part of the study.

Patients in the HTx group were divided into subgroups based on the presence of diastolic dysfunction signs 
from TTE.

Transthoracic echocardiography. All patients underwent the standard TTE exam, and all examinations 
were performed by experienced cardiologists in our center and according to the established guidelines.

Signs of PH were defined in accordance with 2015  guidelines13 as estimated pulmonary systolic artery pressure 
above 40 mmHg, calculated from tricuspid regurgitation jet velocity. The left ventricular diastolic dysfunction 
was defined as the presence of a grade II or higher diastolic dysfunction assessed by Doppler echocardiography 
of transmitral velocities of transmitral flow and tissue Doppler imaging of mitral annular velocity.

CMR protocol. The CMR studies were performed similarly as in the case of previous articles from our 
 workplace14—with the standard protocol using 1.5  T scanners (Ingenia, Philips Medical Systems, Best, The 
Netherlands) equipped with 5- and 32-element phased-array receiver coils allowing for the use of parallel acqui-
sition techniques in the supine position in repeated breath-hold. Functional imaging using balanced steady-
state free precession (SSFP, b-TFE) cine sequences included four-chamber, two-chamber and left ventricular 
outflow tract (LVOT) long-axis views, and a short-axis (SAX) stack from the cardiac base to the apex in the 
plane perpendicular to the LV long axis. Wall motion abnormalities were visually assessed. LV functional and 
morphological parameters were calculated from the SAX stack using the summation-of-disc methods following 
the recommendations on post-processing evaluation from the Society for Cardiovascular Magnetic  Resonance15.

Late gadolinium enhancement (LGE) images in all long-axis views and the SAX stack were acquired 10 min 
after an intravenous bolus of a total 0.2 mmol/kg (stress and rest dual-boluses for perfusion and the bolus of 
remaining contrast injected after the rest perfusion) of the gadolinium-based contrast agent gadobutrol (Gadovist, 
Bayer-Schering Pharma, Germany) using inversion-recovery turbo field echo sequence (IR-TFE) and, in case 
of doubt, also by phase-sensitive inversion recovery (PSIR) TFE. Both 2-dimensional and 3-dimensional data 
acquisitions were performed. LGE was defined as an area of visually identified contrast enhancement higher 
than the mean signal intensity of an adjacent area of the reference myocardium.

CMR stress perfusion. CMR first‐pass contrast‐enhanced myocardial perfusion images were acquired by a 
b-TFE sequence in three SAX sections (basilar, midventricular, and apical) with these parameters: field of view 
300 × 300 mm, reconstruction matrix 224, slice thickness 10 mm, acquisition voxel size 2.5 × 2.5 mm, time to 
repetition (TR) ≈ 2.2 ms, echo time (TE) ≈ 1.1 ms, flip angle 50°, SENSE factor 2.3, number of dynamics = 90, 

Table 1.  Inclusion and exclusion criteria. CMR cardiovascular magnetic resonance, CCS childhood cancer 
survivors, HTx heart transplant group, sPAP systolic pulmonary artery pressure.

Inclusion criteria Exclusion criteria

HTx CCS HTx CCS

1 year ± 30 days after HTx Adults after cardiotoxic chemotherapy in childhood sPAP > 40 mmHg sPAP > 40 mmHg

Stress CMR perfusion available Stress CMR perfusion available – Any signs of systolic or diastolic impairment

Echocardiographic examination including E/E’, E/A 
measurement and pulmonary systolic artery pressure 
assessment

Echocardiographic examination including E/E’, E/A 
measurement and pulmonary systolic artery pressure 
assessment

-

 ≤ 30 days between CMR and echocardiography  ≤ 30 days between CMR and echocardiography
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non-shared saturation prepulse. Stress perfusion was acquired after a 4 min adenosine infusion at 140 μg/kg/
min. Rest perfusion was acquired 10 min after the stress perfusion with the same parameters. MR perfusion was 
performed during a dual-bolus administration of gadolinium-based contrast agent gadobutrol. The dual-bolus 
protocol was adapted from Ishida et al.16. A volume and rate of 0.005 mmol/kg and 4 ml/s for the pre-bolus and 
0.05 mmol/kg and 4 ml/s for the main-bolus were used. Stress and rest volumes and rates were matched.

Pulmonary circulation biomarkers analyses. The PTT values were estimated from SAX rest and stress 
first-pass perfusion images, using an in-house developed algorithm implemented in  MATLAB® 9.8 (R2020a) 
(The Mathworks Inc., Natick, MA, USA). The images were acquired without breath-hold. The analysis starts with 
applying a motion correction algorithm to optimize imaging registration and avoid potential contamination 
from pixels in the blood pool. The algorithm initially performs a rigid transformation to improve the misalign-
ment present in the images and ease the following registration steps. Subsequently, an affine transformation, 
optimized according to the One Plus One Evolutionary  strategy17, is applied. The method generates a modifica-
tion in the image using a current transformation (parent) and a newer one (descendant). Then, it estimates the 
similarity value, and according to it, keeps the parent or the descendant for a new evolutionary step. Finally, 
the algorithm uses mutual information as a similarity  criterion18. The registration accuracy is visually assessed. 
Regions of interest (ROIs) in the right ventricle (RV) and the LV are manually traced in both the rest and stress 
corrected images for the mid-ventricular slice and, in case of repetitive misregistration, in the basal one. The 
ROIs automatically propagate throughout the stack of images, their average is computed in each one, and signal 
intensity (SI) curves vs time are obtained. The algorithm recognizes the maximum SI value in each case and 
determines a threshold (5–10% of the maximum) for establishing the onset SI. The measurement was done con-
sidering the main bolus of the dual bolus technique and confirmed with the pre-bolus. PTT was defined as the 
difference between the onset time in the LV and the RV, and PTB is the number of frames between these times 
(see Fig. 1). The PBVI, in ml/m2, was calculated as the product of the PTB and the RV stroke volume (RV SV), 
divided by the body surface  area8.

The pulmonary transit time ratio (PTT ratio) and pulmonary transit time ratio with heart rate (HR) correc-
tion (PTTc ratio) were calculated.

Where applicable, Bazett’s formula (19), commonly used to standardize the QT interval across different heart 
rates, was used to correct the values for HR as previously reported by Ricci et al.7. The formula considers a PTT 
or PTT_S at a given heart rate and normalizes it by the square root of the corresponding RR interval per second, 
i.e., ⎷(RR interval/1 s)19. Therefore, the corrected parameters are PTTc (s) = PTT (s)/⎷(RR interval/1 s) and 
PTTc_S (s) = PTT_S (s)/⎷ (RR interval/1 s). Ratio parameters (PTT ratio and PTTc ratio) were calculated as 
stress parameters divided by rest parameters; therefore, PTT ratio = PTT_S/ PTT and PTTc ratio = PTTc_S/ PTTc.

Statistical analysis. The categorical data were compared using the χ2 test. In case the null hypothesis was 
refuted, a series of three Fisher exact tests followed by Bonferroni correction was employed. The continuous data 

Figure 1.  Schematics of the calculation of pulmonary transit time (PTT). (A) Region of interests manually 
traced in the right ventricle (RV, blue) and the left ventricle (LV, red). (B) Simulated data of the signal intensity 
(SI) vs time for the RV and LV. The maxima of the SI are marked. The PTT is the difference between the onsets, 
determined as the signal at 10% of the maximum values. (C) Example of the detection of the onset points in the 
corrected images. Only a fraction of the images is shown.
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generally followed the Gaussian distribution, as assessed by the Kolmogorov–Smirnov test and visual inspec-
tion of histograms. In the case of R-R intervals, square root transformation was applied. One-way ANOVA was 
used to compare the groups, followed by Tukey Post-hoc test for unequal N. Discrete data (PTB, PTB_S) were 
assessed using the Kruskal–Wallis test and the Dunn Post-hoc test. In all cases, α = 0.05 was used to define a 
statistically significant result.

Results
Patient’s population. Basic clinical, TTE and CMR group characteristics are summarized in Table 2.

In the CCS group, no patient showed signs of diastolic dysfunction. The most common indications for treat-
ment were Hodgkin lymphoma (11 patients, 28%) followed by Non-Hodgkin lymphoma (9 patients, 23%) and 
acute lymphocytic leukaemia (7 patients, 18%).

In the HTx group, seven patients showed grade II or higher diastolic dysfunction. The HTx population 
was divided based on the presence of diastolic dysfunction as a subgroup without (HTx_A) and another with 
(HTx_B).

The most common indication for HTx was dilated cardiomyopathy (30 patients, 63%), followed by ischemic 
heart disease (7 patients, 15%).

Since the number of patients included in HTx_B subgroup was relatively low, we also compared the whole 
HTx group with the CCS.

Pulmonary circulation biomarkers. The retrospective analysis of biomarkers was successful in all 
cases, and no adverse effects of adenosine application were observed.The CCS patients showed biomarker val-
ues as follows: PTT 4.96 ± 0.93 s, PTB 5.82 ± 0.91, PTT_S 3.76 ± 0.78 s, for the HTx group: PTT 5.59 ± 1.14 s, 
PTB 7.40 ± 1.65, PTT_S 4.92 ± 1.13  s, for the HTx_A population: PTT 5.51 ± 1.14  s, PTB 7.22 ± 1.62, PTT_S 
4.82 ± 1.03 s and lastly for HTx_B population: PTT 6.04 ± 1.13 s, PTB 8.43 ± 1.51 and PTT_S 5.52 ± 1.56 s. Both 
PTTc and PTB in the CCS group were significantly lower than in the HTx and both HTx_A and the HTx_B 
subgroups. PTT showed significantly lower values only in the case of HTx and CCS group, when comparing 
to subgroups lower values without statistical significance were shown. In the case of stress parameters, both 
PTT_S and PTTc_S were significantly lower in the CCS group than in the HTx groups. The comparison between 
HTx_A and HTx_B shows trend toward lower values in the first group but without statistical significance. The 
PTT ratio was significantly lower in the CCS than in the HTx group and HTx_A subgroup.

Table 2.  Baseline clinical, TTE and CMR parameters. Values are presented as mean ± SD unless otherwise 
indicated. Statistically significant p values are in bold. BMI body mass index, LVEF left ventricular ejection 
fraction, LV SV left ventricular stroke volume, DD LV left ventricular diastolic diameter, RV SV right 
ventricular systolic volume, LV LGE left ventricular late gadolinium enhancement, TTE transthoracic 
echocardiography, CMR cardiovascular magnetic resonance, CCS childhood cancer survivors, HTx heart 
transplant group, HTx_A heart transplant without diastolic dysfunction subgroup, HTx_B heart transplant 
with diastolic dysfunction subgroup.

CCS HTx_A HTx_B HTx p (CCS vs. HTx_A) p (CCS vs. HTx_B) p (HT_A vs. HTx_B) p (CCS vs. HTx)

Clinical parameters

Number of patients 39 41 7 48 NA NA NA NA

Age (years) 24. 7 ± 4.6 51.4 ± 12 51.2 ± 14 51.4 ± 12.1  < 0.001  < 0.001  > 0.99  < 0.001

Height 172.7 ± 7.3 175.6 ± 8.9 172.7 ± 10.3 175.2 ± 9.2 0.31  > 0.99 0.8 0.15

Weight (kg) 68.1 ± 14 84.5 ± 15.5 89.6 ± 13.8 85.2 ± 15.5  < 0.001 0.02 0.79  < 0.001

Gender (male), n (%) 30 (77) 34 (83) 6 (86) 40 (83) 0.60  > 0.99  > 0.99 0.59

BMI (kg/m2) 22.8 ± 4.3 27.3 ± 4.1 30.0 ± 3.8 27.7 ± 4.1  < 0.001 0.004 0.44  < 0.001

LVEF (%) 62.7 ± 5.8 62.7 ± 4.8 59.7 ± 6.6 62.3 ± 5.1 0.91 0.47 0.57 0.41

E/A ratio 1.56 ± 0.46 1.62 ± 0.4 1.92 ± 0.79 1.66 ± 0.48 0.98 0.48 0.51 0.31

E/E´ ratio 6.12 ± 1.19 8.7 ± 1.81 14 ± 7.9 9.58 ± 3.98  < 0.001  < 0.001  < 0.001  < 0.001

DD LV (mm) 42.03 ± 4.38 45.88 ± 4.92 45.29 ± 3.77 45.79 ± 4.74  < 0.001 0.37 0.97  < 0.001

CMR parameters

LVEF (%) 60 ± 6 69.7 ± 6.7 59.6 ± 10.7 68.2 ± 8.1  < 0.001 0.99 0.018  < 0.001

LV SV (mL) 78.5 ± 18.5 68.1 ± 15.3 60 ± 14.3 66.9 ± 15.3 0.021 0.11 0.64 0.002

RV SV (%) 74.7 ± 16.9 70.3 ± 15.8 59.4 ± 15.4 68.7 ± 16.1 0.46 0.19 0.43 0.096

LV LGE, n (%) 0 (0) 5 (12) 2 (28.6) 7 (15) NA NA NA NA

Heart rate (bpm), rest 74.1 ± 13.4 82.2 ± 11.9 84.9 ± 9.8 82.1 ± 11.6 0.016 0.26 0.92 0.002

Heart rate (bpm), stress 103.5 ± 17.1 91.1 ± 10.1 91.1 ± 12.7 91.1 ± 10.3  < 0.001 0.22  > 0.99  < 0.001

Rest cardiac output (L/min) 5.33 ± 1.53 5.76 ± 1.24 6.36 ± 1.25 5.87 ± 1.27 0.65 0.48 0.72 0.23

Stress cardiac output (L/min) 11.62 ± 2.08 8.11 ± 1.64 8.22 ± 1.88 8.13 ± 1.87 0.002 0.53 0.91  < 0.001

Adenosine-induced perfusion 
defects, n (%) 0 (0) 2 (4.9) 0 (0) 2 (4.2) NA NA NA NA
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In addition, PTT-derived parameters did not significantly correlate with cardiac output (CO) at rest, but cor-
related with the stress CO. There was a difference between the CCS and the HTx group and HTx_A subgroup 
in the values of stress CO. There was no difference in the resting values.

The complete results are summarized in Table 3. Boxplots for rest and stress transition times and derived 
ratio parameters are shown in Fig. 2.

Rest parameters. The average PTT in the CCS group was not significantly lower neither in the HTx_A 
(4.96 ± 0.93 s vs. 5.51 ± 1.14 s, p = 0.063) nor the HTx_B group (4.96 ± 0.93 s vs. 6.04 ± 1.13 s, p = 0.13). Although 
values were lower in the HTx_A subgroup than the HTx_B, the differences did not meet conventional levels of 
statistical significance.

PTTc, on the other hand, was significantly lower in both cases (5.45 ± 0.87 s (CCS) vs. 6.41 ± 1.3 s, p < 0.001 
(HTx_A) and vs. 7.15 ± 1.2 s, p = 0.015 (HTx_B) and the same applies for PTB (5.82 ± 0.91 (CCS) vs. 7.22 ± 1.62, 
p < 0.001 (HTx_A) and vs. 8.43 ± 1.51, p < 0.001 (HTx_B)). The comparison between HTx_A and HTx_B shows 
lower values in the first group but without statistical significance. There were no differences in PBVI values.

When comparing CCS and the HTx group as whole, the results copy those of comparing CCS and HTx_A 
subgroup with 1 exception—PTT was significantly prolonged in the HTx group.

Stress parameters. Both PTT_S and PTTc_S were significantly lower in the CCS group than in the HTx 
groups: PTT_S 3.76 ± 0.78 s (CCS) vs. 4.82 ± 1.03 s, p < 0.001 (HTx_A) and vs. 5.52 ± 1.56 s, p = 0.003 (HTx_B) 
and PTTc_S: 4.89 ± 0.89 s (CCS) vs. 5.9 ± 1.14, p < 0.001 (HTx_A) and vs. 6.71 ± 1.63, p = 0.006 (HTx_B).

PTB_S showed lower values in the CCS group, but without statistical significance (6.46 ± 1.07 (CCS) vs. 
6.85 ± 1.51, p = 0.78 (HTx_A) and vs. 7.86 ± 2.04, p = 0.19 (HTx_B). Similarly to the rest parameters, the compari-
son between HTx_A and HTx_B shows lower parameters in the first group, but without statistical significance.

Comparison of CCS and HTx group shows the same results as in the HTx_A group, both PTT_S and PTTc_S 
were significantly lower in the CCS group, PTB_S showed lower values without statistical significance.

Ratio parameters. The PTT ratio was significantly lower in the CCS than in the HTx_A subgroup 
(0.77 ± 0.14 vs. 0.88 ± 0.14, p = 0.002) and HTx group as well (0.77 ± 0.14 vs. 0.89 ± 0.14, p < 0.001). Lower param-
eters without statistical significances were shown when comparing the CCS and the HTx_B groups (0.77 ± 0.14 
vs. 0.91 ± 0.14, p = 0.20). Although there were no significant differences between the groups in the case of the 
PTTc ratio, the PTT ratio and the PTTc ratio were below 1 in all groups, which means PTT_S times were shorter 
than the rest values.

Regarding the BMI, no statistical significance in any group or parameter was found with only 1 exception—a 
positive correlation of BMI with PTTc ratio in the CCS group (r = 0.49, p = 0.002). In addition, age did not cor-
relate with PTT-derived parameters in any group (all r values < 0.2, all p values > 0.05).

Discussion
The main goals of this study were to provide more evidence about pulmonary circulation parameters acquired 
by first-pass perfusion CMR, to investigate stress parameters in the HTx population as a potential marker of 
diastolic dysfunction and to compare rest and stress parameters and present ratio parameters as potential new 
biomarkers. The main finding was that stress pulmonary circulation times with and without Bazett’s formula 
correction were shorter than rest times contrary to the only published article including stress  data7. Additionally, 
more data about pulmonary circulation parameters in new populations and ratio parameters were presented. 

Table 3.  Pulmonary circulation biomarkers. Values are presented as mean ± SD unless otherwise indicated. 
Statistically significant p values are in bold. PTT pulmonary transit time, PTTc Bazett’s formula corrected 
pulmonary transit time, PTB pulmonary transit beats, PBVI pulmonary blood volume index, PTT_S stress 
pulmonary transit time, PTTc_S Bazett’s formula stress pulmonary transit time, PTB_S stress pulmonary 
transit beats, PTT ratio pulmonary transition time ratio, PTTc ratio Bazett’s formula corrected pulmonary 
transition time ratio, HTx heart transplant group, HTx_A heart transplant without diastolic dysfunction 
subgroup, HTx_B heart transplant with diastolic dysfunction subgroup.

CCS HTx_A HTx_B HTx
p (CCS vs. 
HTx_A)

p (CCS vs. 
HTx_B)

p (HT_A vs. 
HTx_B)

p (CCS vs. 
HTx)

PTT (s) 4.96 ± 0.93 5.51 ± 1.14 6.04 ± 1.13 5.59 ± 1.14 0.063 0.13 0.61 0.007

PTTc (s) 5.45 ± 0.87 6.41 ± 1.3 7.15 ± 1.2 6.52 ± 1.30  < 0.001 0.015 0.44  < 0.001

PTB 5.82 ± 0.91 7.22 ± 1.62 8.43 ± 1.51 7.40 ± 1.65  < 0.001  < 0.001 0.38  < 0.001

PBVI (mL/
m2) 238.98 ± 51.88 252.39 ± 64.32 245.26 ± 71.09 241.78 ± 64.60 0.58 0.98 0.97 0.32

PTT_S (s) 3.76 ± 0.78 4.82 ± 1.03 5.52 ± 1.56 4.92 ± 1.13  < 0.001 0.003 0.37  < 0.001

PTTc_S (s) 4.89 ± 0.89 5.9 ± 1.14 6.71 ± 1.63 6.02 ± 1.24  < 0.001 0.006 0.33  < 0.001

PTB_S 6.46 ± 1.07 6.85 ± 1.51 7.86 ± 2.04 7.00 ± 1.61 0.78 0.20 0.65 0.13

PTT ratio 0.77 ± 0.14 0.88 ± 0.14 0.91 ± 0.14 0.89 ± 0.14 0.002 0.18 0.96  < 0.001

PTTc ratio 0.91 ± 0.16 0.93 ± 0.16 0.93 ± 0.13 0.93 ± 0.15 0.80 0.96  < 0.99 0.51
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Since ratio biomarkers are calculated as the ratio of stress and rest values, they describe the heart reaction to 
adenosine-induced pharmacological stress.

In previously published  data7, only HR corrected PTT time was assessed from stress biomarkers and it showed 
prolongation or no change compared to HR corrected PTT rest time. In the whole study population of 69 HCM 
patients, the results showed overall prolongation of PTT stress time. When divided into subgroups based on left 
atrial pressure (LAP), the corrected PTT stress was prolonged in patients with normal LAP, and in increased 
LAP, the values stayed roughly the same. Therefore, the calculated corrected PTT ratio would have been higher 
than 1 or close to 1 for this population.

In this study, all presented groups had PTT and PTTc ratios lower than 1, and therefore stress biomarkers were 
shorter, which is in contrary. One explanation could be based on the diastolic dysfunction in the HCM group. 
However, this difference is certainly a matter of discussion. Although adenosine indeed induces vasodilation in 
pulmonary circulation as the authors  claim7, its overall effect on the myocardium and circulation itself is still 
debatable and more complex. The HR increase is well  documented20,21, and our data are no exception. However, 
its effect on contractility is quite controversial. Some studies showed a positive outcome on  contractility22 or 
stated it affects beta-receptors as  well23, while others claim it has an indirect effect on contractility but no beta-
receptor  activity24. Apart from a direct reaction on the myocardium, recent reports focused on its repercussions 
in the central nervous system (CNS), mainly in the nucleus tractus solitarius but other parts of CNS as  well25, 
and its possible influence on baroreflex via  CNS26. However, most of the studies were on rats or mice models 
or isolated myocardial cells, and for example, the effect on baroreflex could be indirect via hypotension from 
vasodilatation resulting in increasing HR and contractility of the myocardium. This truly complex problem is 
quite beyond the scope of this paper to discuss in all the possibilities.

Overall, we presume that in a healthy population, stress biomarkers such as PTT_S should be shorter than 
their rest analogues, therefore, ratio biomarkers should be less than 1, and they could be potentially used as 
additional markers of the myocardial reserve and/or diastolic dysfunction. However, further research, including 
a comprehensive healthy population, is needed.

We hypothesized underlying diastolic function impairment in patients after HTx and the feasibilty of using 
pulmonary circulation and potentially ratio parameters to assess it. During diastole, the LV receives blood from 

Figure 2.  Pulmonary transit time parameters including stress and ratio biomarkers. The figure shows the 
comparison of pulmonary transit time (PTT) (s), stress pulmonary transit time (PTT_S) (s), pulmonary transit 
time ratio (PTT ratio) and heart rate corrected derived parameters (PTTc (s), PTTc_S (s) and PTTc ratio). 
Statistical analysis followed the corresponding methods section, α = 0.05 defined a statistically significant result. 
The average PTT in the childhood cancer survivors (CCS) group was not significantly lower than in the heart 
transplant without diastolic dysfunction subgroup (HTx_A) or heart transplant with diastolic dysfunction 
subgroup (HTx_B). PTTc, on the other hand, was significantly lower in both cases. Both PTT_S and PTTc_S 
were significantly lower in the CCS group than in the HTx subgroups. Stress transition times were shorter than 
rest times, and therefore ratio parameters were below 1 in all groups.
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the left atrium (LA). LV diastolic dysfunction leads to the impairment of its filling function, therefore filling 
pressure in the LV is increased, which leads to increased pressure in the LA as well. This corresponds with 
increasing of the pulmonary capillary wedge pressure (PCWP). When PCWP is increased, the whole process 
of blood circulating through the pulmonary circulation is supposedly impaired as well, resulting in longer PTT 
times. This mechanism is supposedly more appreciable in stress conditions, which agrees with our results and 
also possibly explains the difference in stress CO between CCS and HTx_A.

As Meluzin et al.  reported10—16% of HTx subjects had signs of diastolic dysfunction in rest conditions (14.6% 
in this study), but other 58% showed signs of diastolic impairment in stress  conditions10. While the difference in 
PTT was not significant, PTTc, PTT_S and PTTc_S were significantly lower in the CCS group than the HTx_A 
subgroup, which follows our assumption. In addition, both rest and stress transit times reported by Ricci et al. 
in HCM patients were  higher7. Since LV hypertrophy in HCM patients is most commonly paired with diastolic 
dysfunction, these results further strengthenour assumptions.

The lower PTT ratio, while constant PTTc ratio between groups, could be influenced by the difference in HR 
and the results could be affected by the heart denervation in the HTx population, but that would not explain 
the tendency to higher values in the HTx_B group with diastolic dysfunction as to the HTx_A. Combined with 
the prolongation of stress parameters, and thus ratio parameters around 1 or more, as reported by Ricci et al. in 
HCM  patients7, this further-more points to diastolic function impairment as the explanation.

However, additional studies with different populations are necessary to confirm these results.
In all cases, no statistically significant differences were found when comparing the HTx_A and the HTx_B 

groups. However, in cases such as for the PTTc (6.41 ± 1.3 s vs. 7.15 ± 1.2 s, p = 0.44) or PTTc_S (5.9 ± 1.14 s vs. 
6.71 ± 1.63 s, p = 0.33), a tendency towards lower values in HTx_A was observed. This is limited by the number 
of patients included in the HTx_B group. Although this number of patients with diastolic dysfunction included 
was relatively small, impacting the implications of the results, the proposed method illustrates the feasibility of 
including pulmonary circulation biomarkers as an additional method to assess diastolic dysfunction.

Since the limited number of subjects in HTx_B subgroup, HTx group as whole was included and compared 
with CCS group—the results resembled the comparison of CCS and HTx_A group with the excemption of the 
PTT, which was significantly longer in the HTx group. This result further documents an assumption of the influ-
ence of an underlying dysfunction.

It is not completely clear whether to prefer HR-corrected PTT times or not. In Ricci’s study, both rest times 
and only corrected stress PTT times were  reported7, and in Houard et al.6 no HR correction was applied at all. 
We believe both alternatives are justified. While PTB could be a form of overriding the effect of HR in counting 
the number of cycles, for the stress parameters and ratios, we think that both possibilities are valid and should 
be acquired.

It is also possible to evaluate these biomarkers from the peak-to-peak time interval in the signal intensity 
curve. However, we opted for the onset assessment because the first appearance of the contrast showed good 
reproducibility.

To our knowledge, only one other study acquiring pulmonary circulation stress biomarkers was published to 
date, and therefore, with 87 patients included, this is one of the first larger CMR-based studies involving stress 
circulation parameters. However, more studies have to be made to confirm our results, including different groups 
with reduced LVEF, other diagnoses, and an aged-match healthy control group, although applying adenosine to 
a healthy control group could prove ethically problematic. On the other hand, when using the presented or an 
earlier developed method, a center with a relatively high number of stress perfusions could comfortably conduct 
other studies retrospectively to gather more data about stress circulation biomarkers. As far as we know, these 
parameters have never been studied before in CCS or HTx patient groups.

Study limitations. We acknowledge there are limitations to this study. It was a single-center retrospective 
study, but arguably the principal constrain is the participant’s selection: CCS and HTx. CCS cannot be reffered to 
as a healthy control group. Although in thorough examinations no signs of systolic or diastolic function impair-
ment, other pathological results or any other cardiac function impairment were observed, patients included 
underwent potentially cardiotoxic chemotherapy. Their comparability is further limited by basic clinical param-
eters, mainly age and BMI. However, in neither group the age correlated with pulmonary circulation biomarkers, 
and the BMI correlated only with the PTTc ratio in the CCS group. Also, selecting patients after HTx could lead 
to bias with the adenosine effect on a denervated heart. Data on using adenosine or regadenoson on subjects 
after HTx is limited. In older studies, a hypersensitivity was  described27, but it seems safe to administer  it28. A 
newer study from Spain showed its use in the case of stress perfusion as well, although HTx patients presented a 
lower myocardial perfusion reserve index in comparison to healthy  controls29. Furthermore, although the num-
ber of participants with diastolic dysfunction (HTx_B group) was low, impacting the implications of the results, 
the proposed method illustrates the feasibility of including pulmonary circulation biomarkers as a potential 
additional approach to assess diastolic dysfunction.

Ethics approval and consent to participate. This retrospective study was performed in accordance 
with the Declaration of Helsinki (2000) of the World Medical Association. The Ethics Committee of the Faculty 
of Medicine, Masaryk University, confrmed under reference number 02082021, that this study has been per-
formed on data of patients already participating in other research studies with signed Informed Consent about 
using their data anonymously for research purposes and therefore according to the Czech legislation, no specific 
new approval of the ethics committee was required. Only participants who signed written Informed Consent 
about using their data anonymously for research purposes were enrolled in the study. No patient from poten-
tially vulnerable group was enrolled in the study.
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Conclusions
The study provided more evidence about pulmonary circulation parameters acquired by first-pass perfusion 
CMR, investigated stress parameters in an HTx population as a potential marker of diastolic dysfunction and 
presented ratio parameters as potential new biomarkers.

The results showed lower values of PTTc, PTT_S and PTTc_S in the CCS group, corresponding with the 
presumption of underlying diastolic dysfunction in HTx patients. As assumed, contrary to the data published 
for HCM  patients7, both PTT_S and PTTc_S times were shorter than their rest analogues in all groups, and 
therefore the PTT ratio and the PTTc ratio were less than 1.

Data availability
The datasets analysed during the current study are available from the corresponding author upon reasonable 
request.
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ABSTRACT

BACKGROUND AND PURPOSE: Carotid artery near-occlusion is a type of severe stenosis with complete or partial distal luminal
collapse and intracranial collaterals. This study aimed to compare 30-day outcomes and 10-year survival in patients undergoing ca-
rotid artery stenting for near-occlusion with a control group of patients with severe stenosis.

MATERIALS AND METHODS: We used data from a registry of 639 patients who underwent 789 carotid artery stenting procedures
between 2005 and 2021. The primary end point was any stroke or death within 30 days after carotid artery stenting. Patients were
matched using propensity scores based on 6 variables.

RESULTS: Propensity score matching yielded 84 subjects in the near-occlusion group matched with 168 subjects in the control
group. In the matched cohort, the primary end point occurred in 7 (8.3%) and 11 (6.6%) patients in the near-occlusion and control
groups, respectively (P ¼ .611). In the unmatched cohort, the primary end point occurred in 7 (8.3%) and 19 (4.1%) patients (P ¼ .101).
Survival in the near-occlusion group versus the control group in the matched cohort at 5 and 10 years was 69.8% (95% CI, 58.0%–
78.8%) versus 77.3% (95% CI, 70.0%–83.1%) and 53.3% (95% CI, 39.9%–65.0%) versus 53.3% (95% CI, 44.5%–61.4%) (log-rank, P ¼ .798).

CONCLUSIONS: Carotid stent placement in patients with ICA near-occlusion was not associated with an increased 30-day risk of
stroke or death compared with severe stenosis. Survival up to 10 years after carotid artery stenting was similar in both groups.

ABBREVIATIONS: CAS ¼ carotid artery stenting; ECA ¼ external carotid artery; ESC ¼ European Society of Cardiology; ESVS ¼ European Society for
Vascular Surgery

Carotid artery near-occlusion is a type of severe stenosis with
complete or incomplete distal luminal collapse and intra-

cranial collaterals.1 Various terms have been used to describe
near-occlusion: subtotal stenosis or occlusion, functional occlu-
sion, string sign, slim sign, critical stenosis, and others.2

Calculating the percentage stenosis for ICA near-occlusion
according to the NASCET criteria3,4 is a fallacious approach.
Near-occlusion can be confused with complete occlusion or
severe stenosis when imaging with CTA or sonography is
suboptimal.4 The multitude of terms, subtle variation in the def-
inition, and diagnostic ambiguity lead to uncertainty about the
true incidence, prognosis, and optimal treatment of ICA near-

occlusion. Some early observational studies5,6 suggested that
near-occlusion carries a high risk of stroke and should be
promptly recognized and treated by endarterectomy. This sugges-
tion was later negated by the re-analysis of the NASCET and the
European Carotid Surgery Trial.3,7 Patients with near-occlusion
were either excluded or not assessed or reported in further
randomized clinical trials comparing surgery or conservative
treatment of asymptomatic stenosis.2 Both current European and
American guidelines state that there is no clear evidence that end-
arterectomy or carotid artery stenting (CAS) prevents stroke in
patients with near-occlusion of the ICA.8,9 Another position
paper admits that the prognoses of asymptomatic near-occlusion
and periprocedural risks of CAS or endarterectomy are unkn-
own.10 A recent meta-analysis showed that the 30-day risk of
stroke or death after endarterectomy or CAS for symptomatic
ICA near-occlusion was 2%.11

In this study, we report 30-day outcomes after CAS in patients
with ICA near-occlusion and compare them with a control group
of patients with severe stenosis after CAS using a propensity score
matching analysis. Additionally, we report 10-year survival after
CAS.
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MATERIALS AND METHODS
We retrospectively analyzed data from a single-center (Motol
University Hospital) registry of 639 patients who underwent 789
CAS procedures between 2005 and 2021. Patients who had bilateral
CAS or CAS for in-stent restenosis were excluded from the analysis.
Some of the patients were included in previous studies.12-16

Patient Assessment, Procedure, and Follow-up
Patients were referred to carotid angiography and CAS by a neu-
rologist, cardiologist, or vascular surgeon on the basis of Doppler
sonography and/or CTA. Patient characteristics are listed in Table
1, and their medication before CAS is found in the Online
Supplemental Data. Stenosis was quantified angiographically
according to the NASCET criteria.3 Inclusion criteria were symp-
tomatic ($50%) or asymptomatic ($70%) stenosis of the ICA in
a patient who was considered eligible for CAS. Carotid stenosis
was considered symptomatic if the patient had a stroke, TIA, or
amaurosis fugax ipsilateral to the stenosis in the previous
6months. All patients provided written informed consent for the
procedure. Procedures were performed via the femoral artery
using a 7F or 8F guiding catheter or a long 6F sheath. The antith-
rombotic regimen included administration of 500mg of aspirin
and 300mg of clopidogrel before CAS in naïve patients; a bolus of
heparin (70 IU/kg) was administrated at the beginning of CAS.
Types and manufacturers of stents and embolic protection devices

were at the operator’s discretion and current availability. Detailed
angiographic and procedural characteristics are listed in the
Online Supplemental Data. After CAS, patients were examined by
a physician, and all symptomatic patients were examined by a
neurologist. Postprocedural CTA or MR imaging was performed
in all cases of clinically suspected stroke. Patients were discharged
with dual antiplatelet therapy for 1 month and single antiplatelet
therapy and high-dose statin therapy life-long. Follow-up con-
sisted of a history and review of medical documentation if the
patient had neurologic symptoms and Doppler sonography at 1,
6, and 12months after CAS. Information about vital status was
retrieved from the National Death Index. In the deceased patients,
cause of death was adjudicated as cardiovascular or noncardi-
ovascular. The study was conducted in accordance with the
Declaration of Helsinki principles.

Definitions and End Points
Patients in the registry were divided into near-occlusion and con-
trol groups. Angiographic criteria described in the NASCET2,3

were used to distinguish near-occlusion from conventional steno-
sis: 1) partial or complete collapse of the distal lumen (diameter
of the ipsilateral distal ICA less than that of the contralateral dis-
tal ICA), 2) diameter of ipsilateral distal ICA less than that of the
ipsilateral external carotid artery (ECA), 3) delayed filling of the
ipsilateral distal ICA, and 4) intracranial collaterals (Fig 1). Two

Table 1: Patient characteristics

Unmatched Cohort Matched Cohort

Near-Occlusion

(n = 84 Patients)

Control Group

(n = 460 Patients) P Value

Near-Occlusion

(n = 84 Patients)

Control Group

(n = 168 Patients) P Value

Age (mean) (yr) 70.3 (SD, 9.7) 68.6 (SD, 8.3) .091 70.3 (SD, 9.7) 70.2 (SD, 7.7) .943

Men 68% 65% .620 68% 64% .576

Current smokers 43% 40% .629 43% 37% .411

Arterial hypertension 88% 88% 1.000 88% 88% 1.000

Total plasma cholesterol level (mean)

(mmol/L)

4.4 (SD, 1.1) 4.2 (SD, 1.0) .126 4.4 (SD, 1.1) 4.4 (SD, 1.1) .664

LDL cholesterol level (mean) (mmol/L) 2.6 (SD, 0.9) 2.4 (SD, 0.8) .171 2.6 (SD, 0.9) 2.5 (SD, 0.9) .629

HDL cholesterol level (mean) (mmol/L) 1.06 (SD, 0.31) 1.09 (SD, 0.33) .695 1.06 (SD, 0.31) 1.09 (SD, 0.33) .659

Plasma triglyceride level (mean) (mmol/L) 1.93 (SD, 1.2) 1.8 (SD, 1.1) .638 1.93 (SD, 1.2) 1.78 (SD, 1.0) .614

CRP level (median) (IQR) (mg/L) 3.6 (1.1–8.6) 2.3 (0.8–5.5) .008 3.6 (1.1–8.6) 2.1 (0.9–4.9) .010

Body mass index (mean) 28.6 (SD, 4.8) 28.1 (SD, 4.4) .483 28.6 (SD, 4.8) 28.0 (SD, 4.1) .540

Diabetes 33% 42% .184 33% 37% .676

Chronic kidney disease 27% 22% .324 27% 24% .644

Chronic bronchopulmonary disease 14% 13% .723 14% 15% 1.000

Peripheral arterial disease 32% 39% .271 32% 33% .888

Heart failure with reduced ejection fraction 15% 11% .320 15% 11% .374

Previous coronary artery bypass 20% 18% .649 20% 17% .490

Need for heart surgery within 30 days 5% 9% .281 5% 10% .224

Previous myocardial infarction 24% 28% .506 24% 30% .302

Previous percutaneous coronary artery

intervention

23% 32% .094 23% 24% .876

Known multivessel coronary artery disease 39% 40% 1.000 39% 35% .490

Previous stroke 37% 30% .252 37% 40% .683

Ipsilateral cerebral ischemic symptoms in the

past month

37% 21% .003 37% 33% .577

Ipsilateral cerebral ischemic symptoms in the

past 6months (ie, symptomatic stenosis)

45% 29% .005 45% 46% .894

Patients with$1 risk factors for

endarterectomya
82% 80% .766 82% 82% 1.000

Note:—IQR indicates interquartile range; CRP, C-reactive protein.
a One of the following: left ventricle ejection fraction of #40%, chronic bronchopulmonary disease, prior myocardial infarction, coronary artery bypass grafts, or age
75 years or older.
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of the 4 criteria were required for the diagnosis. In patients with-
out acute neurologic symptomatology, intracranial collaterals
must always be present in the near-occlusion. The primary end
point consisted of any stroke or death within 30 days after CAS.
Ischemic stroke was defined as an acute neurologic event with
focal symptoms, lasting for$24hours. Minor stroke was defined
as a new neurologic deficit that resolved within 30 days without
any limiting disability (#1 on the mRS) or return to baseline sta-
tus. Major stroke was defined as a new neurologic deficit with
persisting disability ($2 on mRS). TIA was defined as an episode
of new neurologic dysfunction attributed to focal cerebral ische-
mia, with resolution within 24hours.

Statistical Analysis
Statistical analyses were performed using SAS software, Version
9.4 (SAS Institute). Data are presented as means (SD) or median
and interquartile range or counts and proportions. The Student t
test or Mann-Whitney U test was used to evaluate the difference
among continuous variables, and the Fisher exact test was used
for the evaluation among categoric variables. Kaplan-Meier sur-
vival analysis was used to estimate long-term survival in patients
after CAS with 95% confidence intervals. Given the inherent dif-
ferences between patients with near-occlusion and the control
group, using the logit model, we calculated propensity scores for
the following variables as covariates: age, sex, total plasma choles-
terol, diabetes, previous percutaneous coronary intervention, and
ipsilateral cerebral ischemic symptoms in the past 6months.
Other potential covariates were confirmed as nonsignificant or

highly correlated to other variables. Matching on the propensity
scores was performed using the 1:2 nearest neighbor method
without replacement.17,18 A 2-sided P value# .05 was considered
to indicate statistical significance.

RESULTS
A total of 544 patients were analyzed, 84 (15%) in the near-occlu-
sion group and 460 (85%) in the control group. Propensity score
matching yielded 84 subjects in the near-occlusion group
matched with 168 subjects in the control group (Table 1 and
Online Supplemental Data). Patients in the unmatched cohort
with near-occlusion had symptomatic stenosis significantly more
often, higher median C-reactive protein levels, used less statin
therapy, had longer fluoroscopic times, and more often required
predilation (P, .05 for all) (Table 1 and Online Supplemental
Data). After matching, patients with near-occlusion had signifi-
cantly higher median C-reactive protein levels and longer fluo-
roscopy time and more often required predilation (P, .05 for
all) (Table 1 and Online Supplemental Data).

Data on major adverse in-hospital and 30-day events were avail-
able in 544 (100%) and 527 (97%) patients, respectively. Vital status
at the end of the follow-up was available in all patients from the
National Death Index. In the unmatched cohort, the primary end
point occurred in 7 (8.3%) patients in the near-occlusion group and
19 (4.1%) patients in the control group (P ¼ .101) and in the
matched cohort in 7 (8.3%) and 11 (6.6%) patients (P ¼ .611).
Individual components of the end point are summarized in Table 2.
In the matched subgroup of symptomatic patients, the primary end

FIG 1. An angiogram in a patient with right ICA near-occlusion. A, In a selective angiogram of the left carotid artery, no stenosis is present; the
diameter of the ICA is larger than that of the ECA; and there is rapid filling of the intracranial circulation and intracranial collaterals to the right
ACA and MCA. B, Near-occlusion of the right ICA. The diameter of the distal ICA (thick arrow) is smaller than that of the ECA (thin arrow) and
much smaller than that of the contralateral ICA. Late filling of the distal ICA. C, In the late phase of the angiogram, the contrast filling stops at
the level of carotid siphon (thick arrow). The intracranial circulation is not visualized because the contrast is diluted by collateral flow. ACA indi-
cates anterior cerebral artery.
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point occurred in 4 (10.5%) patients in the near-occlusion group
and 7 (9%) patients in the control group (P ¼ .748). In the asymp-
tomatic patients, the primary end point occurred in 3 (6.5%)
patients in the near-occlusion group and 4 (4.4%) patients in the
control group (P ¼ .688). The results for the symptomatic and
asymptomatic patients are summarized in the Online Supplemental
Data.

In the unmatched cohort, the mean follow-up was 5.9 (SD,
4.1) years in the near-occlusion group and 6.5 (SD, 4.1) years in
the control group, which yielded 499 and 2980 patient-years of fol-
low-up. Thirty-three (39.3%) patients in the near-occlusion group
and 202 (43.9%) patients in the control group died (P ¼ .473),
which translated into 6.6 and 6.8 deaths per 100 patient-years,
respectively. In the matched cohort, the mean follow-up was 5.9
(SD, 4.1) years in the near-occlusion group and 7.0 (SD, 4.2) years
in the control group, which yielded 499 and 1176 patient-years of
follow-up. In the matched cohort, 33 (39.3%) patients in the near-
occlusion group and 76 (45.2%) patients in the control group died
(P ¼ .419), which translated into 6.6 and 6.5 deaths per 100
patient-years, respectively. In the matched cohort, survival in the
near-occlusion group versus the control group at 5 and 10 years
was 69.8% (95% CI, 58.0%–78.8%) versus 77.3% (95% CI, 70.0%–
83.1%) and 53.3% (95% CI, 39.9%–65.0%) versus 53.3% (95% CI,
44.5%–61.4%) (log-rank, P ¼ .798) (Fig 2A). In the unmatched
cohort, survival at 5 and 10 years was similar (log-rank, P ¼ .996)
(Fig 2B).

During the follow-up, 9 (10.7%) patients and 19 (4.1%) patients
underwent re-intervention for in-stent restenosis in the near-

occlusion and control groups, respectively (P ¼ .026) (Fig 3A).
After matching, the difference was still statistically significant,
10.7% versus 3.6% (P¼ .044) (Fig 3B).

DISCUSSION
Results of our observational study suggest that patients with near-
occlusion had a high incidence of stroke or death within 30 days
after CAS (8.3%) and high annual mortality (6.7%). However, the
risk was not significantly different from that of severe stenosis af-
ter the adjustment using the propensity score matching. Although
we observed a trend toward higher periprocedural risk in the
near-occlusion group, which was numerically 2-fold, it did not
reach statistical significance. The difference in the primary end
points was even smaller after the adjustment. We believe that this
difference is due to the higher proportion of symptomatic patients
in the near-occlusion group. However, it could be related to the
number of patients in the registry and confounders. The NASCET
and European Carotid Surgery Trial included 262 cases of near-
occlusion.3,7 The risk of perioperative stroke and death was similar
in near-occlusion (5.4%) and 70%–99% stenosis (6.2%),19 and
lower periprocedural risks have been reported since then.11 Later,
trials comparing endarterectomy and CAS either excluded
patients with near-occlusion or did not assess near-occlusion. The
real-world registry might provide valuable information about the
early risk of CAS for near-occlusion in a population of patients
with high cardiovascular comorbidity that is not typically repre-
sented in randomized trials. Given the differences in the population

Table 2: Thirty-day major adverse events and long-term follow-up

Unmatched Cohort Matched Cohort
Near-Occlusion
(n = 84 Patients)

Control Group
(n = 460 Patients)

P
Value

Near-Occlusion
(n = 84 Patients)

Control Group
(n = 168 Patients)

P
Value

TIA during hospitalization (No.) (%) 6 (7.1) 12 (2.6) .045 6 (7.1) 7 (4.2) .368
A, Minor stroke during
hospitalization (No.) (%)

3 (3.6) 5 (1.1) .111 3 (3.6) 3 (1.8) .404

B, Major stroke during
hospitalization (No.) (%)

1 (1.2) 6 (1.3) 1.000 1 (1.2) 4 (2.4) .668

Hyperperfusion syndrome during
hospitalization (No.) (%)

0 2 (0.4) 1.000 0 0

Myocardial infarction during
hospitalization (No.) (%)

1 (1.2) 0 .154 1 (1.2) 0 .333

Death during hospitalization (No.)
(%)

2 (2.4) 2 (0.4) .115 2 (2.4) 0 .110

C, Minor stroke in 30-day
hospitalization (No.) (%)

0 4 (0.9) 1.000 0 2 (1.2) .554

D, Major stroke in 30-day
hospitalization (No.) (%)

1 (1.2) 2 (0.4) .396 1 (1.2) 1 (0.6) 1.000

E, Death in 30 days (including during
hospitalization) (No.) (%)

3 (3.6) 3 (0.7) .050 3 (3.6) 1 (0.6) .109

Primary end point: A1 B 1 C1D
1 E (No.) (%)

7 (8.3) 19 (4.1) .101 7 (8.3) 11 (6.6) .611

Re-intervention for restenosis
during follow-up (No.) (%)

9 (10.7) 19 (4.1) .026 9 (10.7) 6 (3.6) .044

All-cause mortality during follow-
up (No.) (%)

33 (39.3) 202 (43.9) .473 33 (39.3) 76 (45.2) .419

Cardiovascular death (No.) (%) 25 (29.8) 129 (28.0) .792 25 (29.8) 53 (31.6) .885
Noncardiovascular death (No.) (%) 6 (7.1) 64 (13.9) .110 6 (7.1) 19 (11.3) .374
Unknown death (No.) (%) 2 (2.4) 9 (2.0) .682 2 (2.4) 4 (2.4) 1.000
Mortality per 100 patient-years 6.6 6.8 6.6 6.5

Note:—TIA indicates transient ischemic attack.
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of patients with near-occlusion and conventional severe stenosis
and a most notably higher incidence of symptomatic stenosis in the
near-occlusion group, we decided to compare the groups with the
propensity score matching analysis to balance the baseline charac-
teristics in both groups and lower the risk of selection bias.

The high periprocedural risk of stroke in ICA near-occlusion
might be explained by the slow flow of blood distal to the lesion,
which promotes in situ thrombosis that is embolized during CAS
or protrudes through the stent struts and embolizes in the early
postprocedural period. Angiography might not be able to distin-
guish ruptured atherosclerotic plaque with mural thrombus or mu-
ral thrombus in the distal ICA. Some cases of near-occlusion are
actually recanalized thrombotic occlusions. Indeed, Hirata et al20

reported that those old, organized thrombi were more frequently
found in the endarterectomy specimens from near-occlusions than
in high-grade stenoses. In our study, the 30-day stroke or death
rate in the near-occlusion group (8.3%) was higher than that in a
recent meta-analysis of some 703 patients with near-occlusion (226

underwent CAS; the 30-day stroke or death rate was 2.2%).11

Individual observational studies included in the meta-analysis
reported a 30-day stroke or death rate after CAS between 0% and
7%.21-25 These studies had only 1 arm and did not compare the
risk of CAS for near-occlusion with that in a control group. The
high variability in the reported periprocedural risks might reflect
different baseline characteristics and selection of patients rather
than procedural techniques. It is also possible that the periproce-
dural stroke and death risk reported in the meta-analysis by
Meershoek et al11 underestimated the true risk because of bias in
the reporting of small observational studies with unfavorable
results.

The high all-cause mortality rate in our study is in contrast to
the much lower mortality in the long-term follow-up of a recent,
large, randomized Second Asymptomatic Carotid Surgery Trial
(ACST-2: 330 deaths in 1811 patients randomized to CAS with a
mean follow-up of 5 years and an annual mortality of �3.6%).26

On the other hand, a study that analyzed data from Medicare

FIG 2. Kaplan-Meier estimate of 10-year survival after carotid stent placement in the near-occlusion-versus-control groups in the matched (A)
and unmatched (B) cohorts.

FIG 3. Kaplan-Meier estimate of freedom from re-intervention for in-stent restenosis after carotid stent placement in the near-occlusion-
versus-control groups in the unmatched (A) and matched (B) cohorts.
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beneficiaries treated with CAS reported a mortality rate of 8.0%
per year after the periprocedural period.27 This study included
older patients than in our registry, but other baseline characteris-
tics were similar, with high cardiovascular comorbidity. These dif-
ferences indicate that clinical trials enroll populations different
from high-risk patients in whom the investigated technique is
used in clinical practice.

We should carefully consider performing CAS in a patient
with ICA near-occlusion, given the substantial periprocedural risk
and life expectancy that might be shorter than 5 years reported by
the European Society of Cardiology (ESC) and the European
Society for Vascular Surgery (ESVS).28 Meershoek et al29 suggested
that although the initial approach to symptomatic near-occlusion
with full distal luminal collapse should be conservative, patients
with recurrent events may be treated with endarterectomy. There
is a need for further studies that could be based on large registries
like the mandatory German Carotid National Registry.30 We
believe that the treatment of patients with ICA near-occlusion is
one of the important topics in the field of carotid interventions
that will require continued research before more evidence-based
recommendations can be made.

The study is not without limitations. First, data were collected
from a single center for 16 years. Although operators and proce-
dural techniques remained unchanged, protection devices and
stents changed across time. Referral of patients for carotid angiogra-
phy and the criteria for selection of patients who would benefit
from CAS changed during that time, with updated ESC/ESVS
guidelines and results of randomized controlled trials.26,28 The pro-
portion of patients with near-occlusion and conventional stenosis
who were selected for CAS compared with endarterectomy or med-
ical therapy is unknown. Our results cannot be generalized to all
patients with ICA near-occlusion. Second, propensity score match-
ing is associated with inherent limitations. Although the matched
cohort might seem well-balanced for baseline characteristics, there
is always a risk of confounding bias. Third, we did not systemati-
cally collect data on major adverse cardiovascular events beyond
the 30-day period after CAS; therefore, we reported only data on
long-term survival.

CONCLUSIONS
Carotid stent placement in patients with ICA near-occlusion was
not associated with an increased 30-day risk of stroke or death
compared with severe stenosis. Survival up to 10 years after CAS
was similar in both groups.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• CBB consists of dual human stem cell- 
derived CMs cluster forming conduc-
tive syncytium. 

• AFM based CBB presents relevant 
arrhythmic response suitable for 
arrhythmia detection. 

• Dual cluster syncytium is able to spon-
taneously mimic phenotypes present in 
the neonatal heart. 

• CBB derived from patients’ specific 
hiPSCs possesses high potential for pre-
cision medicine.  

A R T I C L E  I N F O   
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A B S T R A C T   

In the present work, we introduce a new cell-based biosensor for detecting arrhythmias based on a novel utili-
zation of the combination of the Atomic Force Microscope (AFM) lateral force measurement as a nanosensor with 
a dual 3D cardiomyocyte syncytium. Two spontaneously coupled clusters of cardiomyocytes form this. 

The syncytium’s functional contraction behavior was assessed using video sequences analyzed with Muscle-
motion ImageJ/Fiji software, and immunocytochemistry evaluated phenotype composition. 

The application of caffeine solution induced arrhythmia as a model drug, and its spontaneous resolution was 
monitored by AFM lateral force recording and interpretation and calcium fluorescence imaging as a reference 
method describing non-synchronized contractions of cardiomyocytes. 

The phenotypic analysis revealed the syncytium as a functional contractile and conduction cardiac behavior 
model. Calcium fluorescence imaging was used to validate that AFM fully enabled to discriminate cardiac ar-
rhythmias in this in vitro cellular model. The described novel 3D hESCs-based cellular biosensor is suitable to 
detect arrhythmic events on the level of cardiac contractile and conduction tissue cellular model. The resulting 
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biosensor allows for screening of arrhythmogenic properties of tailored drugs enabling its use in precision 
medicine.   

1. Introduction 

Introduction of induced pluripotent stem cells (iPSCs)-derived car-
diomyocytes (CM) allowed the wide development of cell-based bio-
sensors (CBBs). This leap allowed quantification of CMs biomechanical 
and biochemical properties to study response to various treatments or 
cardiomyopathies [1]. Sensors are usually based on the multi-electrode 
array (MEA) [2–4], impedance-based assays (ECIS, xCELLigence®) [5, 
6], piezoresistive sensor [7] or atomic force microscopy (AFM) [8]. 

AFM, belonging to the scanning probe microscopy, was at the 
beginning used predominantly in material research and engineering. 
Overcoming difficulties related to biological samples allowed it to 
become a frequently used tool in life sciences. AFM was used to char-
acterize the cell properties, such as phenotype [9,10], cell growth [11] 
and stiffness of living cells [12]. Moreover, AFM was successfully used as 
a sensitive cell-based biosensor (CBB), capable of detecting contractile 
movements of the cardiac cells [13] and their clusters (embryonic bodies 
EBs) [8], or combined with MEA [14]. Additionally, arrhythmic (i.e., 
non-periodical) events in the natural beating pattern, often connected 
with cardiac non-functionality and heart failure, can be identified in the 
recorded data by adding drugs or other bioactive molecules [15]. AFM 
microscopy can also be easily combined with other methods such as 
optical or fluorescence microscopy, as they often create a single unit 
with AFM [16]. AFM can be further combined with Raman spectroscopy 
[17], and others to bring a multiparametric description of cardiac cell 
functions. The main limitation is the need for proper cell adhesion on the 
surface and maintaining conditions such as a liquid medium and phys-
iological temperature [18]. 

Cardiac cells within the sinus node generate action potentials spon-
taneously (cardiac automaticity). This spontaneous activity is retrieved 
by diastolic depolarization, which brings the membrane potential to the 
threshold and triggers an impulse propagating through the cardiac 
conduction system. Cardiac arrhythmia is defined as a deviation from 
the regular electrical activation of heart contraction, originating in the 
sinus node [19]. Human heart rate above 100 BPM is tachycardia, and 
around 50–60 and lower is bradycardia, arrhythmia often presents 
irregularly [20]. The most prevalent type of arrhythmia is atrial fibril-
lation (AF), affecting more than 33 million people worldwide, with an 
estimated increase of 2–3 times by 2050 [21]. AF aggravates the risk of 
stroke, heart failure, and all-cause mortality [22]. Recent studies say 
atrial fibrillation is independently associated with an increased risk of 
sudden cardiac death [23]. The mechanisms of cardiac arrhythmias are 
divided into two categories - abnormal or enhanced formation of ectopic 
impulses and conduction disturbances. In a structurally normal heart, 
the ectopic beats seldom progress to sustained arrhythmia. Thus, con-
duction disturbances in the myocardial tissue are crucial. 

A large body of commonly utilized substances and even drugs 
causing arrhythmias – i.e., antianginals, antibiotics, narcotics, or bron-
chodilators [24]. A widely available chemical compound with proar-
rhythmic effects is caffeine [25] Caffeine acts as a nonselective inhibitor 
of A1 and A2A adenosine receptors at the cellular level. Cardiovascular 
effects of caffeine include an increase in blood pressure, changes in heart 
rate, and neuroendocrine effects. These effects find reason in the 
blockade of adenosine receptors, causing an increase in intracellular 
calcium concentrations, the release of norepinephrine, and the sensiti-
zation of dopamine receptors [26]. In clinical practice, caffeine finds 
application alone, e.g., in selected cases of hypotension [27] or in 
combination with analgesics due to its vasoconstricting and 
anti-inflammatory effects [26,28]. Due to the high prevalence of ar-
rhythmias in the population, their difficult therapy, it is appropriate to 
address this abnormality burdening the normal functioning of the heart 

also at the cellular level. This approach is well served by the presented 
CBB, which can help describe the arrhythmia, its formation, the treat-
ment, and possibly the effect of therapeutical drugs, as even the treat-
ment medication may cause adverse side effects. 

Most of the available cell models are based on single cells or smaller 
clusters of cells, both of which produce unstable signals [29]. Other 
models are based on cell monolayers, such as the model proposed by 
Lian et al. [30]. The major limitation of these monolayer models is that 
the environment in which cells are grown does not allow to form 3D 
syncytia with sufficient similarity to physiological tissues [31]. Mono-
layers present a significantly reduced extracellular matrix, connections 
between cells only at the periphery of the cells, and the answer to drugs 
is uniform in all cells. Therefore, 3D models such as embryoid bodies 
(EBs) are more indicated. EBs are 3D aggregates of cells that imitate 
structures of the developing embryo and can be differentiated from 
different lineages such as human embryonic stem cells (hESCs) or 
patient-specific human induced pluripotent stem cells (hiPSCs), 
enabling their use in precision medicine [32]. In the present work, 
hESCs were used. The rationale for using hESCs is that they represent a 
standard in the field and they do not carry the burden of somatic mu-
tations or reprogramming-induced epigenetic effects [33]. 

In the present work, we introduce a new biosensor setup based on a 
combination of atomic force microscope with the hESC derived CMs, 
where the microcantilever of the microscope creates a sensitive trans-
ducer to study cardiac arrhythmias. Computational analysis of image 
sequences served as a reference method to monitor synchronization of 
the arrhythmic beating of two cell clusters connected by cardiac 
conduction-like syncytium. Moreover, the fluorescence calcium imaging 
supports data obtained by the biosensor setup. The arrhythmic events 
were induced by caffeine solution. The use of the biosensor setup for a 
detailed description of the arrhythmia initiation, progression, and 
termination is presented and discussed. 

2. Materials and methods 

2.1. Cell lines, cultivation, and differentiation into embryoid bodies 

Human embryonic stem cell (hESCs) CCTL14 and CCTL 12 were used 
in the present work. These cell lines have been derived in Masaryk 
University, Brno, approved by Ministry of Education of the Czech Re-
public (MSMT approval no.14648/2016-5) and were previously char-
acterized and described [34]. 

Cell lines have been maintained on the feeder layer of mouse em-
bryonic fibroblasts (mEF), that have been inactivated mitotically by 
irradiation as previously described [35]. 

Cardiac differentiation was performed as described in Ref. [36]. 

2.2. Cultivation dish preparation and EBs seeding 

Standard 30 mm cultivation dishes (TPP, cat no. 93040) and low 
35 mm ibidi μ-Dishes (ibidi, cat. no. 80136) had to be modified with an 
agarose-based mask to increase the probability of seeding two differ-
entiated embryoid bodies next to each other. Consequently, we delimi-
ted the area to let the EBs adhere when the following protocol was 
employed. A 0.5 ml Eppendorf tube was cut to obtain 4 mm external 
diameter sections. The prepared sections were fixed to the bottom of the 
cultivation dish with a double-sided scotch. The remaining space in the 
dish was filled with a 1 mm thick layer of 1% agarose dissolved in PBS. 
Agarose solution created gel after 20 min of incubation at RT. The 
addition of 1 ml of PBS stabilized the gel layer after another 10 min. The 
plastic mask was then removed, the dishes were closed and sealed with a 
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parafilm. The whole process was finished with sterilization by gamma- 
irradiation at 100 Gy. Dishes were stored for a maximum of one week 
at 4◦ Celsius. 

The dish was washed twice with PBS prior to seeding the EBs. The 
bottom of the holes created by the masking process was coated with 
0,1% gelatin for at least 30 min at 37 ◦C and 5% CO2 to promote the cell 
adhesion. Then, the excess gelatin was removed, 1 ml of cultivation 
medium was added, and two differentiated EBs were seeded. Thus, 
prepared samples were left for at least 24 h in a standard CO2 incubator 
to produce adhered double-EB structure. 

2.3. Processing of video sequences 

After seeding of EBs, the development of beating synchronization 
was monitored in real-time by analyzing sequences of optical images. 
Monitoring was performed by the everyday acquisition of 20-s videos on 
the Zeiss LSM 700 microscope in the bright field and processing them 
using ImageJ/Fiji macro Musclemotion (see supplementary material) 
[37]. 

2.4. Atomic force microscopy 

For mechanic contraction measurements Atomic Force Microscopy 
(AFM) method (JPK Nanowizard 3, JPK-Bruker) was used as described 
before [8]. In a liquid environment, measurements were conducted in 

force spectroscopy mode (1 nN setpoint) using MLCT-C cantilever 
(Bruker). The cantilever was chosen based on its dimensions, allowing it 
to land on both EBs simultaneously (see Fig. 1). Partially coated canti-
levers from silicon nitride were used due to their properties when 
measuring in liquid. 30 mm cultivation Petri dishes containing either 
distilled water for calibration or double EB were placed to the motorized 
stage with a pre-heated Petri dish heater to 37 ◦C. The laser reflection 
sum was maximized before each experiment, and the laser detector was 
centered. After that, cantilever sensitivity and stiffness via the 
contact-free method in Bruker-JPK software were determined. Vertical 
and lateral deflection data was collected in 100 Hz frequency as 
mechanocardiograms (MCG). Sampling frequency was chosen three 
times higher than the frequency required to sample the fastest event in 
the QRS complex. Vertical deflection provided information about the 
R-R interval and its immediate response to caffeine. Beating frequency 
was calculated as 60s divided by average R-R interval in seconds during 
post processing. The lateral (horizontal) deflection representing the 
complex movement of the syncytium was used to report on the different 
defects of EB synchronization. Each sample was measured for 1 min in a 
standard cultivation medium (MEF), followed by 1-min measurements 
of cells treated with 1 mM caffeine in MEF in 0, 5, and 10 after the 
addition of treatment. Experiments to assess the effect of caffeine (Sigma 
Aldrich, cat. No. C-0750) on our syncytium has been performed 24 h 
after synchronization of the syncytium. 

Data analysis obtained from AFM was based on the combination of 

Fig. 1. (A) - Schematic description of the 
AFM methodological approach. The soft 
silicon-nitride lever measures the contrac-
tion movement of the double-EB in both 
planes, (B) as lateral and vertical force 
change deflection of the cantilever. (C) – 
Representative mechanocardiogram with 
indicated vertical, lateral synchronized 
deflection and RR length in seconds (D) - 
Real image from the top optical microscope 
captures the cantilever in contact with both 
EBs, magnification 10×. (For interpretation 
of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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average RR length, the distance between two R peaks, and standard 
deviation of the average RR length in vertical and lateral deflection data 
(Fig. 1B, D). These values, recorded for each time point, have been 
normalized concerning the values registered in standard cultivation 
medium, i.e., without caffeine. Variation of RR length indicates the 
onset of tachycardia or bradycardia. The onset of arrhythmic events was 
assessed by comparing the standard deviation value computed after 
caffeine treatment concerning the value registered in the standard 
cultivation medium. Data extraction was performed employing our py-
thon script [38]. Analysis of typical MCG curve recorded by AFM is 
shown in Fig. S1. 

2.5. Ca2+ imaging 

The fluorescence staining of cytoplasmic calcium with Fluo-4-AM 
(Invitrogen, cat. no. F14201) dye was used as a supportive analysis of 
the contraction movements. This allowed for monitoring of the 
contraction by measuring the Ca2+ release from sarcoplasmic reticulum. 
The samples of double EBs were prepared with the same protocol as for 
AFM measurements; the Ca2+ imaging experiments were performed 24 h 
after syncytium synchronization. 

The staining protocol was adopted from the literature [39] Briefly, 
1.5 μM Fluo-4-AM solution in DMSO was added to the cultivation me-
dium. EBs were then incubated for at least 30 min at 37 ◦C and 5% CO2 
in the dark. No washing of the fluorescence dye was necessary. 

The measurement of Ca2+ fluorescence was performed on Zeiss LSM 
700 confocal microscope using software Zen Black. Here, line scan 
analysis was performed (1000 Hz) by placing the line across our syn-
cytium to cover its full length. 

Line scans were then processed on ImageJ/Fiji [40]. Two regions of 
interest (ROIs) were applied, one over each EB, and evaluated was each 
ROI average intensity of the fluorescence signal for every timepoint. 
Data extracted were then plotted in GraphPad software (GraphPad 
Software) to analyze the evolution of the mutual interaction between the 
two EBs in real-time. 

2.6. Immunocytochemistry 

To unravel the cellular phenotypes composing our syncytium, 
immunocytochemistry analysis for three markers was performed. 
Vimentin (Santa Cruz Biotechnologies, cat. no. sc-7557, dilution 1:250) 
as a marker of fibroblasts [41]; Discoidin Domain Receptor 2 (DDR2- 
Santa Cruz Biotechnologies, cat. no. sc-81707, dilution 1:100) marker of 
cardiac fibroblasts [42]; Cardiac Troponin T (cTnT- R&D Systems, cat. 
no. MAB1874, dilution 1:100) marker of CMs [43]. 

Briefly, the samples were fixed in ice-cold paraformaldehyde, after 
permeabilization with 0.2% Triton X, blocking with 2.5% BSA solution 
in PBS buffer containing 0.1% Tween detergent followed. The incuba-
tion of samples with primary antibodies was performed overnight at 
4 ◦C. The following day, the secondary antibodies were applied, and 
cover glasses were mounted on the Mowiol® 4–88 (Sigma, cat. no. 9002- 
89-5) layer with DAPI (Thermo Fisher Scientific, cat. no. 62248). Sec-
ondary antibodies labeled with the Alexa Fluor 488 (Invitrogen, cat. no. 
A-21202) and Alexa Fluor 594 (Invitrogen, cat. no. A-21203) dyes were 
both applied in dilution 1:500. 

3. Results and discussion 

In this study, we presented a new stem cell-based model for the study 
of cardiac arrhythmias coupled with AFM forming together a biosensor 
capable of detecting arrhythmogenic properties of drugs. Starting from 
hESCs, we have been able to form a suspension of hESC’s clusters which 
were differentiated into CMs syncytium. Two such clusters seeded on 
adherent plate in vicinity spontaneously formed electrically connected 
syncytium presenting fundamental phenotypes of the human myocar-
dium and its conductive system. Formation of the syncytium, beating 

synchronization, and study of arrhythmia monitored by the AFM and 
calcium release are presented and discussed in the following chapter. 

3.1. Formation and characterization of functional syncytium 

In this work, two beating clusters were seeded in the vicinity on an 
adhesive surface allowing cell outgrowth from the EBs. The adhesive 
surface was previously shown to inhibit cardiogenesis via SRC-family 
kinases [44], promote cell migration [45], and fibroblast proliferation 
[46]. To investigate the cellular composition of the conductive cell layer 
connecting the two synchronized EBs, staining of vimentin and discoidin 
domain receptor 2 (DDR2) was visualized by confocal microscopy 
(Fig. 2). A positive signal for vimentin evenly spread across the cell layer 
suggested the presence of fibroblast cells. Most cells between the two 
EBs (‘a bridge’) proved to be positive for DDR 2, a specific marker of 
cardiac fibroblasts. The presence of cardiac fibroblasts has been previ-
ously shown to be a key factor in the onset of cardiac syncytia syn-
chronization [47]. Cardiac fibroblasts are also crucial in forming 
tissue-like architecture [48]. Finally, the syncytium and the bridge 
were positively stained for cTnT, structural CMse protein, and syn-
chronization of the contractions of the two EBs was observed on day 4. 
Considering the hESC-derived CMs have a similar phenotype as fetal/-
neonatal CMs [49] the composition of the connecting cell layer may 
resemble the composition of the human fetal heart [50]. 

Two EBs were seeded in proximity, thus creating a functional syn-
cytium “bridge” during the following days. Sets of EBs with the subop-
timal distance between each other were excluded. The beat rate and 
synchronicity of the EB pairs were observed in time for 4 days from 
seeding. Syncytia formed by the two EBs connected by conductive cell 
layer (Fig. 1) with fully synchronized beating were observed at day four 
for all analyzed samples (Fig. 3; 10 EB sets were analyzed). 

The unification of the beating frequency of the two EBs and the 
synchronization of their beats was associated with cell outgrowth on 
adhesive tissue culture dishes, stemming from both EBs. Correlation 
between the amount of the cellular outgrowth and synchronization of 
the beating was observed, suggesting the formation of a conductive cell 
layer between the EBs. The cell outgrowth was fundamental for the 
synchronization of the syncytium. Synchronization may come from the 
excitable cardiac fibroblast population [47] or gap junctions formed 
between adjacent CMs [51]. 

3.2. Detection of caffeine-induced arrhythmia by AFM based biosensor 
and Fluo-4 

An extremely sensitive setup based on the microcantilever of AFM 
acting as a nanosensor was used to analyze the contractile properties of 
both EBs (Fig. 1). Recorded data were analyzed for both vertical (beating 
frequency) and horizontal (synchronization) deflections (Fig. 4). 
Caffeine was used to induce arrhythmic events. 

Caffeine addition induced shortening of the RR interval and thus the 
increase in the beat rate of the syncytium (Fig. 4). This was reflected by 
both the change in vertical and lateral deflection (Fig. 4a, c). Calculated 
standard deviation reports on the irregularity/arrhythmic events. A 
significant increase in standard deviation was observed immediately 
after caffeine injection (Fig. 4b and d, time 0 min) in comparison to other 
time points, suggesting an arrhythmic event induced by the caffeine. The 
caffeine-induced increase in standard deviation was observed for both 
the lateral and the vertical deflection. 

The decrease in average RR length is comparable for vertical and 
lateral deflection after the addition of caffeine (Table S1), witnessing 
that the chronotropic effect of caffeine increases with time. The standard 
deviation of the RR interval, on the other side, increases only immedi-
ately after the addition of caffeine in both the vertical and lateral 
deflection, while it is lower than the control value in all other time in-
tervals (Table S1). The increase in RR standard deviation at time 0 sug-
gests that RR standard deviation reports the caffeine-induced beat rate 
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irregularity (vertical movement) and EBs’ synchronization irregularity 
(lateral movement). 

Further, caffeine affected the synchronization of vertical and lateral 
displacement of the AFM cantilever (Fig. 5). The lateral and vertical 
deflection peaks followed each other closely before adding caffeine, 
suggesting the spread of contraction waves through the syncytium 
(Fig. 5A). Adding caffeine caused a series of small peeks (independent 
lateral and vertical deflections) and ultimately resulted in complete 
dyssynchrony of the lateral and vertical movement (Fig. 5B). That sug-
gests arrhythmic-like events caused by defects in signal spreading 
through the bridge of cells between the two EBs, resulting in the irreg-
ular beat of the two EBs (Fig. 5B). 

The addition of caffeine induced the loss of synchrony between 
lateral and vertical deflection resulting in the displacement of the 
cantilever in both directions (for detail see Fig. 5C). 

The novel double EB biosensor benefits from atomic force micro-
scopy’s real-time measuring mechanical response. Measuring the 
displacement of a soft cantilever in time gave us information about both 
cellular clusters’ lateral and vertical movements. We hypothesized that 

vertical movement reports on the beat rate of the whole syncytium while 
lateral movement can record excitation waves spreading across the 
double EB set up and report on asynchronous events due to irregular 
beat of the adjacent EBs. 

To validate our hypothesis, our model consisting of two EBs con-
nected in syncytium was subjected to measurement of intracellular 
cytosolic Ca2+ employing fluorescent calcium-sensitive detector Fluo-4. 
The line scan across the two EBs and their connective layer allowed for 
the observation of synchronization of the two EBs (Fig. 6C, D, F). 
Caffeine induced a progressive increase of beat rate sound with the 
observation by AFM. The whole syncytium presents a higher beat rate in 
caffeine’s presence than the MEF media without the caffeine. Caffeine 
further induced beat rate irregularities and beating discrepancies be-
tween the two EBs suggesting the presence of synchronization defects of 
the two EBs in the double EB biosensor (Fig. 6C and D). Fig. 6 also shows 
a different pacing part of one of the clusters compared to the contraction 
rate of the syncytium (Fig. 6E and F). To validate our hypothesis, our 
model consisting of two EBs connected in syncytium was subjected to 
measurement of intracellular cytosolic Ca2+ employing fluorescent 

Fig. 2. Cell composition of the connective cell layer between the two adjacent EBs ‘a bridge’. The cell layer formed by cell outgrowth from the two EBs on the 
adhesive surface was stained for the presence of the fibroblast marker vimentin (green), cardiac fibroblast marker DDR2 (yellow), and cardiomyocyte marker cTnT 
(red). The yellow color was obtained in postprocessing. Orange dashed line helps to recognize connecting ‘bridge’; the grey dashed line visualizes partial contours of 
both EBs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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calcium-sensitive detector Fluo-4. The line scan across the two EBs and 
their connective layer allowed for the observation of synchronization of 
the two EBs (Fig. 6B, D, F). Caffeine induced a progressive increase of 
beat rate sound with the observation by AFM. The syncytium presents a 
higher beat rate in caffeine’s presence than the MEF media without the 
caffeine. Caffeine further induced beat rate irregularities and beating 
discrepancies between the two EBs suggesting the presence of syn-
chronization defects of the two EBs in the double EB biosensor (Fig. 6C 

and D). 
As already mentioned, in the present work, we used a 3D model 

derived from the model used by Ref. [52]. Our model and the single EB 
model agree on the arrhythmic response caused by caffeine except for 
the stop-and-go effect not observed in the double EB setup. Moreover, 
the single EB presents a lower degree of complexity as it does not allow 
to characterize the effects of chemical compounds on the conductive 
system employing AFM. Indeed, differentiated EBs present a 

Fig. 3. Synchronization of the syncytium. The evolution of the difference between contraction frequency (Δ beat rate) of the two EBs is plotted against time (days) in 
panel A. Difference between total times of contraction of the two EBs (Δ beat time) is plotted against time (days) in panel B. The two graphs show that full syn-
chronization of the syncytium was achieved on day 4, as they developed a common beating frequency and synchronized their beating. N = 10. 

Fig. 4. AFM analysis of the caffeine induced changes in vertical and lateral displacement. Time -1 min indicates measurements conducted in MEF media without 
caffeine. Caffeine was added at 0 min with subsequent measurements at 5 and 10 min. The vertical displacement (VERTICAL) and lateral displacement (LATERAL) 
were analyzed. The frequencies of the vertical and lateral movement reporting on the chronotropic effect of caffeine are shown on panels A and C, while the variation 
of the movement in time is plotted as standard deviation values on panels A and B. Both average RR length and standard deviation have been normalized to the 
average RR length and standard deviation value before caffeine addition. In both cases, the RR length decreases in time, and the standard deviation increases right 
after adding caffeine medium. 
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combination of atrial, ventricular, and nodal CMs [53] Our model can 
detect rhythm abnormalities on vertical deflection and conductive dis-
orders on a horizontal deflection by comparing vertical and lateral 
deflection. In the present study, a conductive defect caused by caffeine 
equals either ventricular or atrial fibrillation-like behavior and a 

decrease of contractile function. This is a precise picture of proar-
rhythmogenic loss of complementarity and sequentiality between ver-
tical and horizontal deflection patterns. This proves that our detection 
method based on AFM is suitably sensitive for detecting arrhythmic 
events. 

Fig. 5. Caffeine-induced dyssynchrony of the lateral and vertical deflections. Comparison of lateral and vertical deflection before caffeine addition (panel a) and after 
caffeine addition (panel b). In standard culture medium, vertical and lateral deflection appears to be synchronized with slight time shifts. Caffeine induced irregular 
small deflections and dyssynchrony of lateral and vertical displacements. (c) Detail of the comparison between vertical and lateral deflection after the application of 
caffeine. The arrow indicates the instant where dyssynchrony is detected. 

Fig. 6. Calcium imaging analysis of caffeine-induced synchronization defects of the double EB biosensor. Evaluation of the time evolution of the synchronicity of the 
two EBs (EB1 in black and EB2 in grey) of the double EB biosensor by line scan in high sampling frequency. Panels a and b show representative data of the double EB 
biosensor in MEF media (control). Panels c to f show three types of beat rate and synchronization defects after caffeine addition. Each curve and image represent 10 s 
recording before (panels A and B) and after caffeine addition (panels C to F). 
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The introduction of the effects caused by the conductive cardiac 
system and the complex behavior of caffeine represents an advantage of 
our model compared to 2D models. However, the arrhythmic response of 
our syncytium is coherent with planar models present in the literature, 
whether analyzing tachycardia-like [54,55], fibrillation-like [56] or 
conductive anomalies [57] response. 

On the other hand, the multicellular system may constitute an 
eventual limitation as a dual model cannot discreet single-cell pheno-
type as other 3D [58] or 2D [59] models, thus increasing the difficulty of 
studying the contribution of single cellular phenotypes on the 
arrhythmic response. The phenotype is a known hurdle in the process of 
drug screening [49]. Further, we must acknowledge that our system is 
unlikely to contain Purkinje bundles, the anatomical structure of the 
cardiac conduction system, responsible for certain kinds of arrhythmias 
and it’ development [60]. Thus, the involvement of direct Purkinje cells 
generation from hESCs by cAMP signaling activation [61] might be the 
next step in developing a complex cardiac conduction system model. 

Nevertheless, using this model has a crucial advantage. As a matter of 
fact, for the differentiation of EBs, it is possible to use both hESCs and 
hiPSCs [43]. The use of hiPSCs could be used in the future to introduce 
patient-specific models that would allow ad hoc drug screening [62] to 
select the most appropriate anti-arrhythmic drug for a given 
patient/pathology. 

AFM also comes with limitations as the samples need to adhere, and 
the question of sterility comes to mind when measuring for a longer 
time. Some alternatives can be used for mechanical responses mea-
surements, such as traction force microscopy or optical tweezers 
[63–65]. Those two, however, lack a straightforward sample prepara-
tion in the case of the former or are experimentally complex in the case 
of the latter. Methods based on image processing software such as 
Musclemotion [37], Myocyter [66] and others, offer a non-invasive way 
to measure mechanical response; however, they lack the sensitivity of 
AFM and information about contraction force. Moreover, optical 
methods lack exact recognition of CMs cultivated in vitro due to their 
immature morphology compared to isolated CMs and often require 
dissociation of the syncytium [67]. Compared to AFM, calcium imaging 
required sophisticated image/video postprocessing and analysis. 
Finally, impedance assay methods were also used for mechanical 
contraction measurements [68], but it’s unclear whether this method 
would be feasible with two EBs. Some methods are probing contractile 
properties in the context of cellular electrophysiology rather than 
mechanobiology. Those methods include fluorescence voltage-sensitive 
or calcium-sensitive dyes, arguably suitable for this model, though, 
become toxic for the cells after a given time [69–71]. Compared to AFM, 
fluorescent calcium indicators require an incubation period and the 
intracellular presence of the indicator may interfere with cell physi-
ology. Nevertheless, the fluorescent methods can serve as complemen-
tary methods. 

On the other hand, a multi-electrode array (MEA) is suitable for this 
model as each EB can sit on a different electrode, allowing simultaneous 
field potential monitoring of both EBs. Still, such measurement would be 
complicated by adhering EBs exactly on the electrode. Optimization in 
this regard, for example, by different types of coating, is very desirable, 
as this method can be easily combined with AFM. This MEA-AFM setup 
would give us complex information about electro-mechanical coupling 
[14], together with the detection of arrhythmic events demonstrated in 
this paper. 

4. Conclusion 

Dual cluster CBB using human stem cell-derived CMs based model 
presents relevant arrhythmic response and confirms AFM as a suitable 
device for arrhythmia detection. 

Dual cluster syncytium can spontaneously mimic phenotypes present 
in the neonatal heart, yet its heterogeneity might constitute a limitation. 
On the other hand, this model already possesses high potential for 

patient-specific drug screening as future application as patients’ hiPSCs 
derived beating EBs have already been successfully differentiated. 
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[17] M. Miletić, S. Aškrabić, J. Rüger, B. Vasić, L. Koricánac, A.S. Mondol, J. Dellith, 
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Endothelin type A receptor blockade attenuates
aorto-caval fistula-induced heart failure in rats with
angiotensin II-dependent hypertension

Petr Kalaa,b, Olga Gawrysa,c, Mat�u�s Miklovica, Zdenka Vanourkov�aa, Petra Skaroupkov�aa,
S�arka J�ichov�aa, Janusz Sadowskic, Elzbieta Kompanowska-Jezierskac, Agnieszka Walkowskac,
Josef Veselkab, Milo�s T�aborskyd, Hana Maxov�ae, Ivana Vaneckov�af, and Ludek Cervenkaa,d

Objective: Evaluation of the effect of endothelin type A
(ETA) receptor blockade on the course of volume-overload
heart failure in rats with angiotensin II-dependent
hypertension.

Methods: Ren-2 renin transgenic rats (TGR) were used as
a model of hypertension. Heart failure was induced by
creating an aorto-caval fistula (ACF). Selective ETA receptor
blockade was achieved by atrasentan. For comparison,
other rat groups received trandolapril, an angiotensin-
converting enzyme inhibitor (ACEi). Animals first
underwent ACF creation and 2 weeks later the treatment
with atrasentan or trandolapril, alone or combined, was
applied; the follow-up period was 20 weeks.

Results: Eighteen days after creating ACF, untreated TGR
began to die, and none was alive by day 79. Both atrasentan
and trandolapril treatment improved the survival rate,
ultimately to 56% (18 of 31 animals) and 69% (22 of 32
animals), respectively. Combined ACEi and ETA receptor
blockade improved the final survival rate to 52% (17 of 33
animals). The effects of the three treatment regimens on the
survival rate did not significantly differ. All three treatment
regimens suppressed the development of cardiac
hypertrophy and lung congestion, decreased left ventricle
(LV) end-diastolic volume and LV end-diastolic pressure, and
improved LV systolic contractility in ACF TGR as compared
with their untreated counterparts.

Conclusion: The treatment with ETA receptor antagonist
delays the onset of decompensation of volume-overload
heart failure and improves the survival rate in hypertensive
TGR with ACF-induced heart failure. However, the addition
of ETA receptor blockade did not enhance the beneficial
effects beyond those obtained with standard treatment
with ACEi alone.

Keywords: endothelin system, hypertension, Ren-2 renin
transgenic rat, renin–angiotensin system, volume-overload
heart failure

Abbreviations: ACE, angiotensin-converting enzyme;
ACF, aorto-caval fistula; ACEi, angiotensin-converting
enzyme inhibitor; ANG II, angiotensin II; ANG 1–7,
angiotensin-(1–7); (þdP/dt)max, maximum rates of pressure
rise; (�dP/dt)max, maximum rates of pressure fall; ESPVR,

end-systolic pressure–volume relationship; ETA, endothelin
type A; ET-1, endothelin 1; HanSD, Hannover Sprague-
Dawley rats; LV, left ventricle; LVEDP, left ventricle end-
diastolic pressure; LVEDV, left ventricle end-diastolic
volume; PRSW, preload recruitable stroke work; RAAS,
renin–angiotensin–aldosterone system; RV, right ventricle;
SNS, sympathetic nervous system; TGR, Ren-2 renin
transgenic rats; TPR, total peripheral resistance

INTRODUCTION

O
ver the past 40 years, substantial progress has been
made in the treatment of acute coronary syn-
dromes. However, many surviving patients still

develop substantial myocardial damage eventually leading
to heart failure [1]. Heart failure has become a major public
health problem [2,3]; despite the availability of multiple
therapeutic measures and recent pharmacological advan-
ces, the prognosis remains bleak [2,4–7]. Inappropriately
activated renin–angiotensin–aldosterone system (RAAS) is
crucial for the progression of heart failure and blockade
thereof has become a cornerstone component of the treat-
ment. However, in the advanced phase of heart failure its
effectiveness is limited [2,6–9], which was conspicuous in
patients who had been hypertensive before the onset of
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heart failure [10–12]. Remarkably, in heart failure induced
by volume overload, RAAS inhibition did not attenuate
eccentric remodeling of the left ventricle (LV) or improve
its systolic function [13–15]. Therefore, new therapeutic
strategies for the treatment of heart failure are urgently
needed and should be preceded by focused experimental
studies [6,16].

It has long been proposed that persistent inappropriate
activation of various neurohormonal systems underlies the
progression of heart failure (‘neurohormonal model of heart
failure pathophysiology’ [17–19]). More recently consider-
able attention was focused on the endothelin system and its
most important peptide: endothelin-1 (ET-1) [20]. ET-1 via
endothelin type A (ETA) receptors induces vasoconstriction;
activation of endothelin type B receptors leads to vasodilata-
tionandnatriuresis. InappropriateactivationofETA receptors
is thought important in the pathophysiology of cardiovascu-
lar and renal diseases [20–25]. The endothelin system in the
kidney and heart was shown to be markedly activated in
animals with heart failure [26,27], and its prolonged upregu-
lation proved maladaptive [22,24,25].

Therefore, the upregulated endothelin system might be
an important target for therapeutic intervention in heart
failure [22,24,25]. Indeed, Sakai et al. [28] reported that in
heart failure post myocardial infarction long-term ETA
blockade improved the survival rate, an analogy to the
improvement obtained with angiotensin-converting en-
zyme (ACE) inhibition which resulted in the introduction
of angiotensin-converting enzyme inhibitor (ACEi) as a
gold standard therapy of heart failure [29]. However, appli-
cation of the endothelin system blockade yielded contro-
versial results [21,22,30–32], and the effects in heart failure
patients, admittedly receiving nonselective endothelin re-
ceptor antagonist (bosentan) or presumably selective ETA
antagonist (darusentan) were disappointing: early fluid
retention actually leading to worsening of heart failure
was a common finding [33–35]. In the landmark ENABLE
study (Endothelin Antagonism with Bosentan and Lower-
ing of Events) [36] endothelin receptor antagonist treatment
was not recommended in heart failure patients; however,
the pertinent experimental studies should continue [37].
Evidently, the effects of genuinely selective ETA receptor
blockade on the natural course of heart failure have not yet
been evaluated [21–25]. The availability of orally active and
indisputably selective ETA receptor antagonist, atrasentan
[21], enables exploration of this issue [21,22,25,38–41].

The ratmodel of volumeoverload inducedby the creation
of the aorto-caval fistula (ACF) reasonably well mimics
human heart failure [13,15,42–47] and is officially recom-
mended for preclinical studies [48,49]. The Ren-2 renin trans-
genic rat (TGR) model combines endogenous activation of
the RAAS and hypertension [50,51], the two factors critical for
the progression of heart failure [18,19,52,53].Wehave shown
that TGR with ACF exhibited markedly enhanced heart
failure-relatedmortality [15,45,47]. Taking advantage of such
suitable experimental researchmodels and the availability of
a highly selective ETA receptor antagonist, we evaluated the
effects of chronic atrasentan treatment on morbidity and
mortality in ACF TGR.

To explore in more detail a possible role of interaction of
the RAAS and endothelin system and sympathetic nervous

system (SNS) [18,54–56] in the pathophysiology of ACF-
induced heart failure, kidney tissue concentrations of angio-
tensin II (ANG II), ET-1 and norepinephrine weremeasured.
In addition, in critical time-points of the experiments, we
assessed the cardiac structure and function, using echocardi-
ography and invasive pressure–volume analysis of the LV.

METHODS

Ethical approval, animals, heart failure model,
and pharmacological therapeutic regimes
The studies were performed in accordance with guidelines
and practices established by the Animal Care and Use
Committee of the Institute for Clinical and Experimental
Medicine, Prague, which accord with the European Con-
vention on Animal Protection and Guidelines on Research
Animal Use and approved by the Ministry of Health of the
Czech Republic (project decision 26306/2020-4/OVZ). Het-
erozygous TGR were generated by breeding male homo-
zygous TGR with female homozygous Hannover Sprague-
Dawley (HanSD) rats. Male TGR and HanSD rats, at the
initial age of 9 weeks, derived from several litters, were
randomly assigned to experimental groups to make sure
that the animals from a single litter did not prevail in any
group. To obtain reliable data regarding the effects of two
treatment regimens on the survival rate, high initial n values
were used (not so for sham-operated animals) to enable a
valid comparison of the long-term survival rate. Such re-
quired n values were established using the statistical power
analysis method developed by Cohen [57].

Rats were anesthetized (tiletamineþ zolazepam, Virbac
SA, Carros Cedex, France, 8mg/kg; and xylasine, Spofa,
Czech Republic, 4mg/kg intramuscularly) and heart failure
was induced by volume overload caused by ACF created
using needle technique as employed and validated bymany
investigators, including our own group [13,15,42–47,58,59].

Trandolapril (2mg/l in drinking water; Gopten; Abbott,
Prague, Czech Republic), was used to inhibit ACE because in
our previous studies and here in preliminary experimentswe
demonstrated that at this dose the ACEi, trandolapril, provid-
edmaximalblockadeof theRAASandwaswell toleratedboth
by ratswith ACF-induced heart failure andby sham-operated
animals [15,47,59]. ETA receptor blockadewas achievedwith
atrasentan (5mg/kg per day in drinking water; Abbott, Illi-
nois, USA). The dose of atrasentan was adjusted weekly to
actual water intake; such dosage was previously found to
effectively block ETA receptors [39,40].

Detailed experimental design
The whole experimental design of the study, with a presen-
tation of the detailed time sequence of experimental maneu-
vers and different treatment regimes, is given in Fig. 1.

Series 1: Effects of treatment with endothelin
type A receptor antagonist and angiotensin-
converting enzyme inhibitor, alone or
combined, on the survival rate and albuminuria
Animals underwent either sham-operation or ACF creation
and were left without treatment for 2 weeks. At this time
point (day 0) they were assigned to the following experi-
mental groups:
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Group 1: Sham-operated HanSD ratsþplacebo (initial
n¼ 12).
Group 2: Sham-operated TGRþplacebo (initial n¼ 14).
Group 3: ACF TGRþplacebo (i.e., untreated ACF TGR)
(initial n¼ 30).
Group 4: ACF TGRþETA receptor antagonist (initial
n¼ 31).
Group 5: ACF TGRþACEi (initial n¼ 32).
Group 6: ACF TGRþACEiþETA receptor antagonist
(initial n¼ 33).

The follow-up period was 20 weeks. At the end of the
experiment (on day þ140), the survived rats were anesthe-
tized and echocardiography was performed. Subsequently,
LV functions were invasively assessed by employing pres-
sure–volume analysis by techniques and protocols devel-
oped and validated for mice and rats by Pacher et al. [60].
This method was employed almost 10 years ago in our
laboratory and it is routinely used in our studies evaluating
cardiac functions in rats. Detailed descriptions can be found
in numerous of our previous studies [15,47,61,62]. Briefly,
rats were anesthetized with long-term anesthesia (thiopen-
tal sodium, 50mg/kg, intraperitoneally, VAUB Pharma a.s.,
Roztoky, Czech Republic) commonly used for pressure–
volume analysis [60]. Before the pressure–volume analysis,
echocardiography was performed. Rats were intubated
with a plastic cannula to ensure chest relaxation during
the whole operation. The left jugular vein was cannulated
for securing central venous access for solutions administra-
tion as required. A balloon catheter (LeMaitre Single Lumen
Embolectomy Catheter, 2F, Burlington, Massachusetts,
USA) was inserted under ultrasonic control via the right
jugular vein to the vena cava inferior, below the diaphragm
to maintain the best position for preload reduction. Just
before the pressure–volume measurement of the LV, the
conductance and pressure signals of the Millar pressure–
volume catheter (Millar, 2F, Houston, Texas, USA) were

calibrated using MPVS software (V2.2, Millar) according to
the manufacturer’s instructions. Functions of the LV were
invasively assessed by a pressure–volume catheter intro-
duced into the LV via the right carotid artery as described in
previous studies [15,47,61,62]. For basal measurements,
pancuronium (1mg/kg, intravenously, Inresa Arzneimittel,
Freiburg, Germany) was administered through the cannu-
lated left jugular vein and rinsed with a bolus of saline to
reduce noisiness in the signal caused by breathing. For
effective determination of cardiac functions, the preload
reductions were performed by slowly inflating the balloon
catheter with aqua pour injection. Volume signal was
calibrated by end-diastolic and end-systolic volume
obtained shortly before invasive recordings. Data from
pressure–volume loops were captured and analyzed in
LabChart Pro software (ADInstruments, Bella Vista, New
South Wales, Australia).

Series 2: Assessment of angiotensin II,
endothelin-1, angiotensin 1–7, and
norepinephrine levels and organ weights in the
early phase after aorto-caval fistula-induced
heart failure
Animals underwent either sham-operation or ACF creation
and were left without treatment for 2 weeks and then were
killed by decapitation. Whole kidney ANG II, angiotensin
1–7 (ANG 1–7) and norepinephrine levels, and ET-1 con-
centrations in the kidney cortex, kidney papilla, and lung
tissue were measured, as described in our previous studies
[38,39,45–47,51,63,64]. The following experimental groups
(n¼ 11 each) were investigated:

Group 1: Sham-operated HanSD rats.
Group 2: Sham-operated TGR.
Group 3: ACF TGR.

FIGURE 1 The experimental design of the whole study, delineating the time sequence of experimental maneuvers and different treatment regimes.
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Series 3: Effects of 2-week treatment with
endothelin type A receptor antagonist and
angiotensin-converting enzyme inhibitor, alone
or combined, on basal cardiac function
assessed by echocardiography and by
pressure–volume analysis
Animals were prepared as described in series 1 and 2, and at
week 0 the pharmacological treatment was applied for a
period of 2 weeks. On day þ14, the measurements were
performed in the following groups:

Group 1: Sham-operated HanSD ratsþplacebo (n¼ 7).
Group 2: Sham-operated TGRþplacebo (initial n¼ 7).
Group 3: ACF TGRþplacebo (i.e., untreated ACF TGR)
(n¼ 10).
Group 4: ACF TGRþETA receptor antagonist (n¼ 9).
Group 5: ACF TGRþACEi (n¼ 9).
Group 6: ACF TGRþACEiþETA receptor antagonist
(n¼ 9).

Statistical analysis
Statistical analysis of the data was performed using Graph-
Pad Prism software (Graph Pad Software, San Diego, Cal-
ifornia, USA). Comparison of survival curves was performed
by log-rank (Mantel-Cox) test followed by Gehan-Breslow-
Wilcoxon test. Statistical comparison of other results was
made by Student’s t test, Wilcoxon’s signed-rank test for
unpaired data, or one-way analysis of variance when
appropriate. The values are expressed as the means
� standard error of the mean and n represents the number
of animals. A P value less than 0.05 was considered statisti-
cally significant.

RESULTS

Effects of treatment with endothelin type A
receptor antagonist and angiotensin-converting
enzyme inhibitor, alone or combined, on the
survival rate and albuminuria
All sham-operated HanSD rats and TGR survived until the
end of the study, and for clarity of presentation they are
omitted from Fig. 2. As shown in Fig. 2a, untreated ACF TGR
definitely began to die from day þ14 (4 weeks after the
creation of ACF), and by dayþ65 all the animals were dead.
ETA receptor antagonist and ACEi, applied alone, improved
survival: the final rate was 56% (18 of 31 animals) and 69%
(22 of 32 animals), respectively. With the combined treat-
ment the final survival rate was 52% (17 of 33 animals). The
three variants of treatment did not significantly differ in
their effectiveness.

At the start of the treatment (2 weeks after sham-opera-
tion or creation of ACF), the sham-operated TGR showed
about 35-fold higher albuminuria than observed in sham-
operated HanSD rats (Fig. 2b). Significantly, the creation of
ACF caused a significant about 65% decrease in albuminuria
in TGR in this period. Albuminuria modestly but signifi-
cantly increased throughout the study in sham-operated
animals, in parallel with increasing age but, surprisingly,
such age-dependent rise was relatively more pronounced
in sham-operated HanSD rats. All three treatments reduced

albuminuria in ACF TGR, but combined ACE and ETA
receptor blockade was the most effective. Remarkably, in
ACF TGR receiving the combined treatment albuminuria
was even 22-fold lower than in sham-operated HanSD rats
(0.236� 0.02 vs. 5.14� 0.27mg/24 h, P< 0.05).

Tissue angiotensin II, angiotensin 1–7,
norepinephrine, and endothelin-1 levels and
organ weights in the early phase after aorto-
caval fistula-induced heart failure
Two weeks after the creation of ACF, TGR displayed a
further increase in cardiac LV hypertrophy when compared
with sham-operated TGR, and marked right ventricle (RV)
hypertrophy (Table 1). In addition, ACF TGR displayed
substantial lung congestion (increased wet lung weight)
without significant differences in body, kidney, and liver
weight.

Two weeks after the creation of ACF or sham-operation
tissue concentrations of ANG II, ANG 1–7, norepinephrine,
and ET-1 were as shown in Fig. 3. Sham-operated TGR
showed higher kidney ANG II levels compared with sham-
operated HanSD rats (Fig. 3a). Dissimilarly, kidney ANG
1–7 concentrations did not differ (Fig. 3b). Evidently, the
intrarenal balance between the vasodilator and vasocon-
strictor axes of the RAAS (expressed as the ratio of ANG 1–7
to ANG II) was shifted toward the vasoconstrictor axis.
Kidney ANG II levels tended to be higher in ACF TGR (NS),
however, the creation of ACF distinctly increased kidney
ANG 1–7 levels. This marked increase resulted in a consid-
erable increase in the ANG 1–7/ANG II ratio, up to the level
found in sham-operated HanSD rats. There were no signifi-
cant differences in kidney norepinephrine concentrations
between experimental groups (Fig. 3c). Nor were there any
significant between-group differences in the concentrations
of ET-1 in the kidney cortex, kidney papilla, and lung tissue
(Fig. 3d–f).

Effects of 2-weeks’ treatment with endothelin
type A receptor antagonist and angiotensin-
converting enzyme inhibitor, alone or
combined, on basal cardiac function assessed
by echocardiography and by pressure–volume
analysis
Sham-operated TGR displayed whole cardiac and LV hy-
pertrophy as compared with sham-operated HanSD rats
(Table 2). In TGR the hypertrophy was slightly but signifi-
cantly greater than observed at week 0 (Table 1). Untreated
ACF TGR displayed, again, bilateral cardiac hypertrophy
that strikingly progressed over 2 weeks. The final increase
above the values from week 0 (see Table 1) was by 27, 16,
and 45% in the case of whole cardiac, LV, and RV hyper-
trophy, respectively. All treatment regimens substantially
attenuated the degree of hypertrophy in ACF TGR; the
concurrent lung weight decrease suggested attenuation
of lung congestion.

Evaluation of cardiac structure and function by echocar-
diography showed that sham-operated TGR displayed
higher LV anterior and posterior wall thickness and the
LV relative wall thickness as compared with sham-operated
HanSD rats (Table 3), showing effects of hypertension and
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LV cardiac hypertrophy. Otherwise, there were no structur-
al and functional LV changes or significant differences
between sham-operated TGR and sham-operated HanSD
rats. Nor were there any significant differences in RV
parameters between sham-operated TGR and sham-oper-
ated HanSD rats. Untreated ACF TGR had increased stroke
volume and cardiac output (a consequence of the shunt),
strikingly increased LV and RV diameters, and decreased LV
anterior and posterior wall thickness and LV relative wall
thickness (indices of eccentric cardiac hypertrophy). In

addition, untreated ACF TGR displayed decreased LV ejec-
tion fraction and LV fractional shortening as compared with
sham-operated TGR (impairment of LV systolic function).
In contrast, at this stage, untreated ACF TGR did not show
any impairment of RV systolic function as seen from the
normal RV ejection fraction. The treatment with ETA recep-
tor antagonist alone or ACEi alone reduced both the LV and
RV diameters but did not change the LV wall thickness and
systolic function of the LV in ACF TGR. Notably, combined
treatment with ACEi and ETA receptor antagonists did not

FIGURE 2 Effects of treatment on survival and albuminuria. The survival rate (a) and albuminuria (b) in sham-operated transgene-negative Hannover Sprague-Dawley rats,
sham-operated heterozygous Ren-2 renin transgenic rats, and Ren-2 renin transgenic rats with aorto-caval fistula, treated with endothelin type A receptor antagonist, or
with angiotensin-converting enzyme inhibitor, alone or combined. �P<0.05 versus sham-operated Ren-2 renin transgenic rats. ��P<0.05 versus sham-operated Hannover
Sprague-Dawley rats. ���P<0.05 versus all other groups.
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modify the LV and RV diameters but further decreased the
LV anterior and posterior wall thickness and LV relative wall
thickness and, unexpectedly, decreased RV
ejection fraction.

On the evaluation of cardiac function by the invasive
hemodynamics method (Figs. 4 and 5) sham-operated TGR
showed, on one side, higher LV peak pressure (Fig. 4a),
maximum rates of pressure rise (þdP/dt)max (Fig. 4d) and
end-systolic pressure–volume relationship (ESPVR)
(Fig. 5a) and of the total peripheral resistance (TPR)
(Fig. 5d) and, on the other side, lower maximum rates of
pressure fall (�dP/dt)max (Fig. 4e) and LV wall stress
(Fig. 5f) as compared with sham-operated HanSD rats.
These results are in line with the degree of hypertension
and LV cardiac hypertrophy in sham-operated TGR. Un-
treated ACF TGR displayed significant decreases in LV peak
pressure, (þdP/dt)max, (�dP/dt)max (Fig. 4d and e), ESPVR,
and preload recruitable stroke work (PRSW) (Fig. 5a and c),
and increased LV relaxation constant tau (Fig. 4f) as com-
pared with sham-operated TGR. This indicated impairment
of load-dependent as well as load-independent LV systolic
function and also of the LV diastolic function. Moreover,
untreated ACF TGR showed a marked decrease in TPR
(Fig. 5d), and particularly prominent increases in LV end-
diastolic pressure (LVEDP), LV end-diastolic volume
(LVEDV) (Fig. 4b and c), total power output (Fig. 5e)
and LV wall stress (Fig. 5f), as compared with sham-oper-
ated TGR. Each of the three treatments decreased LVEDP,
LVEDV, LV relaxation constant tau, and LV wall stress and
increased (þdP/dt)max in ACF TGR but did not alter (�dP/
dt)max and ESPVR. ETA receptor blockade, applied alone or
with ACEi, increased PRSW (Fig. 5c) or decreased end-
diastolic pressure–volume relationship (Fig. 5b). Finally,
only the combined treatment further decreased TPR in ACF
TGR (Fig. 5d).

Effects of 20-weeks’ treatment with endothelin
type A receptor antagonist and angiotensin-
converting enzyme inhibitor, alone or
combined, on organ weights and cardiac
function assessed by echocardiography and by
pressure–volume analysis
Table 4 collects organ weights from animals that survived
until the end of the study (22 weeks after sham-operation or
creation of ACF and after 20-weeks’ treatment). The values

of whole, LV, and RV weights in the ACF TGR that were
treated either with ETA receptor antagonist alone or with
ACEi alone were similar with those in untreated ACF TGR in
the early phase (4 weeks after the creation of ACF). On the
other hand, the extent of lung congestion was lower than
observed in untreated ACF TGR (Table 2). Combined
treatment with ACEi and ETA receptor antagonist in ACF
TGR significantly reduced the bilateral cardiac hypertrophy
and lung congestion when compared with ACF TGR treated
with ETA receptor antagonist alone or with ACEi alone.

Table 5 presents an evaluation of cardiac structure and
function by echocardiography, again, in the animals that
survived until the end of the study. Irrespective of the
treatment applied, all ACF TGR groups displayed increases
in LV and RV diameters that were even greater than those
measured in untreated ACF TGR in the early phase (4 weeks
after induction of ACF, see Table 3). In addition, in each of
ACF TGR treatment groups, the decreases in LV ejection
fraction and LV fractional shortening were more pro-
nounced than those observed in the early phase (see Table
3). Moreover, in contrast to the early phase, all ACF TGR
groups exhibited impairment of RV systolic function. Sig-
nificantly, the treatment regimens that included ETA recep-
tor blockade, alone and combined with ACEi, attenuated
the increases in RV diameters and impairment of RV systolic
function. Figs. 6 and 7 present an evaluation of cardiac
function by the invasive hemodynamics method in animals
that survived until the end of the study. All the values for
sham-operated HanSD and sham-operated TGR were simi-
lar as observed in the early phase (see Figs. 4 and 5). All ACF
TGR groups subjected to treatment showed similar load-
sensitive values of systolic and diastolic function as well as
of load-independent contractile function. Remarkably, the
combined treatment with ACEi and ETA receptor antagonist
normalized LVEDP in ACF TGR (Fig. 6b) and brought them
to levels observed in sham-operated TGR, however, with-
out affecting LVEDV (Fig. 6c). Moreover, there were no
significant differences in TPR, total power output and LV
wall stress between ACF TGR groups subjected to different
treatments (Fig. 7d–f).

DISCUSSION

We found that both ETA receptor blockade and ACE inhi-
bition substantially reduced the extremely high heart fail-
ure-related mortality in ACF TGR. This agrees with the

TABLE 1. Organ weights 2 weeks after the creation of the aorto-caval fistula or sham-operation, that is, before initiation of treatment
protocols (week 0)

Group

HanSDþwater TGRþwater ACF TGRþwater

Tibia length (mm) 38.1�0.3 37.9�0.2 37.8�0.3

Whole heart weight (mg)/tibia length (mm) 34.67�0.64 43.54�0.46� 54.26�0.88��

LV weight (mg)/tibia length (mm) 24.91�0.17 32.74�0.51� 35.53�0.62��

RV weight (mg)/tibia length (mm) 5.93�0.16 6.31�0.29 10.40�0.48��

Lung weight (mg)/tibia length (mm) 44.41�0.86 46.72�1.08 78.79�1.14��

Kidney weight (mg)/tibia length (mm) 37.01�0.76 38.79�0.69 40.08�1.09

Liver weight (mg)/tibia length (mm) 410�13 420�18 421�16

The values are the means� SEM. ACF, aorto-caval fistula; HanSD, Hannover Sprague-Dawley rats; LV, left ventricle; RV, right ventricle; TGR, Ren-2 renin transgenic rats.
�P<0.05 vs. sham-operated HanSD rats.
��P<0.05 vs. TGRþwater.
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proposal that the blockade of ETA receptors might be an
important target for therapeutic intervention in heart fail-
ure, at least in its volume-overload variant. A similar favor-
able action of ACEi (improvement of survival, attenuation
of albuminuria, etc.) indicates that even though early acti-
vation of the vasoconstrictor/sodium retaining axis of the
RAAS may be beneficial, its long-term pleiotropic actions
are detrimental and contribute to the progression of
heart failure.

Since both treatment regimens substantially delayed the
heart failure-related morbidity and mortality in ACF TGR,
we hypothesized that combined treatment with trandolapril
and atrasentan should provide additive protective actions.
However, this hypothesis has not been corroborated: the
results of the combined therapy did not significantly differ
from those of either single treatment. Therefore, one should
consider individual aspects of heart failure-related morbid-
ity as related to interaction at various levels of the RAAS and

FIGURE 3 Tissue levels of angiotensin II (a), angiotensin 1–7 (b), norepinephrine (c), endothelin-1 (d) in kidney cortex, endothelin-1 in kidney papilla (e), and endothelin-1
in lung tissue (f) in sham-operated transgene-negative Hannover Sprague-Dawley rats, sham-operated heterozygous Ren-2 renin transgenic rats, and Ren-2 renin transgenic
rats with aorto-caval fistula 2 weeks after the creation of the aorto-caval fistula or sham-operation. �P<0.05 versus sham-operated Hannover Sprague-Dawley rats.
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endothelin systems [65,66]. ANG II can stimulate ET-1
release by various cell types [67–69] and vice versa, ET-1
stimulates ANG II formation [65,70]. Indeed, in TGR after 5/
6 renal ablation (5/6 NX), RAAS inhibition decreased ET-1
levels similarly as observed in animals treated with ETA
receptor antagonist [38]. Evidently, some of the beneficial
effects of the blockade of one system can also be partially
mediated, indirectly, by inhibition of the other system.

Notably, the combined treatment exhibited more pro-
nounced effect on albuminuria and was more effective in
reducing bilateral cardiac hypertrophy and lung conges-
tion. Since albuminuria and cardiac hypertrophy are inde-
pendent risk factors for cardiovascular morbidity and
mortality (including heart failure-related mortality)
[3,7,10,64,71–73], greater beneficial effects of the combined
treatment might provide additional protection. To make
this conclusive, studies using long-term treatment protocols

(e.g. 40 weeks) are required. Nevertheless, the present
results strongly suggest a benefit of dual inhibition of the
RAAS and ETA system in chronic kidney disease, heart
failure, and similar disorders. If so, understanding the
underlying mechanism(s) is important.

To address this issue, we examined the effects of the
three treatments (atrasentan, trandolapril, or both com-
bined) on cardiac function after 2-weeks’ treatment, at a
time when untreated animals were showing high mortality.
Untreated ACF TGR not only exhibited bilateral cardiac
hypertrophy and prominent eccentric chamber remodeling
but also an impairment of load-sensitive systolic and dia-
stolic function and load-independent contractile function of
the LV, which confirmed the view that the ACF-induced
model of heart failure well represents heart failure with
reduced ejection fraction elicited by chronic volume-over-
load insult [48,49,74].

TABLE 2. Organ weights 4 weeks after the creation of the aorto-caval fistula or sham-operation and after 2 weeks’ treatment with
endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor, alone or combined (weekþ2)

Group

HanSDþ
water

TGRþ
water

ACF TGRþ
water

ACF TGRþ
ACEi

ACF TGRþETA
antagonist

ACF TGRþACEiþETA
antagonist

Tibia length (mm) 37.9�0.3 38.1�0.2 37.8�0.2 38.1�0.2 38.1�0.3 37.9�0.2

Whole heart weight (mg)/tibia length (mm) 37.21�0.54 48.47�0.98� 69.03�1.18�� 54.33�1.15��� 47.91�0.75��� 54.79�2.04���

LV weight (mg)/tibia length (mm) 24.12�0.11 35.12�0.91� 41.09�0.92�� 33.96�0.68��� 30.81�0.59��� 35.06�1.35���

RV weight (mg)/tibia length (mm) 7.28�0.19 7.46�0.25 15.09�0.39�� 12.05�0.17��� 9.92�0.24��� 10.75�0.31���

Lung weight (mg)/tibia length (mm) 48.96�1.06 48.52�1.29 75.11�1.38�� 61.91�1.27��� 57.29�1.29��� 61.52�1.33���

Kidney weight (mg)/tibia length (mm) 40.14�0.41 42.19�1.29 40.08�1.09 38.92�1.36 39.14�1.08 38.99�0.91

Liver weight (mg)/tibia length (mm) 437�19 459�17 445�26 439�26 444�23 433�27

The values are the means� SEM. ACEi, angiotensin-converting enzyme inhibitor; ACF, aorto-caval fistula; ETA, endothelin type A; HanSD, Hannover Sprague-Dawley rats; LV, left
ventricle; RV, right ventricle; TGR, Ren-2 renin transgenic rats.
�P<0.05 vs. sham-operated HanSD rats.
��P<0.05 vs. TGRþwater.
���P<0.05 vs. ACF TGRþwater.

TABLE 3. Echocardiographic analysis performed 4weeks after the creation of the aorto-caval fistula or sham-operation and after 2weeks’
treatment with endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor, alone or combined
(weekþ2)

Group

HanSDþ
water

TGRþ
water

ACF TGRþ
water

ACF TGRþ
ACEi

ACF TGRþETA
antagonist

ACF TGRþACEiþETA
antagonist

Heart rate (s�1) 381�16 379�11 369�9 368�8 372�9 377�16

LV diastolic diameter (mm) 6.44�0.12 6.14�0.13 9.89�0.21� 8.74�0.21�� 8.54�0.23�� 10.53�0.23�

LV systolic diameter (mm) 3.32�0.12 3. 07�0.12 6.01�0.22� 5.22�0.17�� 4.97�0.22�� 6.22�0.22�

LV anterior wall thickness in diastole (mm) 2.04�0.04 2.82�0.04��� 2.11�0.05� 2.06�0.04� 2.01�0.03� 1.66�0.05��

LV posterior wall thickness in diastole (mm) 2.18�0.05 3.17�0.08��� 2.29�0.08� 2.29�0.05� 2.15�0.05� 1.86�0.04��

LV relative wall thickness 0.62�0.02 1.05�0.06��� 0.42�0.03� 0.44�0.03� 0.51�0.04� 0.35�0.01�

LV ejection fraction (%) 79.2�1.2 80.6�0.9 65.2�0.9� 64.8�1.3� 70.9�1.3� 68.9�1.4�

LV fractional shortening (%) 50.5�1.4 51.5�0.7 38.8�1.1� 39.3�1.1� 42.2�1.2� 41.1�1.5�

LV stroke volume (ml) 149�5.4 146�7.9 384�19� 334�14� 303�14� 373�21�

Cardiac output (ml/min) 61.1�1.5 59.8�3.6 135.7�5.6� 121.5�6.6� 114.6�4.4� 152.9�8.8�

RV diastolic diameter (mm) 3.21�0.07 3.16�0.08 5.71�0.33� 5.02�0.21� 3.94�0.09�� 5.75�0.22�

RV systolic diameter (mm) 3.05�0.04 2.55�0.11 5.04�0.31� 3.56�0.21�� 3.49�0.07�� 5.31�0.19�

RV ejection fraction (%) 57.7�1.7 55.1�2.1 51.1�2.8 50.9�2.4 52.1�2.5 37.7�2.1��

The values are the means� SEM. ACEi, angiotensin-converting enzyme inhibitor; ACF, aorto-caval fistula; ETA, endothelin type A; HanSD, Hannover Sprague-Dawley rats; LV, left
ventricle; RV, right ventricle; TGR, Ren-2 renin transgenic rats.
�P<0.05 vs. TGRþwater.
��P<0.05 vs. ACF TGRþwater.
���P<0.05 vs. sham-operated HanSD rats.
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We hypothesized that the beneficial effects of the treat-
ment regimens on long-term survival were preferentially
mediated by cardiac mechanisms, in agreement with the
recent evidence that 15 weeks’ ACEi treatment significantly

improved LV ejection fraction in ACF TGR [59]. Here we
found that ACF TGR which survived until the end of the
study and had been exposed to 20 weeks’ treatment
exhibited impaired load-dependent as well as load-
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FIGURE 4 Left ventricle cardiac function assessment by invasive hemodynamic analysis performed 4 weeks after the creation of the aorto-caval fistula, that is, 2 weeks
after initiation of treatments in sham-operated transgene-negative Hannover Sprague-Dawley rats, sham-operated heterozygous Ren-2 renin transgenic rats and Ren-2
renin transgenic rats with aorto-caval fistula, treated with either endothelin type A receptor antagonist alone or with angiotensin-converting enzyme inhibitor alone or with
the combination of endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor. Left ventricle peak pressure (a), left ventricle end-diastolic pressure
(b), left ventricle end-diastolic volume (c), maximum rates of pressure rise (þdP/dt)max (d), maximum rates of pressure fall (�dP/dt)max (e), left ventricle relaxation constant
tau (f). �P<0.05 sham-operated Ren-2 renin transgenic rats versus sham-operated Hannover Sprague-Dawley rats. ��P<0.05 untreated aorto-caval fistula Ren-2 renin
transgenic rats versus sham-operated Ren-2 renin transgenic rats. ���P<0.05 treated aorto-caval fistula Ren-2 renin transgenic rats versus untreated aorto-caval fistula
Ren-2 renin transgenic rats.
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independent LV contractility. Moreover, irrespective of the
treatment variant actually applied, they exhibited markedly
increased LV wall stress, bilateral cardiac hypertrophy, and
lung congestion. This could reflect a complete failure of our
treatment regimens to improve cardiac morphology and
function. However, it should be noticed that the data cannot
be compared with those obtained at the same time from

untreated ACF TGR because all of the latter died 10 weeks
earlier. However, if we used for the comparison of the
untreated ACF TGR in the early phase of heart failure (Table
2), we find that whole heart, LV, and RV weights and lung
weights in the groups treated with either inhibitor for 20
weeks (see Table 4) are similar as in untreated ACF TGR,
and with the combined treatment they are even lower.
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FIGURE 5 Left ventricle cardiac function assessment by invasive hemodynamic analysis performed 4 weeks after the creation of the aorto-caval fistula, that is, 2 weeks
after initiation of treatments in sham-operated transgene-negative Hannover Sprague-Dawley rats, sham-operated heterozygous Ren-2 renin transgenic rats and Ren-2
renin transgenic rats with aorto-caval fistula, treated with either endothelin type A receptor antagonist alone or with angiotensin-converting enzyme inhibitor alone or with
the combination of endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor. End-systolic pressure–volume relationship (a), end-diastolic
pressure–volume relationship (b), preload recruitable stroke work (c), total peripheral resistance (d), total power output (e), and left ventricle wall stress (f). �P<0.05 sham-
operated Ren-2 renin transgenic rats versus sham-operated Hannover Sprague-Dawley rats. ��P<0.05 untreated aorto-caval fistula Ren-2 renin transgenic rats versus
sham-operated Ren-2 renin transgenic rats. ���P<0.05 treated aorto-caval fistula Ren-2 renin transgenic rats versus untreated aorto-caval fistula Ren-2 renin transgenic
rats.
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Apparently, the eccentric cardiac remodeling and cardiac
hypertrophy related to the enhanced cardiac output (blood
recirculation through the fistula) progressed during the
study. This was also supported by the data on cardiac
function obtained by pressure–volume analysis: the re-
spective values for ACF TGR treated for 20 weeks were
similar to those found in untreated ACF TGR in the early
phase after ACF-induced heart failure. Furthermore, the
combined treatment reduced LVEDP to levels observed
in sham-operated TGR.

Overall, each of the treatment regimens applied within
the long-term protocol (20 weeks) improved cardiac mor-
phology, systolic and diastolic function of the LV and
reduced lung congestion. Most probably, the beneficial
effects on the survival rate observed with atresan or tran-
dolapril, alone or combined, are mostly mediated by cardi-
ac mechanisms. This notion is further supported by the
effectiveness of 2-weeks’ treatment on cardiac morphology
and function. At the onset of heart failure decompensation

(when untreated rats were beginning to die) all treatment
regimens substantially attenuated bilateral cardiac hyper-
trophy and lung congestion, reduced LVEDP, LVEDV, LV
wall stress, and improved LV systolic contractility.

What was the degree of activation of the intrarenal
neurohormonal systems in the earliest phase of ACF-in-
duced heart failure? Two weeks after ACF creation, just
before the treatment was initiated, ACF TGR did not display
any significant increase in kidney ANG II levels. This
suggests no substantial activation of the intrarenal vasocon-
strictor/sodium retaining axis of the RAAS. In contrast,
elevated kidney ANG 1–7 and increased ANG 1–7/ANG
II ratio indicates activation of the intrarenal vasodilator/
natriuretic axis of the RAAS. There was no increase in
kidney norepinephrine concentration, that is, an absence
of substantial activation of the intrarenal SNS. In addition,
ACF TGR did not show increased concentrations of ET-1 in
the renal cortex, papilla, and lung tissue, which suggests no
substantial activation of the tissue endothelin system.

TABLE 5. Echocardiographic analysis performed 22 weeks after the creation of the aorto-caval fistula or sham-operation, and after 20
weeks’ treatmentwith endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor, alone or combined
(weekþ20)

Group

HanSDþ
water

TGRþ
water ACF TGRþACEi

ACF TGRþETA
antagonist

ACF TGRþACEiþETA
antagonist

Heart rate (s�1) 376�11 375�11 368�8 353�11 347�16

LV diastolic diameter (mm) 6.91�0.21 7.01�0.21 11.78�0.33� 11.58�0.39� 11.51�0.17�

LV systolic diameter (mm) 3.74�0.18 4.31�0.39 7.77�0.27� 7.85�0.38� 7.69�0.23�

LV anterior wall thickness in diastole (mm) 2.12�0.05 3.08�0.06�� 2.03�0.05� 2.16�0.09� 1.84�0.07�

LV posterior wall thickness in diastole (mm) 2.51�0.06 3.12�0.09�� 2.05�0.05� 2.19�0.05� 1.94�0.07�

LV relative wall thickness 0.71�0.04 0.92�0.04�� 0.35�0.02� 0.40�0.03� 0.37�0.03�

LV ejection fraction (%) 73.6�1.7 72.5�2.1 51.1�1.6� 53.1�2.3� 56.4�1.9�

LV fractional shortening (%) 47.1�1.5 46.1�1.3 30.3�0.7� 32.5�1.5� 32.4�1.3�

LV stroke volume (ml) 182�10 178�9 429�21� 449�31� 404�28�

Cardiac output (ml/min) 64.3�1.3 65.6�3.2 162�5.2� 157�11� 149�12�

RV diastolic diameter (mm) 3.09�0.14 3.06�0.09 6.69�0.21� 5.38�0.43��� 5.61�0.36���

RV systolic diameter (mm) 2.41�0.11 2.39�0.09 6.05�0.12� 4.57�0.28��� 4.52�0.27���

RV ejection fraction (%) 67.9�3.9 65.7�3.2 31.9�1.1� 49.3�2.7��� 48.7�2.2���

The values are the means� SEM. ACEi, angiotensin-converting enzyme inhibitor; ACF, aorto-caval fistula; ETA, endothelin type A; HanSD, Hannover Sprague-Dawley rats; LV, left
ventricle; RV, right ventricle; TGR, Ren-2 renin transgenic rats.
�P<0.05 vs. TGRþwater.
��P<0.05 vs. sham-operated HanSD rats.
���P<0.05 vs. ACF TGRþACEi.

TABLE 4. Organ weights determined 22 weeks after the creation of the aorto-caval fistula or sham-operation and after 20-weeks’
treatment with endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor, alone or combined
(weekþ20)

Group

HanSDþ
water

TGRþ
water

ACF TGRþ
ACEi

ACF TGRþETA
antagonist

ACF TGRþACEiþETA
antagonist

Tibia length (mm) 43.6�0.2 43.5�0.3 43.9�0.4 43.6�0.3 43.4�0.5

Whole heart weight (mg)/tibia length (mm) 32.44�0.51 46.52�0.99� 64.95�1.09�� 68.89�0.53�� 56.87�0.49���

LV weight (mg)/tibia length (mm) 26.31�0.21 33.96�0.74� 39.11�0.28�� 40.37�0.43�� 34.48�0.32���

RV weight (mg)/tibia length (mm) 7.44�0.24 7.51�0.18 15.27�0.38�� 16.58�0.42�� 12.09�0.21���

Lung weight (mg)/tibia length (mm) 47.93�1.09 47.66�1.13 63.19�1.21�� 69.92�2.27�� 54.19�0.68���

Kidney weight (mg)/tibia length (mm) 41.89�1.02 41.56�1.22 39.86�1.17 41.89�1.24 40.19�0.97

Liver weight (mg)/tibia length (mm) 451�17 441�23 434�29 438�28 442�25

The values are the means� SEM. ACEi, angiotensin-converting enzyme inhibitor; ACF, aorto-caval fistula; ETA, endothelin type A; HanSD, Hannover Sprague-Dawley rats; LV, left
ventricle; RV, right ventricle; TGR, Ren-2 renin transgenic rats.
�P<0.05 vs. sham-operated HanSD rats.
��P<0.05 vs. TGRþwater.
���P<0.05 vs. ACF TGRþACEi and vs. ACF TGRþ ETA antagonist.
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FIGURE 6 Part 1 of the left ventricle cardiac function assessment by invasive hemodynamic analysis performed 22 weeks after the creation of the aorto-caval fistula, that
is, 20 weeks after initiation of treatments in sham-operated transgene-negative Hannover Sprague-Dawley rats, sham-operated heterozygous Ren-2 renin transgenic rats
and Ren-2 renin transgenic rats with aorto-caval fistula, treated with either endothelin type A receptor antagonist alone or with angiotensin-converting enzyme inhibitor
alone or with the combination of endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor. Left ventricle peak pressure (a), left ventricle end-
diastolic pressure (b), left ventricle end-diastolic volume (c), maximum rates of pressure rise (þdP/dt)max (d), maximum rates of pressure fall (�dP/dt)max (e), left ventricle
relaxation constant tau (f). �P<0.05 sham-operated Ren-2 renin transgenic rats versus sham-operated Hannover Sprague-Dawley rats. ���P<0.05 treated aorto-caval fistula
Ren-2 renin transgenic rats versus sham-operated Ren-2 renin transgenic rats.
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Evidently, in the very early phase of volume-overload heart
failure, ACF TGR did not show intrarenal activation of the
vasoconstrictor/sodium retaining axis of the RAAS, SNS, or
endothelin system. However, there was amarked activation
of the intrarenal vasodilator/natriuretic axis of the RAAS.

The evidence that kidney activity of RAAS, SNS, and
endothelin system is not increased in ACF TGR seems
incompatible with the neurohormonal theory of the patho-
physiology of heart failure, which proposes that in heart
failure the activity of the RAAS and SNS is increased and
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FIGURE 7 Part 2 of the left ventricle cardiac function assessment by invasive hemodynamic analysis performed 22 weeks after the creation of the aorto-caval fistula, that
is, 20 weeks after initiation of treatments in sham-operated transgene-negative Hannover Sprague-Dawley rats, sham-operated heterozygous Ren-2 renin transgenic rats
and Ren-2 renin transgenic rats with aorto-caval fistula, treated with either endothelin type A receptor antagonist alone or with angiotensin-converting enzyme inhibitor
alone or with the combination of endothelin type A receptor antagonist and angiotensin-converting enzyme inhibitor. End-systolic pressure–volume relationship (a), end-
diastolic pressure–volume relationship (b), preload recruitable stroke work (c), total peripheral resistance (d), total power output (e), and left ventricle wall stress (f).
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compensates for the initial insult, even though in the long run
such hyperactivity is known to be deleterious and critically
contributes to the progression of heart failure [17–19,54–56].
In addition, the present results are at variancewith our earlier
report on an increased plasma and kidney RAAS and SNS
activity inhypertensive rats [15,59,75].However, thiswas so 5
weeks after the creation of ACF, in the phase of advanced
heart failure decompensation,with 60%mortality (Fig. 5). All
this accordswith the neurohormonal concept that during the
progression of heart failure the neurohormonal activity does
increase and counteracts the cardiac function impairment
(yet in the long run such inappropriate activation becomes
extremely deleterious [17–19,54–56,76]). Briefly, in the very
early phase of high-output heart failure, the sodium retaining
activity of the RAAS is not apparent. However, in our ACF
TGR, kidney ANG 1–7 and the ANG 1–7/ANG II ratio was
increased. Evidently, the ACE2/ANG 1–7/Mas receptor axis
of the RAAS, which counteracts the effects of the classical
RAAS axis [77], was substantially activated. Taken together,
sinceANG1–7 is themost important componentof theACE2/
ANG 1–7/Mas axis, its activation was presumably the first
compensatory event in response to ACF creation, preceding
the activation of the vasoconstrictor/sodium retaining axis
of the RAAS, SNS, and endothelin system. We believe that
this counteracted the subsequently increased activity of the
RAAS, SNS, and endothelin systems and attenuated their
long-term deleterious influence, in agreement with the pro-
posed role of ANG 1–7, particularly under conditions of
elevated kidney ANG II levels [77,78], and with the recent
evidence that the elevated ANG 1–7/ANG II ratio predicts a
beneficial outcome of heart failure [79].

Limitations of the study
One limitation of the current study is the application of the
ACF TGR model. On the other hand, its major advantage is
that the rats are highly hypertensive and display marked
systemic and intrarenal activation of the RAAS [50,51], thus
they exhibit two most important risk factors for the pro-
gression of heart failure [18,19,52,53]. However, the model
is sometimes regarded ‘nonnatural’ and the progression of
heart failure is thought excessively accelerated. Moreover,
the creation of the ACF is associated with a profound
decrease in total peripheral resistance and a subsequent
decrease in blood pressure: evidently, the initial increase in
cardiac output cannot compensate the decrease in TPR. It
must also be admitted that the ACF TGRmodel mimics heart
failure dependent on chronic volume overload, a condition
affecting only 5–7% of heart failure patients. Most of them
suffer from severe mitral insufficiency which is resistant to
treatment [3].

It is also admitted that all our series which evaluated
cardiac functions were performed in long-term anesthe-
tized and surgically stressed animals, which must have
caused the increased activity of neurohormonal systems,
particularly of the RAAS and SNS. Possibly, the resultant
changes in neurohumoral and volume status could alter
cardiac function to some extent, both in healthy animals
and in those with ACF-induced heart failure. However, we
demonstrated previously, in the initial comprehensive ref-
erence study and in our previous studies [15,47,61,62] that

long-termanesthesia (isofluraneorbarbiturates) and surgical
procedures do not deteriorate the stability of animals. There-
fore, despite such potential drawbacks the pressure–volume
analyses are now accepted as a golden standard approach
for the evaluation of cardiac function in mice and rats.

In conclusion, our results showed that, first, even in the
absence of pronounced activation of the tissue endothelin
system in the early phase of volume-overload heart failure,
ETA receptor blockade delays the onset of heart failure
decompensation and improves the survival in ACF TGR.
Second, the beneficial effects of each of the treatment
regimens on long-term survival aremost probably mediated
by partial recovery of cardiac function, specifically by
attenuation of bilateral cardiac hypertrophy, of lung con-
gestion, by reducing LVEDP, LVEDV, LV wall stress, and
also by improving LV systolic contractility. Third, the addi-
tion of ETA receptor blockade did not increase the protec-
tion against heart failure-related mortality in ACF TGR
beyond the improvement obtained with the treatment with
ACEi alone.

On the whole, our results suggest that targeting the
endothelin system should again be considered for the
treatment of heart failure, at least of its volume-overload
variant, and in individuals with background hypertension
and enhanced RAAS activity.
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et al. Late-onset endothelin-A receptor blockade reduces podocyte
injury in homozygous Ren-2 rats despite severe hypertension. Hyper-
tension 2006; 48:965–971.
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Abstract: Background: Two-dimensional (2D) and three-dimensional (3D) speckle-tracking echocar-
diography (STE) enables assessment of myocardial function. Here, we examined the agreement
between 2D and 3D STE measurement of a global longitudinal strain (GLS) in patients with normal
left ventricle, reduced ejection fraction, and cardiac pacing. Methods: Our analysis included 90 con-
secutive patients (59% males; average age: 73.2 ± 11.2 years) examined between May 2019–December
2020, with valid 2D and 3D loops for further speckle-tracking strain analysis. Linear regression,
Pearson correlation, and a Bland–Altman plot were used to quantify the association between 2D
and 3D GLS and related segments, using the 17-segment American Heart Association (AHA) model.
Analyses were performed in the entire study group and subgroups. Intra- and inter-observer variabil-
ity of 2D and 3D GLS measurement was also performed in all participants. Results: We observed a
strong correlation between 2D and 3D GLS measurements (R = 0.76, p < 0.001), which was higher
in males (R = 0.78, p < 0.001) than females (R = 0.69, p < 0.001). Associated segment correlation was
poor (R = 0.2–0.5, p < 0.01). The correlation between 2D and 3D GLS was weaker in individuals with
ventricular pacing of >50% (R = 0.62, p < 0.001) than <50% (R = 0.8, p < 0.001), and in patients with
LVEF of <35% (R = 0.69, p = 0.002) than >35% (R = 0.72, p < 0.001). Intra-observer variability for
2D and 3D GLS was 2 and 2.3%, respectively. Inter-observer variability for 2D and 3D GLS was 3.8
and 3.6%, respectively Conclusion: Overall 2D and 3D GLS were closely associated but not when
analyzed per segment. It seems that GLS comparison is more representative of global shortening
than local displacement. Right ventricular pacing and reduced left ventricular ejection fraction were
associated with a reduced correlation between 2D and 3D GLS.

Keywords: global longitudinal strain; 17-segment AHA model; deformation imaging; three-dimensional
echocardiography; speckle-tracking echocardiography

1. Introduction

Speckle-tracking echocardiography (STE) is a promising method for non-invasive
myocardial deformation analysis [1]. Compared to magnetic resonance imaging (MRI),
two-dimensional (2D) STE enables angle-independent and reliable measurement of left
ventricular dimensions and strains [1]. Despite years of research showing advantages over
conventional parameters, 2D STE is not commonly used in clinical practice, except for
cardio-oncology [2]. Reasons include that the analysis is time-consuming, a lack of stan-
dardization, inter-vendor differences, and the need for manual adjustments to the cardiac
regions of interest [3–5]. Moreover, different modalities such as 2D STE, three-dimensional
(3D) STE, and cardiac MRI are available to acquire myocardial strain measurements, raising
questions regarding the agreement between methods [4,5].
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Two-dimensional STE has been validated against MRI tagging, as a gold standard
of deformation analysis [1,6]. However, based on the expert consensus statement, there
is no true gold standard technique for non-invasive quantification of left ventricular (LV)
mechanics [7]. MRI tagged myocardial strain showed an excellent correlation to 2D STE [1],
similar to the agreement previously described between tissue Doppler imaging (TDI)-based
strain and MRI-tagging [8].

Two-dimensional STE enables feasible assessment of global and regional myocardial
function [5]. The model is reconstructed and segmented from three 2D planes, in contrast
to 3D volumetric speckle-tracking analysis. Three-dimensional STE is an emerging ultra-
sonographic modality that may provide us with more physiological, and probably faster,
analysis of myocardial deformation. The results of 3D STE should be cautiously evaluated.
Compared to 2D STE, 3D STE involves a considerably lower average frame rate and a
higher level of automatization of the analysis. Therefore, there remains a need to examine
the agreement between 2D and 3D STE.

Global longitudinal strain (GLS) predominantly reflects the contractile function of the
subendocardium and subepicardium of the left ventricular wall due to myofiber orienta-
tion [9]. Notably, the subendocardium is more susceptible to both ischemia/stunning and
mechanical overload related to either valvular disease or aging [9–11]. Therefore, GLS is
likely to decrease in early stages of various cardiac diseases [9]. GLS is rarely systematically
used, although it is reliable, and it has a reproducible parameter, even when compared to
left ventricular ejection fraction (LVEF) [12].

Based on its reliability, sensitivity, and reproducibility, GLS was the main parameter
investigated in our present study. We aimed to analyze the level of agreement between
GLS measured by 2D vs. 3D STE and its reproducibility. Gender-related influences on left
ventricular mechanics in individuals free of heart failure have been recently described [13].
Therefore, separate analyses for males and females were also performed.

2. Materials and Methods
2.1. Patients

For this study, we retrospectively enrolled echocardiographic examinations from
90 consecutive patients, who were scheduled for routine evaluation. Incomplete loops
and/or inadequate image quality for 2D and 3D STE led to exclusion from the study.
Patients with atrial fibrillation at the time of the image acquisition were also excluded from
the study. The study sample comprised of patients with various cardiovascular diseases to
assess the correlation between 2D and 3D STE across a real-life patient population. This
study was approved by the institutional review board of University Hospital Ostrava and
conducted in accordance with the Helsinki Declaration. The need for informed consent
was waived for this study.

2.2. Echocardiography

Two-dimensional grayscale echocardiography was performed using a Vivid E95 scan-
ner (GE Vingmed Ultrasound, Horten, Norway). The frame rate was >50/s for 2D STE,
and >25/s for 3D STE. Images were analyzed using EchoPAC version 203 revision 73
(GE Vingmed Ultrasound, Horten, Norway). The endocardial border was traced at end-
systole, and the thickness of the region of interest (ROI) was adjusted to include most
of the myocardium, while avoiding stationary speckles near the pericardium. From the
3060 analyzed segments of the 17-segment AHA model, a total of 136 segments (4.4%) were
excluded from the analysis due to an inability to track.

For 2D STE, we used automatic function imaging (AFI) of the EchoPAC (Figure 1).
The AFI feature involves the manual placement of markers on each side of the mitral
annulus and left ventricular (LV) apex in three standard apical views. Next, the program
automatically tracks the endocardial border and calculates the myocardial (ROI). When
necessary, manual adjustments were made to the ROI and/or the endocardial/epicardial
borders, which are important for the strain analysis (Figure 1).
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Figure 1. Four–chamber view of automatic function imaging (AFI), peak systolic strain is visualized
in the left lower part, global strain in the left upper part and corresponding waveforms in the right
upper part, right lower part visualize surface extrapolated color mapped strain.

For 3D STE analysis, we used the automatic left ventricular quantification function
(AutoLVQ) of EchoPAC. Topographic markers were placed in the middle of the mitral
valve and the LV apex. The endocardial border was automatically delineated, and manual
adjustments were made when necessary. For both 2D and 3D STE, end-diastole and end-
systole were determined by automatic identification of the aortic valve opening and closing,
and manual adjustments were made when necessary. All the 2D and 3D global longitudinal
strain values were calculated using the software, and presented as a 17-segment bull’s eye
model (Figure 2).
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2.3. Statistics

Continuous variables were expressed as mean ± standard deviation, and compared
by t-test or Mann–Whitney U test, as appropriate. Categorical variables were expressed as
percentages, and compared by the chi-square test, Fisher’s exact test, or logistic regression,
as appropriate. We investigated the association of 2D GLS with 3D GLS using linear
regression analysis, Pearson’s, Spearman correlation, and a Bland-Altman plot. A two-
tailed α value of <0.05 was considered statistically significant—except for the test of equality
of covariance matrices, for which p < 0.005 was considered significant. Normal distribution
of the data was assessed by Shapiro–Wilk’s test. The majority of analyses were performed
on the entire group of patients, some analyses were performed separately for males and
females. All analyses were performed using IBM SPSS for MAC version 23 (IBM, New
York, NY, USA) and MS Excel (Redmond, Washington, DC, USA) for MAC version 16.5.

2.4. Reproducibility Analysis

Intra- and inter-observer variability of 2D and 3D GLS measurement was tested in
all subjects. Intra-observer variability was tested by repeated measurements four or more
weeks apart with blinding to the original dataset. To test inter-observer variability, a second
experienced operator evaluated the loops with no access to the original dataset. Intra- and
interobserver variability is presented as mean percentage error, and it was calculated as an
absolute difference between the two measurements.

3. Results

Our analysis included a total of 90 patients. Table 1 shows the baseline clinical
characteristics, including gender differences. Except for LVEF, heart failure, and CABG,
there were no meaningful differences between males and females. Females were less
represented in the whole patient sample (41%). Mean value of 2D and 3D GLS was
−10.6 ± 4.2 and −10.5 ± 4.1, respectively. A Shapiro–Wilk’s test (p > 0.05) and visual
inspection of the histograms, normal Q-Q plots and box plots showed that the data (2D,
3D GLS) are approximately normally distributed for both males and females. There were
very few outliers in the 2D and 3D GLS dataset. Since they were not due to data entry error,
and they do not affect the assumptions made in the analysis or the results, they were not
removed from the analysis.

We observed an overall strong positive correlation between 2D GLS and 3D GLS
(Pearson’s R = 0.76, p < 0.001, Spearman ρ = 0.74, p < 0.001) (Figure 3). Separate analy-
ses revealed that this correlation coefficient was numerically greater in males (Pearson’s
R = 0.78, p < 0.001, Spearman ρ = 0.75, p < 0.001) and lesser in females (R = 0.69, p < 0.001,
Spearman ρ = 0.66, p < 0.001), though this difference was not significant. A Bland–Altman
analysis demonstrated a small bias (0.1%) and moderate limits of agreement (SD: 2.9%)
between 2D and 3D GLS (Figure 4).

Analysis of every 2D vs. 3D segment of the 17-segment AHA model revealed a poor
associated segment correlation, with R and ρ values ranging from 0.2 to 0.5 (p < 0.01)
(Table 2). Not all the segments even reached the level of significance. The anteroseptal
segments seem to produce a higher correlation between 2D and 3D GLS irrespective
whether they were apical, middle, or basal (Table 2). The correlation between 2D and 3D
GLS was weaker among individuals with >50% ventricular pacing (R = 0.62, p < 0.001)
than in individuals with <50% ventricular pacing or no pacing (R = 0.8, p < 0.001) (Figure 5,
Table 3). Moreover, the correlation and regression coefficients between 2D vs. 3D GLS were
lower with LVEF < 35% (R = 0.69, p = 0.002) than LVEF > 35% (R = 0.72, p < 0.001) (Figure 6,
Table 3). Other clinical or paraclinical parameters did not influence the level of correlation
between 2D and 3D GLS. Intra-observer variability for 2D and 3D GLS was 2 and 2.3%,
respectively. Inter-observer variability for 2D and 3D GLS was 3.8 and 3.6%, respectively.
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Table 1. Baseline characteristics of the study population.

Total
Population Males Females

p Value
N = 90 N = 53 N = 37

Age (years) 73.2 ± 11.2 70.5 ± 12.3 76.7 ± 8.3 0.681
Males (%) 59 - -

Body weight (kg) 85.1 ± 18.4 91.4 ± 16.5 77 ± 17.7 0.882
Body height (cm) 169.1 ± 9.9 175.5 ± 6.4 160.7 ± 7 0.068

Body mass index (kg/m2) 29.6 ± 5.4 29.5 ± 4.6 29.8 ± 6.4 0.92
LV EF 48 ± 12.7 45 ± 12.9 51 ± 11.8 0.039

Coronary artery disease (%) 46.5 49 43.2 0.269
Hyperlipoproteinemia (%) 52.6 55.1 48.6 0.726
Myocardial infarction (%) 27.9 32.7 21.6 0.744

Peripheral arterial disease (%) 4.7 8.2 2.7 0.660
Hypertension (%) 79.1 73 86.5 0.371
Heart failure (%) 8.1 18.0 10.8 0.021

Diabetes mellitus (%) 25.6 24.5 27 0.732
Previous stroke/TIA (%) 9.3 10.2 8.1 0.585

COPD (%) 8.1 8.2 8.1 0.314
DCM 8.1 10.2 5.4 0.27
HCM 1.2 2 0 N/A

CABG (%) 16.3 24.5 5.4 0.027
PM (%) 38 32 48 0.656

Indices are shown as mean ± standard deviation or proportion in percentages and compared for male and
females.; CABG, Coronary artery by-pass graft; COPD, Chronic obstructive pulmonary disease; DCM, dilated
cardiomyopathy; EF, ejection fraction; HCM, hypertrophic cardiomyopathy; LV, left ventricle; N/A, not applicable;
PM, pacemaker; TIA, transient ischemic attack.
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Table 2. Comparison of 2D vs. 3D global longitudinal strain, analyzed on entire group and separately by gender.

LINEAR REGRESSION + PEARSON’S AND SPEARMAN CORRELATION

2D vs.
3D

GLS

ALL MALES FEMALES

SLOPE ±
SEM R p r p ρ p SLOPE ±

SEM R p r p ρ p SLOPE ±
SEM R p ρ p r p

0.77 ± 0.27 0.76 <0.001 0.76 <0.001 0.74 <0.001 0.82 ± 0.35 0.78 <0.001 0.78 <0.001 0.75 <0.001 0.69 ± 0.39 0.69 <0.001 0.66 <0.001 0.69 <0.001

Seg.1 0.38 ± 0.39 0.27 0.019 0.27 0.02 0.32 0.005 0.36 ± 0.36 0.16 0.3 0.18 0.23 0.42 0.006 0.26 ± 0.57 0.15 0.41 0.23 0.218 0.16 0.40
Seg.2 0.66 ± 0.52 0.55 <0.001 0.55 <0.001 0.50 <0.001 0.79 ± 0.51 0.54 <0.001 0.54 <0.001 0.57 <0.001 0.58 ± 1.03 0.58 <0.001 0.47 0.009 0.58 <0.001
Seg.3 0.12 ± 0.59 0.18 0.123 0.20 0.09 0.23 0.053 0.29 ± 0.74 0.3 0.05 0.32 0.04 0.36 0.018 0.09 ± 0.91 0.07 0.715 0.06 0.740 0.08 0.682
Seg.4 0.46 ± 0.60 0.35 0.002 0.35 0.002 0.35 0.002 0.46 ± 0.82 0.35 0.023 0.35 0.02 0.34 0.027 0.44 ± 089 0.33 0.075 0.30 0.104 0.32 0.086
Seg.5 0.42 ± 0.68 0.318 0.006 0.30 0.009 0.35 0.002 0.38 ± 0.79 0.26 0.096 0.24 0.119 0.25 0.116 0.50 ± 1.19 0.40 0.03 0.46 0.011 0.39 0.03
Seg.6 0.05 ± 0.60 0.068 0.569 0.04 0.733 0.12 0.327 −0.01 ± 0.65 0.05 0.750 0.01 0.970 0.13 0.413 0.06 ± 1.11 0.06 0.745 0.06 0.754 0.06 0.753
Seg.7 0.50 ± 0.43 0.44 <0.001 0.44 <0.001 0.48 <0.001 0.43 ± 0.60 0.42 0.006 0.42 0.004 0.51 0.001 0.61 ± 0.57 0.432 0.019 0.49 0.007 0.43 0.016
Seg.8 0.44 ± 0.48 0.47 <0.001 0.47 <0.001 0.56 <0.001 0.59 ± 0.54 0.53 <0.001 0.53 <0.001 0.56 <0.001 0.33 ± 0.88 0.42 0.024 0.51 0.004 0.41 0.02
Seg.9 0.50 ± 0.47 0.41 <0.001 0.41 <0.001 0.33 0.005 0.57 ± 0.59 0.49 0.001 0.49 0.001 0.45 0.003 0.40 ± 0.76 0.32 0.086 0.22 0.251 0.31 0.09
Seg.10 0.32 ± 0.52 0.27 0.02 0.27 0.02 0.35 0.002 0.59 ± 0.65 0.53 <0.001 0.52 <0.001 0.62 <0.001 −0.1 ± 0.85 0.04 0.850 0.631 0.091 0.05 0.794

Seg.11 0.531 ±
0.528 0.45 <0.001 0.45 <0.001 0.50 <0.001 0.63 ± 0.63 0.51 <0.001 0.50 <0.001 0.55 <0.001 0.36 ± 0.91 0.36 0.05 0.31 0.1 0.37 0.04

Seg.12 0.50 ± 0.52 0.45 <0.001 0.45 <0.001 0.39 0.001 0.60 ± 0.59 0.54 <0.001 0.54 <0.001 0.51 0.001 0.39 ± 0.92 0.36 0.05 0.28 0.229 0.37 0.04
Seg.13 0.29 ± 0.65 0.48 <0.001 0.48 <0.001 0.58 <0.001 0.37 ± 0.75 0.51 <0.001 0.51 <0.001 0.62 <0.001 0.16 ± 1.15 0.38 0.05 0.49 0.007 0.37 0.04
Seg.14 0.46 ± 0.66 0.52 <0.001 0.52 <0.001 0.50 <0.001 0.56 ± 0.75 0.56 <0.001 0.57 <0.001 0.56 <0.001 0.39 ± 1.18 0.49 0.007 0.43 0.017 0.49 0.006
Seg.15 0.23 ± 0.61 0.32 0.007 0.26 0.03 0.31 0.007 0.28 ± 0.75 0.42 0.006 0.31 0.05 0.37 0.016 0.17 ± 1.01 0.23 0.220 0.19 0.376 0.2 0.291
Seg.16 0.14 ± 0.56 0.19 0.103 0.18 0.129 0.135 0.257 0.33 ± 0.75 0.45 0.003 0.42 0.006 0.36 0.018 −0.15 ± 0.76 0.17 0.359 0.25 0.190 0.17 0.361
Seg.17 0.27 ± 0.49 0.3 0.01 0.29 0.01 0.26 0.028 0.42 ± 0.66 0.47 0.002 0.44 0.003 0.40 0.773 0.03 ± 0.71 0.04 0.830 0.05 0.773 0.03 0.877

Indices are shown as mean ± standard error of the mean (SEM);2D, Two-dimensional;3D, Three-dimensional; GLS, Global longitudinal strain; values of Pearson’s correlation coefficient
(r) and linear regression coefficient (R) coincide while the data are in the same units, thus “naturally” normalized; ρ stands for Spearman correlation.
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Table 3. 2D and 3D global longitudinal strain, subgroup analysis.

N R p Value

LV EF < 35% 17 0.699 0.002
LV EF > 35% 73 0.727 <0.001

VP > 50% 41 0.62 <0.001
VP < 50% 49 0.8 <0.001

EF, Ejection fraction; LV, Left ventricle; VP, Ventricular pacing, R—person’s correlation coefficient.
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4. Discussion

The main findings of our retrospective analysis can be summarized as follows: (1) we
found a high agreement between the two-dimensional and the three-dimensional global
longitudinal strain, (2) segmental agreement between the 2D and the 3D strain was poor,
(3) the degree of agreement differed between genders, though not significantly, and
(4) cardiac pacing and reduced LVEF were associated with a lower numerical correla-
tion between the two-dimensional and the three-dimensional global longitudinal strain.

4.1. Previous Studies

Two-dimensional speckle-tracking echocardiography has been proven to be efficient
and reliable for the quantification of regional and global LV myocardial motion in different
clinical scenarios, yet it has some limitations [1,3–6,9,12]. Three-dimensional speckle-
tracking echocardiography has attracted interest because it may overcome the “out of plane”
movement limitation of 2D STE. However, the greater complexity of 3D STE acquisition and
image analysis make it vulnerable to low image quality, tracking artifacts, and low frame
rate interactions. Although it has been shown that 3D STE performance is not compromised
by frame rates as low as 18–25 frame/s [14].

Many recent comparative studies have examined 2D STE, 3D STE, and MRI tagging
or feature tracking, showing varying results. Altman et al. conducted a trial comparing
different 2D STE and 3D STE measures, and they found that GLS was similar between 2D
and 3D modes (−14 ± 4 vs. −13 ± 3, non-significant) [15]. Another trial evaluated the
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agreement between 3D and 2D speckle-tracking GLS, and it found a Pearson correlation
of 0.95 [16]. On the other hand, a comparison of 2D vs. 3D GLS detected a correlation
coefficient of only 0.4 in healthy volunteers, compared to 0.9 in patients with mitral steno-
sis [6]. Another study reported a good correlation between GLS determined by cardiac
magnetic resonance feature tracking (CMRFT) compared to 2DSTE (r = 0.83) and 3DSTE
(r = 0.87) [17]. In one investigation, GLS values were consistently lower in the 3D mode
compared to the 2D mode, and the sensitivity for predicting coronary artery disease was
80% for 2D GLS compared to 93% for 3D GLS [18]. Notably, 3D strain data were acquired
faster than 2D data (2.2 ± 1 vs. 3 ± 1 min, respectively) [18].

In addition, Mirea et al. [19] showed significant 2D segmental strain variation of up
to 4.5%, though the parameters from each vendor correlated to the mean of all vendors
ranging from 0.58 to 0.81 [19].

The varying levels of agreement between 2D and 3D strain data may be explained by
the different vendors, intra- and interobserver variability, differences in patient comorbidi-
ties and gender, cine loop image quality, and the magnitude of manual adjustments.

4.2. Current Study

To the best of our knowledge, no prior studies have compared 2D and 3D GLS between
segments of the 17-segment AHA model. Surprisingly, although we found a high overall
agreement between 2D and 3D GLS, the numerical correlation per segment was quite
low. This is probably due to the different manner of acquisition and the segmentation
processes. In the 3D mode, the calculation originates from the volumetric matrix. On
the contrary, in the 2D mode, an extrapolation is created from three 2D apical planes.
Moreover, we may speculate that the strain segment annotation differs between 2D and
3D mode, which could explain why there was a generally strong correlation between the
two modes overall, but not per segment. On the other hand, there is some pattern to the
level of correlation related to broader areas of the myocardium. Particularly anterior and
anteroseptal areas demonstrated higher 2D vs. 3D GLS correlation than the rest of the heart.
We may only speculate that better visualization of anterior and septal areas, which are
usually in the direct beam of the ultrasound transducer, may lead to more reliable speckle
tracking acquisition. On the lateral, posterior, and inferior myocardial wall the tracked
border may more easily depart from the visible boundary [20]. A study by Patrianakos et al.
showed a good agreement of segmental 2D STE in apical segments and a poor correlation
of basal segments obtained using two different echocardiography devices [21].

Low 2D vs. 3D segmental agreement may be also caused by different mechanisms of tracking.
The sensitivity of the 3D tracking is expected to be lower in comparison with 2D

tracking due to a lower resolution, thus bigger speckles to track. Also, 3D tracking corre-
sponds to surface shortening as opposed to 2D, which represents linear shortening [22].
Since LV deformation involves a combination of apex-to-base movement, thickening, and
simultaneous twisting, speckles exhibit genuine 3D motion, which 2D STE cannot account
for as compared to 3D STE [22].

After the publication of the first inter-vendor study demasking a significant difference
of 3.7% strain units [4], software adjustments were made to improve the inter-vendor GLS
agreement [23]. This could be achieved by giving more weight to the global shortening in
detriment to the local displacement.

In our study, we also found that a low LVEF of <35% and a significant amount
(>50%) of right ventricular pacing were associated with a decreased correlation between 2D
and 3D GLS. Both factors have the same denominator of asynchronous and/or impaired
ventricular contraction. It has been also shown that the left ventricle geometry may act as a
confounder. A significant reduction of GLS could be compensated by a small increase in
global circumferential strain, wall thickness, and/or reduced LV diameter [24]. We may
speculate that more complex 3D myocardial motion during pacing and with reduced LVEF
may enhance the difference between 2D and 3D tracking based on “out of plane” motion.
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Of note, the reproducibility of our GLS measurements was comparable to both of the
inter-vendor trials [3,4] but higher than in the trial by Altman et al. [15]. Therefore, it is less
likely that intra- or inter-observer variability meaningfully accounted for 2D and 3D strain
variability in our trial.

Finally, our study is more hypothesis-generating than completely enlightening the
association of GLS and segmental strain data. Comparison of 2D and 3D global and segmen-
tal strain data warrants further systematic prospective studies utilizing reference modality
(CMR), computer simulated data to begin with and/or different vendor agreement studies.

4.3. Implications

Our observations may have implications for clinical practice. The global longitudinal
strain is a reliable and a reproducible measure of myocardial deformation, even when
assessed using different modes of acquisition (2D vs. 3D). On the contrary, caution should
be paid when evaluating segmental strain data, which may significantly differ between 2D
and 3D modes of tracking. It seems that GLS is more representative of global shortening
than local displacement. In patients with a reduced left ventricular ejection fraction and a
significant amount of right ventricular pacing, strain data must be evaluated cautiously.

4.4. Limitations

The study has several limitations. First, it was a retrospective study, and many
aspects of the acquisition were not prespecified. Moreover, the agreement between the 2D
and the 3D strain was determined purely based on echocardiographic methods, without
comparison to the “golden standard” reference of MRI tagging or feature tracking. Notably,
although there is no real golden standard for myocardial deformation, MRI is historically
considered the most accurate and reliable method. In addition, we studied patients with
heterogenous cardiovascular diseases.

5. Conclusions

We found that 2D and 3D GLS measurements exhibited a close overall agreement,
but not when analyzed per segment according to the 17-segment AHA model. It seems
that GLS is more representative of global shortening than local displacement. Moreover,
high levels of right ventricular pacing and a reduced left ventricular ejection fraction were
associated with a numerically lower correlation between 2D and 3D GLS. Therefore, strain
data in patients with reduced ejection fraction and right ventricular pacing have to be
evaluated with caution.
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Abstract: (1) Background: Computer tomography (CT) is an imaging modality used in the pre-
planning of radiofrequency catheter ablation (RFA) procedure in patients with cardiac arrhythmias.
However, it is associated with a considerable ionizing radiation dose for patients. This study aims
to develop and validate low-dose CT scanning protocols of the left atrium (LA) for RFA guidance.
(2) Methods: 68 patients scheduled for RFA of atrial fibrillation were sequentially assigned to four
groups of ECG-gated scanning protocols, based on the set tube current (TC): Group A (n = 20,
TC = 33 mAs), Group B (n = 18, TC = 67 mAs), Group C (n = 10, TC = 135 mAs), and control Group
D (n = 20, TC = 600 mAs). We used a 256-row multidetector CT with body weight-dependent tube
voltage of 80 kVp (<70 kg), 100 kVp (70–90 kg), and 120 kVp (>90 kg). We evaluated scanning
parameters including radiation dose, total scanning procedure time and signal-to-noise ratio (SNR).
(3) Results: The average effective radiation dose (ED) was lower in Group A in comparison to Group
B, C and D (0.83 (0.76–1.10), 1.55 (1.36–1.67), 2.91 (2.32–2.96) and 9.35 (8.00–10.04) mSv, p < 0.05).
The total amount of contrast media was not significantly different between groups. The mean
SNR was 6.5 (5.8–7.3), 7.1 (5.7–8.2), 10.8 (10.1–11.3), and 12.2 (9.9–15.7) for Group A, B, C and D,
respectively. The comparisons of SNR in group A vs. B and C vs. D were without significant
differences. (4) Conclusions: Optimized pre-ablation CT scanning protocols of the LA can reduce an
average ED by 88.7%. Three dimensional (3D) models created with the lowest radiation protocol are
useful for the integration of electro-anatomic-guided RFA procedures.

Keywords: computed tomography; catheter ablation; radiation
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1. Introduction

Despite great technological progress in the management of patients with atrial fibrilla-
tion (AF), pulmonary vein isolation (PVI) with catheter ablation might be a challenging
task even for an experienced operator. Structural variabilities of the left atrium (LA) and
pulmonary veins (PVs) can include LA enlargement, thepresence of LA diverticulum,
additional PVs with variant anatomy of the ostia (observed in 40% of patients undergoing
ablation) [1], and early-branching [2,3]. Thus, it is convenient to support electroanatomic
mapping (EAM)-guided radiofrequency ablation (RFA) procedures with additional imag-
ing of the LA, such as 3D computed tomography (CT) [4–7]. Moreover, cardiac CT allows
the assessment of LA appendage for the presence of thrombus further reducing the risk of
complications [8]. However, despite the significant clinical usability of CT-generated LA
models, this technique is associated with substantial ionizing radiation and contrast agent
exposure for patients. Thus, new scanning protocols are required to improve patient safety.

We designed low-dose LA CT scanning protocols and validated them using a standard
on-site hospital CT scanner, to show the feasibility and applicability in everyday clinical
workflow. Furthermore, CT-generated LA models were co-registered with the EAM system
for guidance of AF catheter ablation. We validated three prospectively gated axial proto-
cols (group A–C) with standard on-site helical scan protocol as a control (group D, data
collected retrospectively).

2. Materials and Methods

This ambispective single-center open study was designed to compare four pre-ablation
CT scanning protocols of LA with regards to radiation dose, contrast media volume and
total scanning procedure time. The CT-generated models were assessed qualitatively
and semi-quantitatively by the operator’s opinion and evaluation of signal-to-noise ratio
(SNR). The adequacy of the low-dose CT scanning protocol was estimated with: (1) ap-
plication of a reduced effective radiation dose (ED); (2) appropriate 3D representation of
LA and PV anatomy; and (3) possibility to integrate the CT model with EAM to support
PVI procedures.

2.1. Study Population

Between October 2015 and May 2017, sixty-eight (68) patients with drug-resistant
paroxysmal and persistent AF referred for catheter ablation were enrolled in the study. Ex-
clusion criteria were: (1) allergy to iodine-containing contrast medium, (2) contraindication
to anticoagulant therapy, (3) inability to follow instructions to hold one’s breath, (4) renal
failure requiring dialysis or GFR < 30 mL/min/1.73 m2, (5) severe mitral regurgitation
(to preserve homogenous contrast filling of LA), (6) LA thrombus, (7) pregnancy and
(8) hemodynamic instability requiring intravenous inotropes.

During the prospective phase of the ambispective study, the individuals were grouped
and underwent pre-ablation CT scanning of the LA according to one of the protocols
designed with respect to the desired tube current (TC): Group A (TC = 33 mAs), Group B
(TC = 67 mAs), Group C (TC = 135 mAs). In the retrospective phase of the ambispective
study, we collected patients in control group D (TC = 600 mAs) from a hospital database as
a scanning protocol reference routinely used at the Department of Radiology, International
Clinical Research Center, St. Anne’s University Hospital Brno, Czech Republic (retrospec-
tive scanning). Detailed characterizations of each scanning protocol A–D are presented in
Table S1.
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2.2. Scanning Procedure

The examinations were performed on a 256-slice scanner (Brilliance iCT 256; Philips
Healthcare, Best, The Netherlands). Scanning protocols differed regarding body weight-
dependent tube voltage and tube current with collimation automatically adapted to the
length of the scan area. Prospective scans A–C applied half of the full rotation angle needed
for data collection and not used overlapping angle in the time of diastole of cardiac cycle.
In retrospective helical protocol D, the pitch factor was automatically calculated based on
the patient’s heart rate. Additionally, multicycle technology was used to reach maximum
temporal resolution. Specifically, all CT scanning protocols were subdivided into three
sections, based on patient weight, to allow the appropriate quality of imaging. Peak tube
voltages of 80 kVp, 100 kVp, and 120 kVp were adapted according to patient body weight
categories of <70 kg, 70–90 kg, and >90 kg, respectively. Tube time-current product (in mAs)
was the same across the three sections of each scanning protocol and defined the inclusion
of patients to the relative study group. All images were reconstructed with the same level
of hybrid iterative reconstruction (hIR, iDose4, level 7). A detailed characterizations of each
parameter are presented in Table S1. In the axial scan, slice thickness was 0.625 mm. All
prospective scans were conducted with zero tolerance to avoid additional doses. Planned
CT dose index (CTDI) is shown in Table S1. In this study, we have not used any other
dose modulation techniques to further decrease dose radiation. To determine an exact
field of interest (FOI) for contrast scan, we performed ultralow dose native prospective
calcium scoring scan in each patient—weight-adjusted scans parameters of 120 kVp and a
minimum tube current of 10 mAs, Table S1. The dose length product (DLP) of the LA and
PV scans were recorded from CT scanner display or dose report. The effective radiation
dose was calculated using the equation:

ED = kDLP, (1)

where k = 0.017 mSv × mGy−1 × cm−1 for the cardiac CT [9].
Figure 1 shows examples of LA images performed using Group A–D scanning protocols.

2.3. Pre-Scanning Settings

Patients were instructed to maintain a normal breathing cycle throughout the study
but were asked to follow the operator’s verbal commands for breath-hold during active CT
scanning. All patients were imaged in a supine position with their arms raised above their
heads. Isocentering of the LA was obtained from the anteroposterior and left lateral X-ray
views. In all protocols, the target area of interest (LA and surroundings) was precisely
located before the start of the scanning procedure by using a standard dual CT radiograph
(a surview) (Figure 2a) and ultralow-dose calcium scoring (Figure 2b). After precise focus-
ing on an LA, a contrast agent tracker was placed in the middle of the LA (Figure 2c) and
data acquisition was launched. The total amount of Iomeron 400 contrast (Bracco Imaging
S.p.A., Milano, Italy) was calculated individually according to patient weight (0.75 mL/kg).
Contrast agent was administered into peripheral veins using the angiographic injection
system (Mark-V ProVis, Medrad, Inc., Indianola, PA, USA) with the following modality:
(i) 50 mL of contrast agent was injected at 5 mL/s rate; (ii) the rest of the contrast agent was
injected at 4 mL/s; (iii) 50 mL of saline was injected at 5 mL/s. The start of the scanning
phase was triggered by the tracker threshold set to 110 Hounsfield units (HU) (Figure 2c).
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2.4. 3D Left Atrium Model Segmentation and Image Quality Assessment

EP Navigator® 3D image integration tool (Philips Healthcare, Hamburg, Germany)
was used to segment CT data. Images were post-processed by an electrophysiology techni-
cian with 10 years of experience in cardiac CT analysis. The computer-derived 3D model of
the LA was evaluated by two independent electrophysiologists who had over 8 years of
cardiac CT reading experience. Image quality was semi-quantitatively categorized using a
3-point Likert scale: (1) excellent—LA contour and all PVs were recognized and segmented
automatically; (2) useful—LA contour recognized but some of PVs needed to be segmented
manually; and (3) inadequate—LA contour and/or PVs were not recognized properly, 3D
reconstruction was not feasible or the details were not interpretable [10]. After the segmen-
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tation process, both electrophysiologists evaluated LA models individually. Grading was
concordant (agreement) if both physicians gave the same mark.
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Quantitative assessment was performed based on the intraluminal attenuation (IA)
with standard deviation (noise) in the LA. The same measurement position was chosen in
all three planes (frontal, sagittal, transversal) with circular ROIs (1 cm2) placed in the center
of LA. SNR was calculated as [11]:

SNR = IA/noise. (2)

2.5. CT-EAM Integration and Procedural Usefulness

The resulting LA models were integrated with the electroanatomical map using the
EnSite Verismo Segmentation Tool, a component of the EnSite Velocity cardiac mapping
system (Abbott Laboratories, Chicago, IL, USA). Integration was considered successful
if the LA model was imported to the EAM system without errors and the operator con-
firmed the completeness of the import process. Procedural usefulness was assessed by the
electrophysiologist performing the PVI using dichotomous categorization to (1) Useful or
(2) Not useful.

2.6. Statistical Analysis

The Shapiro–Wilk test was used to assess the normal distribution of data. For the
normal distribution, data were analyzed by ANOVA, followed by the Scheffe test for
comparison of samples, and are presented as mean ± standard deviations (SD). The
Kruskal–Wallis test, followed by Dunn’s multiple comparison test (Benjamini–Hochberg-
corrected p-value < 0.05), was applied for ordinal data, which is presented as medians
(25th–75th IQR). A generalized linear model (GLM) for binomial response variable and
logit link function was computed to predict software successful integration (categorical
variable) in relation to different protocols tested in the present study. Statistical analysis
was carried out using SAS (Copyright © 2017, SAS Institute Inc., Cary, NC, USA).

3. Results

Baseline patient characteristics are presented in Table 1. The median age of the study
population was 61.0 (53.3–68.0) years with a numerically higher number of males among
all participants (79.6%). The median body mass index (BMI) of all participants was
30.8 (26.8–32.6). Between the groups, there were no statistically significant differences
in age, sex, or BMI. The four groups were homogeneous in terms of cardiovascular risk
factors. RFA procedures were successful in all patients. No procedural complications
were noted during CT scanning and intervention. During CT scanning, sinus rhythm
was present in 32 patients and AF in 36 individuals. There was no statistically significant
difference in heart rhythm distribution between groups (p = 0.241).

3.1. Dose Results

Data acquisition by 256-row MDCT was successful in all 68 patients (100%). The ECG-
gated prospective axial protocol with 33 mAs tube current (Group A) allowed reduction
of DLP and corresponding ED to 48.6 (44.5–64.8) mGy × cm and 0.83 (0.76–1.10) mSv,
respectively, with the lowest ED value of 0.83 mSv using 80 kVp tube voltage. In compar-
ison, radiation doses in Groups B, C and D were significantly higher at 1.55 (1.36–1.67),
2.91 (2.32–2.96) and 9.35 (8.00–10.04) mSv, respectively). The total scanning procedure time
and amount of contrast media were not statistically different among the groups; details are
presented in Table 2.
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Table 1. Patient characteristics.

Group A
(n = 20)

Group B
(n = 18)

Group C
(n = 10)

Group D
(n = 20) p-Value

Age (years) 61.0 (53.0–68.0) 62.0 (56.0–66.0) 56.0 (49.0–68.0) 63.0 (58.0–69.0) 0.333

Male, n (%) 17 (85) 16 (89) 7 (70) 14 (70) 0.392

BMI (kg/m2) 28.0 (26.4–33.8) 30.6 (26.3–34.0) 31.1 (28.1–32.0) 30.0 (27.7–32.2) 0.947

Diabetes mellitus (yes), n (%) 6 (30) 4 (22) 1 (10) 2 (10) 0.354

Hypertension (yes), n (%) 12 (60) 12 (67) 4 (40) 11 (55) 0.578

Dyslipidemia (yes), n (%) 10 (50) 6 (33) 6 (60) 8 (40) 0.514

Ischemic heart diseases (yes), n (%) 3 (15) 4 (22) 1 (10) 3 (15) 0.848

TEE, LA diameter (mm) 54.0 (46.0–60.0) 48.5 (45.0–52.5) 52.2 (47.0–58.0) 46 (40.0–55.0) 0.227

Preimaging heart rhythm, SR, n (%) 8 (40) 8 (44) 3 (30) 13 (65) 0.241

AF = atrial fibrillation; BMI = body mass index; LA = left atrium; SR = sinus rhythm; TEE = trans-esophageal
echocardiography Data presented as median (25th; 75th IQR) or percentage (%).

Table 2. CT procedure characteristics.

Group A
(n = 20)

Group B
(n = 18)

Group C
(n = 10)

Group D
(n = 20)

p-Value

A vs. B A vs. C A vs. D B vs. C B vs. D C vs. D

DLP
(mGy × cm)

48.6
(44.5–64.8)

90.9
(79.8–98.1)

171.2
(131.4–174.2)

550.2
(470.7–590.7) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Effective radiation
dose (mSv) §

0.83
(0.76–1.10)

1.55
(1.36–1.67)

2.91
(2.23–2.96)

9.35
(8.00–10.04) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Total scanning
procedure time (min) #

8.0
(7.0–11.5)

7.0
(7.0–9.0)

8.0
(7.0–11.9)

10.0
(8.0–11.0) NS. NS <0.0001 NS <0.0001 0.003

Contrast media
volume (ml) #

66.5
(60.0–78.5)

70.5
(64.0–75.0)

76.0
(67.0–80.0)

100.0
(80.0–100.0) NS NS NS NS NS NS

IA ± noise (HU) 386.5
(317.2–469.6)

370.1
(280.4–451.3)

378.0
(332.0–424.0)

341.2
(306.9–97.9) NS NS NS NS NS NS

SNR 6.5
(5.8–7.3)

7.1
(5.7–8.2)

10.8
(10.1–11.3)

12.2
(9.9–15.7) NS <0.001 <0.0001 0.0004 <0.0001 n.s.

IA = intraluminal attenuation; CT = computer tomography; DLP = dose length product; HU—Hounsfield unit;
SNR = signal-to-noise ratio; NS. = not significant; Data presented as median (25th–75th IQR); § conversion
coefficient factor k = 0.017 mSv × mGy−1 × cm−1; # Kruskal-Wallis test not statistically significant.

3.2. Quality of 3D Left Atrium Models, CT-EAM Integration and Procedural Usefulness

Successful image segmentation and reconstruction were achieved in all cases. For all
68 LA scans, there was full agreement in image quality scoring between both electrophysi-
ologists. Overall, LA 3D models were graded excellent in 53 cases (77.94%) and useful in
15 cases (22.06%), with eight requiring minimal manual segmentation (up to 8 min for the
presence of three right PVs), while four cases required up to 15 min of manual processing
(due to contrast presence in the right atrium). No model was found to be inadequate.

Specifically for Group A, which presented the lowest radiation dose, 14 of 20 scans
(70%) were graded excellent, and only one required advanced manual processing as defined
above. Furthermore, heart rhythm did not affect the 3D reconstruction process and final
model quality. There were no statistically significant differences between scanning protocols
in terms of integration of CT images with the EAM system (p = 0.296).

In our GLM of image integration into the EAM software, Group D was considered
as a control, and odds ratios estimated across the comparisons were Group C vs. Group
D protocol (OR = 0.123; 95% CI 0.011–1386; p = 0.6320), Group B vs. Group D protocol
(OR = 0.137; 95% CI 0.014–1.311; p = 0.3904) and Group A vs. Group D protocol (OR = 0.123;
95% CI 0.013–1.138; p = 0.267. Other models were considered with adjusted effects for
BMI, cardiac rhythm and age, yet none of these additional parameters made any significant
change in the test. The odds ratio estimated were: A vs. D protocol OR = 0.408; 95% CI
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0.034–4.852 with p = 0.789; B protocol vs. D protocol OR = 0.423; 95% CI 0.035–5.058 with
p = 0.843; C protocol vs. D protocol is OR = 0.286; 95% CI 0.019–4.284 with p = 0.450.

The resulting 3D LA models were used to support the EAM procedure either as a
parallel view of the electroanatomical map and 3D model of LA (Figure 3a–d, left panels)
or as a direct fusion of the 3D LA model with the electroanatomical map (Figure 3a–d, right
panels). Both methods provided additional information about complex LA anatomy for
electrophysiologists. Anatomical accuracy was reassessed through the whole procedure,
and no discordance was reported. Based on the operator’s opinion, all CT-generated models
were procedurally useful and supportive for RFA including 12 cases (17.64%) requiring
additional manual segmentation.
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Among all scanning protocols, the SNR was the highest in Group D (12.2 (9.9–15.7)
reaching statistical significance in comparison to Group A (6.5 (5.8–7.3)) and Group B
(7.1 (5.7–8.2), p <0.0001 Mean SNR was, 7.1 (5.7–8.2), 10.8 (10.1–11.3), and) for Groups A, B,
C, and D, respectively (p < 0.0001 for group A vs. C and B vs. C). The comparisons of SNR
in group A vs. B and C vs. D were without significant difference. Moreover, there was no
statistically significant difference between standard hospital scanning protocols applied in
Group D and C protocols. SNR, IA, and noise values are presented in Table 2.

4. Discussion

The rapid growth of AF prevalence in the elderly European population indicates there
will be an estimated ≥14.4 million patients affected by this arrhythmia by the year 2060 [12].
The present demographic scenario is reflected by the number of individuals referred to
PVI by EAM-guided catheter ablation [13]. Compensating for LA/PVs anatomical vari-
ability [14], which might reduce therapy efficacy and increase procedural time, different
imaging modalities have been used to facilitate RFA procedures [4,15–17] including CT.
Currently, CT scanners with excellent spatial resolution are widely distributed and could be
helpful for detailed pre-procedural planning in cardiac electrophysiology. However, despite
its great clinical utility [5,18], this imaging technique is associated with substantial radiation
and potential long-term cancer risks due to ionizing radiation [19]. Thus, in the present
study, we described low-dose CT scanning protocols that can be implemented on the stan-
dard on-site hospital CT scanner for pre-RFA imaging of LA and EAM-CT co-registration
and fusion. Previously, various CT protocols have been developed, including non-ECG
gated scanning, retrospective and prospective ECG-triggered axial scanning (Step & Shoot
Cardiac) [20,21], dual-source high-pitch spiral scanning [22,23], adaptive statistical iterative
reconstruction algorithm (ASIR; GE Healthcare, Milwaukee, WI, USA) and model-based
iterative reconstruction (MBIR) technology [24]. The ECG-gated 64-row CT generates a
relatively high radiation dose (13.4 mSv) requiring substantial contrast volume for adequate
LA image quality. In comparison, non-ECG gated 64-row CT allows the reduction of the
radiation dose to 4.6 mSv [20]. Furthermore, Annoni et al. used the MBIR algorithm to im-
prove image quality with ED reduction to 0.4 mSv. However, applied technology required
high computing power and a long reconstruction time [24]. In our study, comparing to the
results reported by Annoni et al., calcium score imaging accounted for 29% of the ED and
was implemented to plan FOI precisely. Importantly, there is a chance to further reduce
ED by omitting this step, while determining FOI from a dual surview scan. Moreover,
we used a co-efficient factor k = 0.017 mSv × mGy−1 × cm−1, while Annoni et al. [24] and
Fahlenkamp et al. [11] applied k = 0.014 mSv × mGy−1 × cm−1. As computationally mod-
eled, for a patient with the lowest DLP achieved in our study, we could reduce ED to
0.31 mSv (k = 0.014 mSv × mGy−1 × cm−1). Notably, further optimization of the scanning
protocol can be achieved using dedicated software for mathematical modeling of the lowest
SNR to assess noise threshold acceptable by 3D reconstruction workstation, which is a goal
for a further investigation. A merger of CT-reconstructed 3D models of the LA with the
EAM system is an excellent supportive tool providing anatomic orientation in real-time. In
our study, a fusion of the 3D LA model with the EnSite Velocity was possible in all cases.
After registration of the 3D CT image to the EAM map, the LA models were consistently
continuously oriented at the same angles the electroanatomical reconstruction. Moreover,
the 3D image could be clipped manually for independent internal view assessment.

The resulting CT images provided valuable anatomical information enabling favorable
logistics and seamless utilization in the electrophysiology laboratory. Optimization of the
LA CT scanning protocol is a promising approach for reducing patients’ radiation exposure
as well as increasing therapeutic efficacy due to better anatomical orientation during
mapping and ablation. Primarily, the present study has a practical aspect, supporting the
better utilization of available on-site hospital resources for workflow improvement and
sustaining the quality of diagnostic and interventional electrophysiology procedures.
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It is worth noting that the application of cardiac CT expends beyond supporting
ablation procedures. This imaging tool is used in clinical settings to diagnose procedural
complications (i.e., LA dissection) [25], confirm/exclude the presence of thrombus [8]
and plan structural heart disease procedures [26]. Parallelly, cardiac CT can be used to
quantify coronary calcification burden stratifying asymptomatic patients with low and
intermediate risk of cardiovascular events [27]. In this aspect, the expert review on this
imaging technique highlights its predictive value beyond the traditional Framingham risk
score [28]. The aforementioned examples confirm a wide range of clinical applicability and
rationalize the broader clinical utilization of cardiac CT.

Limitations: This is a single-center study with only one imaging modality evaluated.
An additional comparison with 3D rotational angiography, cardiac magnetic resonance,
and intracardiac echocardiography would provide a more detailed understanding of a
preferable diagnostic strategy. Despite detailed characteristics of low-dose scanning pro-
tocols, neither acute procedural data nor follow-up data were presented. Therefore, no
conclusion on mid- and long-term outcomes can be made. Due to the relatively small
number of patients enrolled in the study, larger, multicenter clinical trials are needed to
confirm the promising presented findings.

5. Conclusions

Optimized left atrium CT scan protocols using hIR allow the creation of quality 3D
models of the LA with a reduction in the average ED by 86.2%. Newly developed scanning
protocols are simple to implement and could be applied to the standard CT workstation.
Low-dose CT-generated 3D models are non-inferior to routinely used models in terms of
usefulness for 3D EAM integration and guidance during RFA procedures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/diagnostics12030612/s1, Table S1: CT scanning protocols.
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This study aimed to derive a new score, the Alcohol Septal Ablation-Sudden Cardiac
ARREst (ASA-SCARRE) risk score, that can be easily used to evaluate the risk of sudden
cardiac arrest events (sudden cardiac death, resuscitation, or appropriate implantable
cardioverter-defibrillator discharge) after alcohol septal ablation (ASA) in patients with
hypertrophic obstructive cardiomyopathy. We analyzed 1,834 patients from the Euro-
ASA registry (49%men, mean age 57§ 14 years) who were followed up for 5.0§ 4.3 years
(9,202 patient-years) after ASA. A total of 65 patients (3.5%) experienced sudden cardiac
arrest events, translating to 0.72 events per 100 patient-years. The independent predictors
of sudden cardiac arrest events were septum thickness before ASA (hazard ratio 1.09 per
1 mm, 95% confidence interval 1.04 to 1.14, p <0.001) and left ventricular outflow tract
(LVOT) gradient at the last clinical checkup (hazard ratio 1.01 per 1 mm Hg, 95% confi-
dence interval 1.01 to 1.02, p = 0.002). The following ASA-SCARRE risk scores were
derived and independently predicted long-term risk of sudden cardiac arrest events: “0”
for both LVOT gradient <30 mmHg and baseline septum thickness <20 mm; “1” for
LVOT gradient ≥30 mm Hg or baseline septum thickness ≥20 mm; and “2” for both
LVOT gradient ≥30 mm Hg and baseline septum thickness ≥20 mm. The C statistic of the
ASA-SCARRE risk score was 0.684 (SE 0.030). In conclusion, the ASA-SCARRE risk
score may be a useful and easily available clinical tool to predict risk of sudden cardiac
arrest events after ASA in patients with hypertrophic obstructive cardiomyopathy. ©
2022 Elsevier Inc. All rights reserved. (Am J Cardiol 2022;00:1−7)

Introduction

Alcohol septal ablation (ASA) is effective for relief of
left ventricular (LV) outflow tract (LVOT) obstruction in
symptomatic patients with hypertrophic obstructive cardio-
myopathy (HOCM).1 During the procedure, a small amount

of alcohol is injected into ≥1 septal branch, leading to local
myocardial necrosis, shrinking of basal septum, and conse-
quent widening of the LVOT and alleviation of symptoms.
The long-term clinical course of patients who undergo ASA
is not completely known, and some patients remain at risk
of sudden cardiac death. The contemporary risk-scoring
algorithms for patients with hypertrophic cardiomyopathy
(HCM) have not been dedicated specifically to patients after
ASA.2−9 Therefore, we analyzed data from the Euro-ASA
registry and derived a new model that can be easily used to
evaluate the risk of sudden cardiac arrest: the Alcohol Sep-
tal Ablation-Sudden Cardiac ARREst (ASA-SCARRE) risk
score.

Methods

We evaluated a total of 1,834 symptomatic patients with
HOCM who underwent ASA and were recorded in the mul-
ticenter Euro-ASA registry between 1996 and 2021. Proce-
dures were performed in 10 tertiary invasive centers in 6
European countries (Germany, Czech Republic, Denmark,
The Netherlands, United Kingdom, and Russian Federa-
tion) by experienced interventional cardiologists. All
patients had been prospectively included in institutional
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registries and subsequently in the Euro-ASA registry.
Results from the registry have been published in the past.8,9

The diagnosis of HOCM was based on typical clinical,
electrocardiographic, transthoracic echocardiographic, and/
or cardiac magnetic resonance imaging features.1−9 Maxi-
mal LVOT gradient was measured at rest using continuous-
wave Doppler echocardiography. Septum thickness was
measured in the parasternal short- and long-axis planes
using 2-dimensional echocardiography.

The indications for interventional treatment were limit-
ing symptoms despite pharmacotherapy. The final decision
regarding septal reduction therapy (myectomy or ASA) was
made after multidisciplinary assessment and detailed dis-
cussions with the patient.

We recorded clinical, demographic, electrocar-
diographic, and echocardiographic data and symptoms at
baseline before ASA. Patients were assessed 3 to 6 months
after ASA and every year thereafter. The indications for
repeated septal reduction procedure were at the discretion
of each participating cardiologist/center.

For the evaluation of long-term risk of sudden cardiac
arrest events, we excluded all patients who experienced such
events within 30 days after ASA to differentiate between
possible ASA-related events caused by periprocedural com-
plications and the long-term risk of sudden cardiac arrest.

All clinical adverse events were confirmed by reviewing
the medical records and the national databases of deaths
(Czech Republic, Denmark, and Russian Federation) or
updated by clinical examination (the last clinical checkup),
telephone call, or e-communication. The study was per-
formed in compliance with the Declaration of Helsinki.

Sudden cardiac arrest events were defined as cardiac
death after witnessed unexpected collapse; nocturnal death;
or death within 1 hour of new symptoms, successful cardio-
pulmonary resuscitation, or appropriate implantable cardi-
overter-defibrillator (ICD) discharge.

We examined (1) occurrence of 30-day and long-term
sudden cardiac arrest events; (2) independent predictors of
sudden cardiac arrest events during long-term follow-up;
and (3) a prediction model of cardiac arrest events, the
ASA-SCARRE risk score.

Traditional and established risk factors of sudden death
have not been available in all patients. Therefore, an unex-
plained syncope, LV apical aneurysm, LV dysfunction, or
family history of sudden death have not been included in
the analysis.

All data were reviewed and analyzed by 2 experienced
research statisticians. Data were presented as means § SDs
for continuous variables and as counts and proportions for
categorical variables. Mann-Whitney U and Student’s
t tests were used to assess the differences between continu-
ous variables, and chi-square test was used for categorical
variables. Cox proportional hazards model was used to
identify predictors of sudden cardiac arrest events. Based
on previous studies,8−16 the following variables with poten-
tial impact on the outcome were included in multivariable
analysis: age; septum thickness before ASA; LV end-dia-
stolic diameter/septum thickness before ASA; left atrial
diameter at last clinical checkup; LVOT gradient at last
clinical checkup; and alcohol volume injected during ASA.
The multivariable analysis was performed using the Cox

proportional hazard model. Parameters included in the final
model were selected by forward stepwise selection based
on Wald test. The binarized variables of the final model
were summed into scores with possible range of 0 to 2.
Because of censored data, the cutoffs of parameters and
overall predictive power of the model were set by time-
dependent receiver operating characteristic curve analysis.
Internal validation of the final model was made using three-
fold cross-validation. The long-term survival was evaluated
by the Kaplan−Meier method; statistical significance of
differences in survival among groups of patients was evalu-
ated using log-rank test. A p <0.05 was considered statisti-
cally significant. All reported p values were 2-sided. The
statistical software SAS, version 9.4 (SAS, NC), was used
for the analyses, specifically, the PHREG procedure for the
Cox regression and calculation of the C statistics and
LIFETEST procedure for the Kaplan−Meier analysis.

Results

We performed ASA in 1,871 patients. A total of 37
patients (2%) were excluded from the long-term analysis
because of occurrence of a sudden cardiac arrest event
within 30 days after ASA; 15 of these patients (0.8%) died
and 22 (1.2%) experienced electrical cardioversion or
appropriate ICD discharge. We analyzed long-term out-
comes of 1,834 patients (Table 1) who were followed for
survival for 5.0 § 4.3 years (9,202 patient-years). Of these,
212 patients (12%) died; this translated to 2.30 deaths per
100 patient-years (Figure 1). The last clinical checkup was
4.9 § 4.3 years after ASA.

A total of 65 patients (3.5%) experienced sudden cardiac
arrest events, representing 0.72 events per 100 patient-years
(Figure 1). Of these, 37 patients (57%) died, 11 (17%) were
successfully resuscitated, and 25 (38%) experienced appro-
priate ICD discharge.

According to the prespecified multivariable analysis,
independent predictors of the occurrence of sudden cardiac
arrest events were septal thickness before ASA (hazard
ratio [HR] 1.09 per 1 mm in septal thickness, 95% confi-
dence interval [CI] 1.04 to 1.14, p <0.001) and LVOT gra-
dient at the last clinical checkup (HR 1.01 per 1 mm Hg in
LVOT gradient, 95% CI 1.01 to 1.02, p = 0.002).

ASA-SCARRE risk scores were defined such that a
score of “0” represented LVOT gradient <30 mm Hg and
baseline septum thickness <20 mm, a score of “1” repre-
sented LVOT gradient ≥30 mmHg or baseline septum
thickness ≥20 mm, and a score of “2” represented both
LVOT gradient ≥30 mm Hg and baseline septum thickness
≥20 mm (Tables 1 and 2).

Survival analyses for the 3 groups with ASA-SCARRE
risk scores of 0, 1, and 2 are presented Figure 1, Table 3.
The ASA-SCARRE risk scores predicted low (approxi-
mately 0.4% per year), moderate (approximately 0.7% per
year), and high (approximately 2% per year) risk of sudden
cardiac arrest, respectively (Table 3). Based on the time-
dependent receiver operating characteristic curve analysis,
the sensitivities/specificities of the model for score cutoffs
≥1 and 2 at the mean follow-up time (5.0 years) were 0.85/
0.38 and 0.29/0.90, respectively. The Harrell’s C statistic of
the ASA-SCARRE risk score was 0.684 (SE 0.030)
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(Figure 2). The highest prediction strength of the model was
during the first years after ASA (approximately 0.8 during
the first 2 years of follow-up) (Figure 3). In threefold inter-
nal cross-validation, the range of the C statistic from all
computations was 0.643 to 0.724.

ASA-SCARRE score was 0 in 32% of cases, 1 in 52% of
cases, and 2 in 16% of cases. A total of 170 patients (9%)
underwent re-ASA, and 43 patients (2%) primarily treated
by ASA subsequently underwent surgical myectomy.

Discussion

As far as we know, this is the first study to generate a
prediction model of sudden cardiac arrest risk after ASA.
The most important findings were that (1) after exclusion of

patients with periprocedural ASA complications (2% of the
study population), the occurrence of sudden cardiac arrest
events was 0.72 per 100 patient-years; however, the first
event was fatal in more than half of the patients; (2) based
on 2 independent risk predictors (septum thickness before
ASA and LVOT gradient at last clinical checkup), we
derived a risk model (the ASA-SCARRE risk score) for pre-
diction of low (0.4% per year), moderate (0.7% per year),
and high (2% per year) risk of sudden cardiac arrest; and
(3) the ASA-SCARRE risk score is simple, intuitive, and
has a reasonable predictive performance. Therefore, the
proposed risk score may have potential clinical utility for
improvement of risk stratification and provide a simple tool
for clinicians to better communicate expected long-term
outcome after ASA with patients and their families.

Table 1

Clinical and echocardiographic characteristics of the cohort divided according to the ASA-SCARRE risk score at baseline and at the last checkup

Score 0

n = 672

Score 1

n = 959

Score 2

n = 203

All cohort

n = 1834

Age, years 59§12 57§14 56§15 57§14

Males, n (%) 329 (49) 485 (51) 91 (45) 905 (49)

Total alcohol volume at 1st ASA*, ml 1.9§1.0 2.0§1.0 1.9§0.9 2.0§1.0

Total alcohol volume at 1st ASA* + re-ASA, ml 2.0§1.1 2.2§1.2 2.1§1.3 2.1§1.2

Pacemaker

Baseline, n (%) 20 (3) 29 (3) 8 (4) 57 (3)

Last clinical check-up, n (%) 105 (16) 137 (14) 22 (11) 264 (14)

ICD*

Baseline, n (%) 15 (2) 39 (4) 8 (4) 62 (3)

Last clinical check-up, n (%) 28 (4) 64 (7) 19 (9) 111 (6)

Dyspnea, NYHA* class

Baseline 2.6§0.6 2.8§0.6 2.7§0.6 2.7§0.6

Last clinical check-up 1.3§0.8 1.4§0.8 1.6§0.9 1.4§0.8

NYHA* class III/IV

Baseline, n (%) 442 (66) 690 (72) 135 (67) 1267 (69)

Last clinical check-up, n (%) 54 (8) 79 (8) 29 (14) 162 (9)

Angina, CCS* class

Baseline 1.1§1.2 1.1§1.1 1.0§1.1 1.1§1.2

Last clinical check-up 0.5§0.8 0.5§0.8 0.6§0.7 0.5§0.8

LVOT* gradient at rest, mmHg

Baseline 61§33 68§35 88§39 68§36

Last clinical check-up 10§6 14§15 52§30 17§20

Last gradient ≥ 30 mmHg, n (%) 0 81 (8) 203 (100) 284 (15)

LVOT* gradient decrease (%) 78§19 75§24 31§51 71§30

LV* diameter, mm

Baseline 44.7§5.5 44.0§6.7 44.3§6.8 44.3§6.3

Last clinical check-up 45.8§5.3 46.2§6.3 46.6§6.2 46.1§6.0

LV* ejection fraction, %

Baseline 70§8 70§8 69§9 70§8

Last clinical check-up 67§8 66§8 66§9 66§8

Septum thickness, mm

Baseline 17.5§1.5 22.6§3.7 23.3§3.1 20.8§4.0

Last clinical check-up 13.8§3.0 16.4§4.2 19.1§4.2 15.8§4.2

LV* diameter/septum thickness

Baseline 2.6§0.4 2.0§0.4 1.9§0.4 2.2§0.5

Last clinical check-up 3.5§1.1 3.0§1.0 2.6§0.9 3.2§1.1

Left atrium diameter, mm

Baseline 44.7§5.5 44.0§6.7 44.3§6.8 44.3§6.3

Last clinical check-up 45.8§5.3 46.2§6.3 46.6§6.2 46.1§6.0

Mean follow-up duration, years 5.2§4.1 5.1§4.5 4.0§4.1 5.0§4.3

*ASA = alcohol septal ablation; CCS = Canadian Cardiovascular Association; IQR = interquartile range; LV = left ventricular; LVOT = left ventricular

outflow tract; NYHA = New York Heart Association.
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Sudden cardiac death is the most dreaded complication
of HCM.2−7 The current approach for risk stratification rec-
ommended by both European and United States guidelines
on HCM is based on several consistent observations demon-
strating that age, cardiac morphology (LV hypertrophy, LV
aneurysms, increased left atrial diameter, and replacement
fibrosis), LV function (increased LVOT gradient, systolic
and diastolic dysfunction, and arrhythmias), patient history
of syncopes, and family history of sudden death are key fac-
tors that increase the risk of sudden cardiac death.5,6 Specif-
ically, the American College of Cardiology/American Heart
Association approach to adult patients with HCM is based
on major risk factors (family history of sudden death, mas-
sive LV hypertrophy, syncope, apical aneurysm, and sys-
tolic dysfunction), and if one or more of these are present,

ICD implantation should be considered.6 The European
Society of Cardiology model calculates 5-year risk based
on 7 above-mentioned factors and divides patients into 3
groups with a subsequent recommendation to implant, con-
sider, or not implant ICD.5 Both algorithms have been
repeatedly validated and, despite some criticism, have con-
tributed significantly to appropriate selection of patients for
ICD implantation and the current low rate of HCM-related
sudden cardiac deaths.2−4,7 Recently, a machine-learning-
based risk stratification model for ventricular tachycardia
and heart failure in patients with HCM has been proposed
and may suggest a new direction for future risk manage-
ment in patients with HCM.17

Patients treated with ASA represent a specific subgroup
of patients with HOCM defined by limiting symptoms,

Figure 1. (A) Freedom from all-cause death and sudden cardiac arrest events (with 95% confidence intervals) after alcohol septal ablation in patients with

hypertrophic obstructive cardiomyopathy; (B) freedom from sudden cardiac arrest events (with 95% confidence intervals), according to ASA-SCARRE risk

score.

Table 2

Definition of the Alcohol Septal Ablation-Sudden Cardiac ARREst (ASA-SCARRE) risk score

Risk factors Score

IVS prior to ASA <20 mm 0

≥20 mm 1

LVOT gradient at last clinical check-up <30 mmHg 0

≥30 mmHg 1

Total score

Low risk IVS <20 mm and LVOT gradient <30 mmHg 0

Moderate risk IVS ≥20 mm or LVOT gradient ≥30 mmHg 1

High risk IVS ≥20 mm and LVOT gradient ≥30 mmHg 2

IVS = septum thickness; LVOT = left ventricular outflow tract.

Table 3

Freedom from sudden cardiac arrest events after alcohol septal ablation according to the Alcohol Septal Ablation-Sudden Cardiac ARREst (ASA-SCARRE)

risk score

Score 1-year survival

(95% CI)

5-year survival

(95% CI)

10-year survival

(95% CI)

p Value HR p Value

0 1 0.98 (0.97-0.99) 0.96 (0.93-0.98) <0.001 1.00 -

1 0.99 (0.98-1.00) 0.96 (0.95-0.98) 0.93 (0.90-0.95) 2.15 (1.12-4.14) 0.022

2 0.97 (0.93-0.99) 0.90 (0.82-0.94) 0.80 (0.68-0.88) 6.54 (3.12-13.70) <0.001

HR = hazard ratio.
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severe LVOT obstruction, and significant septal LV hyper-
trophy. Five years ago, in a cohort of patients treated with
ASA (n = 844), Liebregts et al4 validated all available rec-
ommendations dealing with prediction of sudden death in
patients with HCM published between 2003 and 2014 and
found modest performances (C statistic 0.58 to 0.61). One
of the reasons for this finding may be that patients treated
with ASA were underrepresented (3%, n =100 patients) in

the analyses that generated European algorithm for risk
stratification in HCM.2

LVOT gradient and LV hypertrophy have repeatedly
been determined to be strong predictors of outcome after
ASA.9−14 Therefore, it is not surprising that we identified
these 2 variables as strong independent risk factors. Subse-
quently, we incorporated them into a simple and readily
available ASA-SCARRE risk prediction model. The model

Figure 2. ROC of ASA-SCARRE risk score. ROC, receiver operating characteristic.

Figure 3. Time-dependent AUC representing the level of ROC for each value of time (in years) after ASA. AUC = area under the curve; ROC, receiver oper-

ating characteristic.
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achieved a C statistic of 0.684, with ensuing threefold inter-
nal cross-validation of 0.643 to 0.724, suggesting the possi-
bility of clinical use.

Notably, the presented model suggests that in symptom-
atic patients who underwent ASA, we should aim at maxi-
mal LVOT gradient reduction, as this may reduce the risk
of sudden cardiac arrest. This also further enhances the
observations that high residual LVOT gradients increase
the risk of sudden cardiac arrest10,11 and provides support
for the idea that actively treating this hemodynamic abnor-
mality can affect the outcomes.

In contrast to previous models,5,6 our intention in the
present study was not to categorize patients into risk groups
aimed at indication for ICD therapy but to provide an easily
accessible and memorable score estimating risk of sudden
cardiac arrest after ASA. We emphasize that the risk should
be carefully interpreted within each patient’s clinical con-
text, including the presence of other established risk factors
for sudden cardiac death such as family history of sudden
death, syncope, LV dysfunction, or ventricular tachycardia.
These factors were not included in our study because they
were not available for all patients. However, they should
definitely be considered, especially in patients with low
scores.

There are some limitations of this study. First, dichoto-
mizing of continuous variables such as interventricular sep-
tum thickness or LVOT gradient may involve borderline
values in some specific patients, impairing the objectivity of
evaluation. Second, although the model was derived from (to
the best of our knowledge) the largest ASA outcome cohort
reported to date (approximately 1,800 patients), and patients
were followed for 5 years (approximately 9,200 patient-
years), the number of patients with sudden cardiac arrest
events was relatively low (n = 65). Nevertheless, the results
are consistent with previous reports demonstrating a signifi-
cant risk linked with baseline LV hypertrophy and LVOT
obstruction.9−14 Furthermore, the annual rate of sudden car-
diac arrest events observed in this study (0.7% per year) was
similar to that reported in the large HCM cohorts.2,11,18

Third, an external validation study should be performed in a
large and geographically diverse cohort recruited also from
non-European centers.19,20 However, although this model
lacks external validation, its results clearly show that special
attention should be paid to elimination of residual LVOT gra-
dient and that we should not hesitate to use repeated septal
reduction procedure and/or myosin inhibitor therapy.21−23

Fourth, because several concomitant diseases—coronary
artery disease, for example —affecting sudden cardiac death
may exist in patients with HOCM, some mortality assessed
as HCM-related may stem from different causes. Indeed, we
speculate that this confound may be among the reasons for
the limited long-term performance of all current sudden car-
diac death risk models in these patients.3,4 In conclusion, the
ASA-SCARRE risk score may be a useful and easily avail-
able clinical tool to predict long-term sudden cardiac arrest
events after ASA in patients with HOCM.
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Abstract

Introduction: Atrial fibrillation (AF) is the most common sustained arrhythmia in

humans. The onset of the arrhythmia can significantly impair cardiac function. This

hemodynamic deterioration has been explained by several mechanisms such as the

loss of atrial contraction, shortening of ventricular filling, or heart rhythm irregularity.

This study sought to evaluate the relative hemodynamic contribution of each of

these components during in vivo simulated human AF.

Methods: Twelve patients undergoing catheter ablation for paroxysmal AF were

paced simultaneously from the proximal coronary sinus and the His bundle

region according to prescribed sequences of irregular R−R intervals with the

average rate of 90 and 130 bpm, which were extracted from the database of

digital ECG recordings of AF from other patients. The simulated AF was

compared to regular atrial pacing with spontaneous atrioventricular conduction

and regular simultaneous atrioventricular pacing at the same heart rate. Beat‐

by‐beat left atrial and left ventricular pressures, including LV dP/dT and Tau

index were assessed by direct invasive measurement; beat‐by‐beat stroke

volume and cardiac output (index) were assessed by simultaneous pulse‐wave

doppler intracardiac echocardiography.

Results: Simulated AF led to significant impairment of left ventricular systolic and

diastolic function. Both loss of atrial contraction and heart rate irregularity

significantly contributed to hemodynamic impairment. This effect was pronounced

with increasing heart rate.

Conclusion: Our findings strengthen the rationale for therapeutic strategies aiming

at rhythm control and heart rate regularization in patients with AF.

K E YWORD S

arrhythmia, atrial fibrillation, hemodynamics, his bundle pacing

J Cardiovasc Electrophysiol. 2022;33:2569–2577. wileyonlinelibrary.com/journal/jce © 2022 Wiley Periodicals LLC. | 2569

Abbreviations: AF, atrial fibrillation; AV, atrioventricular; CI, cardiac index; CO, cardiac output; HB, His bundle; HR, heart rate; ICE, intracardiac echocardiography; LA, left atrium; LAP, left atrial

pressure; LV, left ventricle; LVEDP, end‐diastolic pressure; RV, right ventricle; SBP, systolic blood pressure; SDRR, standard deviation of R‐R intervals; SV, stroke volume; VTI, velocity‐time

integral.
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1 | INTRODUCTION

Atrial fibrillation (AF) is the most common sustained arrhythmia

affecting 2% of people.1 It can significantly impair the cardiac

performance, which can clinically manifest with a spectrum ranging

from mild symptoms to severe heart failure. The deleterious

hemodynamic effect of AF has been explained by several pathophy-

siological mechanisms, including the loss of atrial kick, shortening of

left ventricular (LV) diastolic filling, or heart rhythm irregularity

causing neurohumoral activation.2–7 However, the relative hemo-

dynamic contribution of each of these mechanisms has not yet been

elucidated, mainly because of the lack of a realistic hemodynamic

model of human AF. On the other hand, a better understanding of the

individual hemodynamic components of AF can have important

clinical implications, especially for individualized nonpharmacological

therapeutic strategies aiming at rate or rhythm control.

This study aimed to evaluate the relative contribution of the main

hemodynamic effects of AF to the impairment of cardiac function

during simulated arrhythmia. To this end, we used our previously

validated in vivo model of human AF that allows us to reproduce the

hemodynamics in AF by simultaneous atrial and His bundle pacing,

using prescribed sequences of irregular R−R intervals extracted from

the database of digital ECG recordings of AF from other patients.8

We hypothesized that the loss of atrial contraction, heart rhythm

irregularity, and shortening of LV diastolic filling by tachycardia would

all independently impair cardiac performance and that these

alterations would be augmented at a higher heart rate (HR).

2 | METHODS

2.1 | Study population and catheter ablation

The study included 12 patients who were indicated for catheter

ablation of paroxysmal AF and maintained a stable sinus rhythm,

documented by telemetric monitoring, for at least 24 h before the

procedure. The required sample size was estimated based on

previous studies.2,3,5 According to our previously described protocol,

the ablation procedures were performed under conscious sedation

with fentanyl and midazolam.9 Electrical isolation of the pulmonary

venous ostia was performed by 3.5‐mm irrigation‐tip radiofrequency

catheter (Navistar Thermocool; BiosenseWebster), using the support

of a three‐dimensional electroanatomical mapping system (CARTO;

Biosense Webster) The hemodynamic study was performed at the

end of the ablation procedure during a stable sinus rhythm. The study

was approved by the institutional ethics committee (docket

ID 845/14), and all patients signed informed consent to the investigation.

2.2 | Instrumentation

A steerable decapolar catheter for atrial pacing was introduced

into the coronary sinus (CS). A 6‐French fluid‐filled pigtail

catheter was introduced into the LV cavity through a transseptal

sheath via the femoral vein approach. The ablation catheter was

positioned at the His bundle (HB) on the right ventricular (RV)

side of the interventricular septum. Stable His bundle capture

was confirmed by consistently narrow QRS complex while pacing

and this site was tagged on the three‐dimensional mapping

system. Finally, an intracardiac echocardiography (ICE) probe

(AcuNav; Siemens Medical Solutions) was positioned via the

femoral vein approach in the RV outflow tract to achieve a

perpendicular view of the aortic valve and a parallel view of the

proximal part of the ascending aorta (Figure 1).

2.3 | Cardiac pacing

Cardiac pacing was performed by a dedicated external cardiac

stimulator (MicroPace), which was connected to a purpose‐made

electronic device that controlled the pacing sequence (further

referred to as the “sequence controller”).8 The sequence controller

was programmed to generate square‐shaped trigger pulses (2 V/

20ms) to emulate the predefined R−R intervals. These pulses were

sensed through an ECG input of the external cardiac stimulator that

was set to triggered mode and that with negligible delay generated

stimulation pulses (~10 V) through a splitter to the catheters in the CS

and at the HB to achieve simultaneous atrioventricular (AV) pacing.

The resulting QRS duration on the surface ECG was 126 ± 13ms. The

reproducibility of this method for simulation of LV hemodynamics in

AF has been previously described.8

2.4 | Hemodynamic study

Hemodynamic parameters were assessed during four different

pacing configurations, each of them with a mean HR of 90 and

130 bpm: (1) regular pacing from the CS to simulate normal sinus

rhythm, (2) regular simultaneous AV pacing from the CS, and HB

to evaluate the loss of atrial systole without impeding the natural

electric activation of the ventricles, (3) irregular simultaneous AV

pacing according to prescribed R−R sequences with R−R interval

standard deviation (SDRR) of 20% (i.e., “less irregular” simulated

AF), and (4) irregular simultaneous AV pacing according to

prescribed R−R sequences with an SDRR of 30% (i.e., “more

irregular” simulated AF) (Figure 2).

Each pacing episode lasted 2min and was followed by a

stabilization period of 30 s of regular CS pacing with the same rate.

The stabilization period was excluded from the hemodynamic

analysis. All patients were paced according to the same set of R−R

sequences, but the order of the pacing episodes was random for each

patient. The irregular R−R sequences for simulated AF were obtained

from a database of Holter ECG recordings in patients with persistent

AF (http://physionet.org, the Long‐Term AF Database). Representa-

tive segments of AF with the desired duration, mean HR, and

SDRR were selected with the help of a custom program written in
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Matlab (MathWorks) that enabled automated search and reviewing of

the database.

Evaluated hemodynamic parameters included: (1) blood pressure

(SBP), LV end‐diastolic pressure (LVEDP), LV dP/dT max, and Tau

index measured with pigtail catheter in the LV, (2) mean left atrium

(LA) pressure measured by the transseptal sheath in the LA, and (3)

cardiac output (CO) and cardiac index (CI) were measured simulta-

neously by pulse‐wave Doppler ICE in the ascending aorta (Figure 1).

F IGURE 1 Stroke volume assessment by ICE. Fluoroscopic image of catheter setting (A). The aortic valve and ascending aorta were
visualized by ICE in a long axis. The diameter of the aorta was measured at 10mm above the aortic cusps (B). VTI was delineated manually at the
level of the aortic root and was averaged over the entire pacing episode (C). In all cases, the angle of incidence during the measurement of VTI
was <5°. CS, decapolar catheter introduced to the coronary sinus for atrial pacing; His, mapping catheter used for the pacing of the His bundle;
ICE, intracardiac echocardiography probe, LV, pigtail catheter in the left ventricle.

F IGURE 2 Atrial fibrillation cycle length
histograms. Histograms of the R−R interval
that were used to simulate distinct types of
atrial fibrillation: slow (90/min), fast (130/min),
more regular (SDRR = 20%), and more irregular
(SDRR = 30%). Means are represented by red
lines. AF, atrial fibrillation, SDRR, standard
deviation of R−R intervals.
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2.5 | Data acquisition and analysis

Trigger pulses from the sequence controller, surface ECG, and analogue

blood pressure signals from the LA and LV were recorded at 1000Hz by

data acquisition hardware (Powerlab; ADInstruments). The data were

analyzed in LabChart 7 (ADInstruments). SBP, LVEDP, mean LA pressure,

maximum LV dP/dT, and Tau index were obtained beat‐by‐beat, and the

values were averaged over each two‐min pacing episode.

Video output from ICE (the pulse‐wave Doppler in the ascending

aorta) was recorded to a computer with a resolution of 640×480 pixels

and 30 frames/s and synchronized with blood pressure signals by the

Video Capture Module in LabChart (ADInstruments). The recorded video

loops were processed in ImageJ (http://ImageJ.net, the Fiji distribution).

For each cardiac cycle, the envelope of the pulse‐wave Doppler signal

from the ascending aorta was manually outlined to obtain the velocity‐

time integral (VTI). The beat‐by‐beat VTI values were averaged over the

entire two‐min pacing episode. Stroke volume (SV) was calculated from

the mean VTI and diameter of the ascending aorta at the sampling

volume, according to the formula: SV= π× (aorta diameter/2)2 ×VTI.

2.6 | Statistical analysis

Statistical analyses were conducted in R (http://www.R-project.

org). Continuous variables are displayed in means ± standard

deviation. Hemodynamic changes within the individual patients

were compared by paired t test with Holm's correction for

repeated measurements. Between‐group comparisons were per-

formed using analysis of variance (ANOVA) with the Tukey post

hoc test. A value of p < .05 was considered significant.

TABLE 1 Baseline characteristics of the study population

N = 12

Age (years) 59 ± 5

Male gender 8 (67%)

Body mass index (kg/m2) 29 ± 3

Arterial hypertension 6 (50%)

Diabetes mellitus 2 (16%)

History of stroke 2 (16%)

Antiarrhythmic drugs 5 (41%)

CHA2DS2‐VASc score 1.7 ± 1.5

Left ventricular ejection fraction (%) 55 ± 9

Left atrial volume (ml/m2) 39 ± 9

Note: Data are provided as means ± standard deviations or counts
(proportions).

TABLE 2 Hemodynamic parameters during different pacing modes

Pacing mode
Atrial regular AV regular AF (SDRR = 20%) AF (SDRR = 30%)

Pacing 90 bpm

SBP (mmHg) 142.1 ± 16.7 138.5 ± 14.4 131.9 ± 15.5 128.6 ± 15.9

LVEDP (mmHg) 12.0 ± 4.1 11.8 ± 4.2 15.2 ± 4.2 17.0 ± 3.6

LAP (mmHg) 9.6 ± 3.7 10.8 ± 4.1 11.8 ± 4.3 12.9 ± 4

LV dP/dT (mmHg/s) 2017 ± 302 1848 ± 320 1904 ± 315 1870 ± 329

Tau (ms) 39.2 ± 11.2 39.2 ± 10 50.6 ± 12.8 62.5 ± 11.9

SV (ml) 82.8 ± 10 74.4 ± 7.3 63 ± 10.7 63 ± 12.2

CI (L/min/m2) 3.5 ± 0.4 3.1 ± 0.2 2.6 ± 0.4 2.6 ± 0.5

Pacing 130 bpm

SBP (mmHg) 141.1 ± 20.8 124.1 ± 15.6** 116.6 ± 17.4*** 114.8 ± 18.1

LVEDP (mmHg) 13.5 ± 3.7 14.7 ± 4.6 19.1 ± 5.5* 21.2 ± 6.7***

LAP (mmHg) 10.2 ± 4.8* 14 ± 3.5 14.6 ± 3.9 15.7 ± 3.8**

LV dP/dT (mmHg/s) 2300 ± 476* 1996 ± 383 1857 ± 380 1808 ± 402

Tau (ms) 41.5 ± 13.1 42.6 ± 13.1 61.6 ± 15.4** 71.4 ± 14.4**

SV (ml) 73.7 ± 12.9 50.8 ± 8.4*** 41.7 ± 8.6*** 42.6 ± 9.1***

CI (L/min/m2) 4.5 ± 0.8** 3.1 ± 0.5 2.5 ± 0.5 2.6 ± 0.6

Note: Data are provided as means ± standard deviations.

Abbreviations: AF, atrial fibrillation; AV, atrio‐ventricular; CI, cardiac index, LV, left ventricular; LAP, left atrial pressure; LV, left ventricular; LVEDP, left
ventricular end‐diastolic pressure; SBP, systolic blood pressure; SDRR, standard deviation of R−R intervals; SV, stroke volume.

The significance level for the comparison between pacing 90 bpm and pacing 130 bpm within the same pacing mode is indicated as follows:

*p ≤ .05; **p ≤ .01; ***p ≤ .001 by paired t test.
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3 | RESULTS

The hemodynamic study was completed on all 12 patients. Their

baseline characteristics are summarized in Table 1. No procedure‐

related clinical complications occurred. Measurement of the LV

pressure was available in all 12 patients, and assessment of CI by ICE

was obtained in the last 8 patients.

3.1 | The effect of loss of atrial contraction

Compared to regular atrial pacing, regular simultaneous AV pacing

significantly impeded LV contractility, which was reflected by

decreased SV, CI, LV dP/dT, and SBP, both at 90 and 130 bpm

(Tables 2 and 3, Figure 3A,B). Regular simultaneous AV pacing at

130 bpm also significantly impeded LV diastolic function, leading to

an increase in the mean LA pressure.

3.2 | The effect of heart rhythm irregularity

Compared to regular simultaneous AV pacing, irregular simulta-

neous AV pacing (SDRR of 20%) significantly impeded LV

diastolic function, which was reflected by increased Tau and

LVEDP at 90 and 130 bpm (Table 2, Figure 3A,B). The increase of

Tau was further pronounced during the more irregular AF pacing

(SDRR of 30%) compared to the less irregular AF pacing (SDRR

of 20%).

Compared to regular simultaneous AV pacing, AF pacing also

significantly impeded LV contractility, which was reflected by

decreased SV, CI, and SBP at both HR, and by decreased LV dP/dT

at 130 bpm. Compared to the less irregular AF pacing, the more

irregular AF pacing led to a more pronounced decrease of SBP at

90 bpm and a more pronounced change in Tau index at both pacing

rates, while there were no differences in SV and CI. Compared to the

regular simultaneous AV pacing, the mean LA pressure increased

significantly only during the more irregular AF pacing at both pacing

rates.

3.3 | The effect of fast HR

An increase of HR from 90 to 130/min during regular atrial

pacing was accompanied by an expected increase in CI without

affecting SV and LV diastolic function (Table 2). However,

increased HR during regular AV pacing or AF pacing led to a

significant decrease in SV, while the CI remained unchanged

thanks to the compensation by tachycardia (Table 2). Moreover,

TABLE 3 Relative percent difference between pacing modes

Relative percent difference
Atrial regular vs. AV
regular

AV regular vs. AF
(SDRR = 20%)

Atrial regular vs. AF
(SDRR = 20%)

AF (SDRR = 20%) vs.
AF (SDRR = 30%)

Pacing 90 bpm

SBP (mmHg) −2.5** −4.8* −7.2*** −2.5*

LVEDP (mmHg) −2.1 28.9* 26.2* 11.9

LAP (mmHg) 11.8 9.4 22.3 9.6

LV dP/dT (mmHg/s) −8.4* 3.1 −5.6* −1.8

Tau (ms) 0 29.1* 29.1* 23.5***

SV (ml) −10.2* −15.3** −24* 0

CI (L/min/m2) −10.3* −15.2** −24** 0.2

Pacing 130 bpm

SBP (mmHg) −12.1** −6* −17.4*** −1.6

LVEDP (mmHg) 8.7 30.3 41.6** 10.8

LAP (mmHg) 36.6*** 4.1 42.2* 7.8

LV dP/dT (mmHg/s) −13.2** −6.9* −19.2*** −2.7

Tau (ms) 2.7 44.6** 48.6** 15.9*

SV (ml) −31.1** −17.8** −43.3*** 2

CI (L/min/m2) −31** −17.9** −43.4*** 2.4

Note: Abbreviations are the same as in Table 2.

The significance level for the difference is indicated as follows:

*p ≤ .05; **p ≤ .01; ***p ≤ .001 by paired t test with Holm's correction for repeated measurements.
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the adverse hemodynamic impact of the loss of atrial

contraction and heart rhythm irregularity on LV contractility

and diastolic function was more pronounced at a higher HR

(Tables 2 and 3).

4 | DISCUSSION

4.1 | Main findings

This study used a realistic in vivo model of human AF to evaluate the

hemodynamic consequences of AF. The study demonstrated the

negative impact of AF on various parameters of LV systolic and

diastolic function. The loss of effective atrial contraction and heart

rhythm irregularity significantly contributed to the adverse hemo-

dynamics. Tachycardia itself augmented the impact of the loss of

atrial kick and heart rhythm irregularity.

4.2 | Previous studies

Two earlier studies observed an improvement of CO by 23%–56%

after electrical cardioversion of AF to sinus rhythm.6,10 The

magnitude of the increase of CO was similar to the decrease of CO

we observed during the induction of simulated AF. The impact of the

loss of atrial “kick” on the LV filling has been demonstrated by two

F IGURE 3 (A, B) The effect of individual pacing episodes on the hemodynamic parameters. Color lines connect the values for each patient.
Black lines with error bars represent group means and standard errors. The group means were compared using analysis of variance (ANOVA)
with the Tukey post hoc test. AF, atrial fibrillation, AV, atrioventricular, LAP, left atrial pressure, LVEDP, left ventricular end‐diastolic pressure;
SBP, systolic blood pressure; SDRR, standard deviation of R−R intervals.
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F IGURE 3 Continued
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studies using simultaneous AV pacing in patients with sinus

rhythm.11,12 Our study corroborates these studies by the finding of

a decreased SV by 10%–31% attributable to simultaneous AV pacing.

Altogether, these findings underline the hemodynamic superiority of

the sinus rhythm over AF, regardless of the actual HR.

The hemodynamic impact of heart rhythm irregularity was

evaluated by two studies using RV pacing in patients with

permanent AF who underwent ablation of the AV node.3,5 The

authors attributed to the heart rhythm irregularity a decrease of

CO by 12% and 21%, respectively. These values are comparable

to our finding of reduced CO by 15%–18% when comparing

irregular AV pacing with regular AV pacing. We can only

speculate whether the detrimental hemodynamic effect of heart

rhythm irregularity could be related to the impairment of LV

filling, changes in myocyte calcium handling, or neurohormonal

activation.3,13,14

Of note, RV pacing alone can impair LV function.15 This bias

was partially overcome by the study of Melenovsky et al.,16 which

performed irregular pacing through exposed electrodes of a

biventricular pacemaker in patients with chronic heart failure. A

key feature of our hemodynamic model was the use of HB pacing,

which enabled even more natural activation of the LV.

4.3 | Clinical implications

From a clinical perspective, results from this study provide the

rationale to support strategies aiming at restoration and maintenance

of sinus rhythm, such as electrical cardioversion, antiarrhythmic

drugs, and catheter ablation. Patients in whom sinus rhythm cannot

be achieved could benefit not only from rate control but also from

the regularization of the heart rhythm by permanent selective HB

pacing combined with AV node ablation.

4.4 | Study limitations

Our study investigated only acute hemodynamic changes during AF,

not accounting for possible long‐term compensatory mechanisms.

The hemodynamics was not investigated during the patients' native

(induced) AF. Such a design would not allow the evaluation of the

hemodynamics of AF independently from the HR. Furthermore, our

study included patients with preserved LV ejection fraction. It is

conceivable that the hemodynamic impact of AF would be even more

pronounced in patients with chronic LV systolic dysfunction.

Measurement of CI by ICE was performed only in the last eight

patients due to technical difficulties with the hardware setup in the

first four patients. Nevertheless, the changes in CI were prominent

enough to allow for an adequate statistical comparison by a paired

t test.

Moreover, sinus rhythm was simulated by pacing from the

proximal CS instead of the high RA to avoid catheter displacement

during rapid pacing and to avoid atrial ectopic beats by mechanical

irritation. This could have resulted in a slightly shorter AV delay

during RA pacing, although the site of RA stimulation did not affect

the hemodynamics during stimulated AF.

Another potential limitation is the absence of autonomic

blockade during the study protocol, which could have theoretically

altered the hemodynamics by sympathetic stimulation. To account

for this potential bias, we applied different pacing sequences in

random order and calculated the average values of the hemodynamic

variables from repeated measurements. Moreover, each change in

the pacing sequence included a blanking period of regular pacing to

stabilize the hemodynamics.

5 | CONCLUSION

This study demonstrated the detrimental hemodynamic effect

of AF and described the independent contribution of the absence

of atrial kick, heart rhythm irregularity, and increased HR.

These findings provide the translational basis for rhythm‐

control strategies in patients with AF and HR regularization

strategies by permanent HB pacing if sinus rhythm cannot be

maintained.

AUTHOR CONTRIBUTIONS

Substantial contributions to the conception and design or the

acquisition, analysis, or interpretation of the data: Predrag

Stojadinović, Aslesha Deshraju, Dan Wichterle, Masato Fukunaga,

and Marek Šramko. Substantial contributions to the drafting of the

articles or critical revision for important intellectual content: Predrag

Stojadinović, Dan Wichterle, Petr Peichl, Josef Kautzner, and Marek

Šramko. Final approval of the version to be published: Josef Kautzner

and Marek Šramko. Agreement to be accountable for all aspects of the

work in ensuring that questions related to the accuracy or integrity of

any part of the article are appropriately investigated and resolved:

Predrag Stojadinović and Marek Šramko.

ACKNOWLEDGMENT

This study was supported by the project National Institute for

Research of Metabolic and Cardiovascular Diseases (Programme

EXCELES, Project No. LX22NPO5104)—Funded by the European

Union—Next Generation EU.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on

request from the corresponding author. The data are not publicly

available due to privacy or ethical restrictions.

ORCID

Predrag Stojadinović http://orcid.org/0000-0002-1487-5823

Dan Wichterle http://orcid.org/0000-0002-0448-5143

Masato Fukunaga http://orcid.org/0000-0002-0230-4556

2576 | STOJADINOVIĆ ET AL.

  rejstřík



REFERENCES

1. Hindricks G, Potpara T, Dagres N, et al. 2020 ESC guidelines for the
diagnosis and management of atrial fibrillation developed in
collaboration with the European Association for Cardio‐Thoracic
Surgery (EACTS): the Task Force for the diagnosis and management
of atrial fibrillation of the European Society of Cardiology (ESC)

developed with the special contribution of the European Heart
Rhythm Association (EHRA) of the ESC. Eur Heart J. 2021;42(5):
373‐498.

2. Raymond RJ, Lee AJ, Messineo FC, Manning WJ, Silverman DI.

Cardiac performance early after cardioversion from atrial fibrillation.
Am Heart J. 1998;136(3):435‐442.

3. Clark DM, Plumb VJ, Epstein AE, Kay GN. Hemodynamic effects of

an irregular sequence of ventricular cycle lengths during atrial
fibrillation. J Am Coll Cardiol. 1997;30(4):1039‐1045.

4. Naito M, David D, Michelson EL, Schaffenburg M, Dreifus LS. The
hemodynamic consequences of cardiac arrhythmias: evaluation of
the relative roles of abnormal atrioventricular sequencing,
irregularity of ventricular rhythm and atrial fibrillation in a canine
model. Am Heart J. 1983;106(2):284‐291.

5. Daoud EG, Weiss R, Bahu M, et al. Effect of an irregular ventricular
rhythm on cardiac output. Am J Cardiol. 1996;78(12):1433‐1436.

6. Shapiro W, Klein G. Alterations in cardiac function immediately
following electrical conversion of atrial fibrillation to normal sinus
rhythm. Circulation. 1968;38(6):1074‐1084.

7. Sramko M, Wichterle D, Melenovsky V, et al. Independent effect of
atrial fibrillation on natriuretic peptide release. Clin Res Cardiol.
2019;108(2):142‐149.

8. Sramko M, Wichterle D, Kautzner J. Feasibility of in‐vivo simulation

of acute hemodynamics in human atrial fibrillation. PLoS One.
2016;11(10):e0165241.

9. Sramko M, Peichl P, Wichterle D, et al. A novel biomarker‐based
approach for the detection of asymptomatic brain injury during

catheter ablation of atrial fibrillation. J Cardiovasc Electrophysiol.
2014;25(4):349‐354.

10. Orlando JR, van Herick R, Aronow WS, Olson HG. Hemodynamics
and echocardiograms before and after cardioversion of atrial

fibrillation to normal sinus rhythm. Chest. 1979;76(5):521‐526.
11. Mitchel H, Gupta N, Payne M. Influence of atrial systole on effective

ventricular stroke volume. Circ Res. 1965;17:11‐18.
12. Benchimol A, Duenas A, Liggett MS, Dimond EG. Contribution of

atrial systole to the cardiac function at a fixed and at a variable

ventricular rate. Am J Cardiol. 1965;16:11‐21.
13. Samet P. Hemodynamic sequelae of cardiac arrhythmias. Circulation.

1973;47(2):399‐407. doi:10.1161/01.cir.47.2.399
14. Gosselink AT, Blanksma PK, Crijns HJ, et al. Left ventricular beat‐to‐

beat performance in atrial fibrillation: contribution of Frank−Starling

mechanism after short rather than long RR intervals. J Am Coll

Cardiol. 1995;26(6):1516‐1521.
15. Lieberman R, Padeletti L, Schreuder J, et al. Ventricular pacing lead

location alters systemic hemodynamics and left ventricular function
in patients with and without reduced ejection fraction. J Am Coll

Cardiol. 2006;48(8):1634‐1641.
16. Melenovsky V, Hay I, Fetics BJ, et al. Functional impact of rate

irregularity in patients with heart failure and atrial fibrillation
receiving cardiac resynchronization therapy. Eur Heart J. 2005;26(7):

705‐711.

How to cite this article: Stojadinović P, Deshraju A,Wichterle D,

et al. The hemodynamic effect of simulated atrial fibrillation on

left ventricular function. J Cardiovasc Electrophysiol.

2022;33:2569‐2577. doi:10.1111/jce.15669

STOJADINOVIĆ ET AL. | 2577

  rejstřík


