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Letters

Patent Foramen Ovale
Closure Is Effective
in Divers

Long-Term Results From the

DIVE-PFO Registry

Patent foramen ovale (PFO) is associated with
increased risk of decompression sickness (DCS) in
divers because of paradoxical embolization of nitro-
gen bubbles (1). These events can be unpredictable in
divers with a PFO (2). Catheter-based PFO closure led
to the elimination of arterial emboli after simulated
dives (3). However, the evidence of its clinical effec-
tiveness is sparse (4). This study aimed to evaluate
the long-term clinical effectiveness of catheter-based
PFO closure in the prevention of unprovoked DCS.

A total of 829 consecutive divers were prospec-
tively included in the DIVE-PFO (Decompression

Illness Prevention in Divers with a Patent Foramen
Ovale) registry between January 2006 and December
2018. The study was approved by the Ethics Com-
mittee of University Hospital Motol. Transcranial
color-coded sonography (TCCS) was used for the
detection and grading of a right-to-left shunt,
as previously described (2). Demographic data,
diving experience, and details of any DCS were
collected by means of questionnaires at enrollment
and on a telephone follow-up visit. For divers for
whom follow-up was not available, survival was
checked in the National Database of Deaths. Trans-
esophageal echocardiography was offered to divers
with: 1) DCS history; 2) high-grade shunt on TCCS; or
3) unsuccessful TCCS examination (insufficient bone
window). If the result of transesophageal echocardi-
ography was available, the higher grade of the 2
examinations was counted.

The PFO closure procedures were performed in 5
centers. The Amplatzer Septal Occluder (AGA Medical

FIGURE 1 Unprovoked Decompression Sickness Occurrence
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Corporation, Golden Valley, Minnesota) was used in
10 (18%) divers, and the Occlutech Figulla PFO
Occluder N (Occlutech GmbH, Jena, Germany) was
used in 46 (82%). The indication for the procedure
was the presence of a grade 3 PFO and either: 1) a
history of unprovoked DCS; or 2) diver’s preference
(not able to adapt to conservative diving recommen-
dations, i.e., professionals). Minor bleeding occurred
in 2 divers (3.6%); no other procedure-related com-
plications occurred.

The endpoint of the study was unprovoked DCS (2).
Estimates for long-term event-free survival were
made by the Kaplan-Meier method, and differences
were assessed by the log-rank test and the Gehan-
Breslow-Wilcoxon method.

The follow-up was available for 748 (90%) divers,
of whom 702 continued diving. Of these, a high-grade
PFO was diagnosed in 153 (22%) divers: 55 underwent
a catheter-based PFO closure (closure group), and 98
were advised to dive within the limits of recreational
diving (conservative group). The mean follow-up
time was 7.1 � 3.8 years and 6.5 � 3.2 years
(p ¼ 0.339), numbers of new dives were 30,684 and
25,328 (p < 0.001), mean ages were 40.0 � 7.9 and
37.3 � 9.8 years (p ¼ 0.079), and 78.2% and 79.6%
(p ¼ 0.893) of divers were male for the closure group
and conservative group, respectively. An unprovoked
DCS occurred in 11 (11%) divers in the conservative
group versus 0 in the closure group (p ¼ 0.012)
(Figure 1).

There is still a large knowledge gap regarding the
optimal risk stratification and management strategy
in divers with PFO. To date, there are no prospective
studies to assess the clinical benefit of PFO closure in
divers. The present study is unique in its uniform
screening method and prospective participant inclu-
sion. The results are consistent with previous findings
that: 1) PFO closure eliminates arterial gas emboli;
and 2) PFO is a major risk factor for unprovoked DCS
(2,3). PFO closure is a safe procedure with a very low
complication rate (5). According to our data, PFO
closure is recommended in divers with a high-grade
PFO, with a history of unprovoked DCS, or at the
diver’s preference. Besides protection from DCS, PFO
closure also offers the diver lifelong protection from
PFO-associated stroke.

This study is subject to inherent limitations,
including selection bias. Although this study is, to our
knowledge, the largest available, the number of
endpoints is still low. The self-reporting of endpoints
is another limitation; the majority of cases were not
examined by a specialist at the time of the DCS event.

The results of the DIVE-PFO registry demonstrated
that catheter-based PFO closure was more effective in

DCS prevention than the conservative approach in
divers with a high-grade PFO.
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The Need for and
Benefits of an
International Database
for Cardiac Tumors

The report by Sultan et al. (1) is an excellent review
that confirms both the rarity and poor long-term
prognosis of cardiac tumors. It represents the largest
collection of these tumors published to date.

Finally, we have a reasonably large group of pa-
tients with the diagnosis of primary cardiac
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ABSTRACT

BACKGROUND Percutaneous left atrial appendage closure (LAAC) is noninferior to vitamin K antagonists (VKAs) for

preventing atrial fibrillation (AF)–related stroke. However, direct oral anticoagulants (DOACs) have an improved safety

profile over VKAs, and their effect on cardiovascular and neurological outcomes relative to LAAC is unknown.

OBJECTIVES This study sought to compare DOACs with LAAC in high-risk patients with AF.

METHODS Left Atrial Appendage Closure vs. Novel Anticoagulation Agents in Atrial Fibrillation (PRAGUE-17) was a

multicenter, randomized, noninferiority trial comparing LAAC with DOACs. Patients were eligible to be enrolled if they

had nonvalvular AF; were indicated for oral anticoagulation (OAC); and had a history of bleeding requiring intervention or

hospitalization, a history of a cardioembolic event while taking an OAC, and/or a CHA2DS2-VASc of $3 and HAS-BLED of

>2. Patients were randomized to receive LAAC or DOAC. The primary composite outcome was stroke, transient ischemic

attack, systemic embolism, cardiovascular death, major or nonmajor clinically relevant bleeding, or procedure-/device-

related complications. The primary analysis was by modified intention to treat.

RESULTS A high-risk patient cohort (CHA2DS2-VASc: 4.7 � 1.5) was randomized to receive LAAC (n ¼ 201) or DOAC

(n¼ 201). LAACwas successful in 181 of 201 (90.0%) patients. In the DOACgroup, apixabanwasmost frequently used (192of

201; 95.5%). At a median 19.9 months of follow-up, the annual rates of the primary outcome were 10.99% with LAAC and

13.42%with DOAC (subdistribution hazard ratio [sHR]: 0.84; 95% confidence interval [CI]: 0.53 to 1.31; p¼ 0.44; p¼ 0.004

for noninferiority). There were no differences between groups for the components of the composite endpoint: all-stroke/TIA

(sHR: 1.00; 95% CI: 0.40 to 2.51), clinically significant bleeding (sHR: 0.81; 95% CI: 0.44 to 1.52), and cardiovascular death

(sHR: 0.75; 95% CI: 0.34 to 1.62). Major LAAC-related complications occurred in 9 (4.5%) patients.

CONCLUSIONS Among patients at high risk for stroke and increased risk of bleeding, LAAC was noninferior to DOAC in

preventing major AF-related cardiovascular, neurological, and bleeding events. (Left Atrial Appendage Closure vs.

Novel Anticoagulation Agents in Atrial Fibrillation [PRAGUE-17]; NCT02426944) (J Am Coll Cardiol 2020;75:3122–35)

© 2020 by the American College of Cardiology Foundation.
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V itamin K antagonists (VKAs) such as warfarin
had long served as the therapeutic mainstay
for preventing stroke in atrial fibrillation

(AF). However, VKAs are limited by a narrow therapeu-
tic profile, numerous diet-drug interactions, and
requisite blood level monitoring. Accordingly, a novel
site-specific therapeutic alternative, mechanical left
atrial appendage closure (LAAC), entered clinical prac-
tice (1). In 2 randomized trials, LAACwas noninferior to
VKAs for all stroke or systemic embolism andwas asso-
ciated with 78% and 52% reductions in hemorrhagic
stroke and cardiovascular mortality, respectively (2).

Coincident with these LAAC trials, the pharmaco-
logical options for stroke prevention expanded
significantly with the advent of 4 direct oral antico-
agulants (DOACs) that inhibit either factor IIa (dabi-
gatran) or factor Xa (rivaroxaban, apixaban, and
edoxaban) (3–6). In total, DOACs were associated with
19%, 51%, and 10% reductions in stroke or systemic
embolism, hemorrhagic stroke, and mortality,
respectively (7). Similar to the benefit of LAAC over
VKAs, the benefit of DOACs over VKAs was related to
a decrease in intracranial hemorrhage. Not surpris-
ingly, DOACs have largely replaced VKAs as first-line
therapy for AF stroke prevention.

The efficacy and safety of LAAC compared to oral
anticoagulation in this era of more effective and safer
anticoagulants is unknown, because, to our knowl-
edge, there has never been a direct comparison of LAAC
with DOACs. Accordingly, in patients with nonvalvular
AF, we compared DOACs with LAAC using commer-
cially available closure devices for the prevention of
stroke, transient ischemic attack (TIA), systemic em-
bolism, cardiovascular death, clinically significant
bleeding, or procedure-/device-related complications.

METHODS

TRIAL DESIGN. The PRAGUE-17 (Left Atrial
Appendage Closure vs. Novel Anticoagulation Agents

in Atrial Fibrillation; NCT02426944) trial was
an investigator-initiated, multicenter, pro-
spective, open-label, randomized, non-
inferiority trial conducted at 10 cardiac
centers in the Czech Republic (8). The trial
was coordinated at Charles University and
University Hospital Kralovske Vinohrady,
Prague. Database management and primary
analyses were performed at the Institute for
Biostatistics and Analyses, Masaryk Univer-
sity, Brno. The multicenter ethics committee
at University Hospital Kralovske Vinohrady
and the ethics committees at participating
centers approved the protocol. All patients
provided written informed consent. Patient
enrollment began in October 2015 and
concluded in January 2019, with follow-up of
the last enrolled patient occurring at least
6 months post-randomization.

PARTICIPANTS. Moderate- or high-risk pa-
tients with nonvalvular AF were eligible if
indicated for anticoagulation and had: 1)
history of bleeding requiring intervention or
hospitalization; 2) history of a cardioembolic
event while taking anticoagulation agents; or
3) a moderate to high risk profile, defined as
CHA2DS2-VASc (congestive heart failure, hy-
pertension, age $75 years, diabetes mellitus,
prior stroke, transient ischemic attack, or thrombo-
embolism, vascular disease, age 65–74 years, sex
category [female]) of $3 plus HAS-BLED (uncon-
trolled hypertension, abnormal renal or liver func-
tion, stroke, bleeding, labile international normalized
ratio, elderly, drugs or alcohol) of $2. These CHA2DS2-
VASc and HAS-BLED scores have been previously
defined (9). Key exclusion criteria include mechanical
valve prosthesis, mitral stenosis, comorbidities other
than AF mandating anticoagulation, patent foramen
ovale with large atrial septal aneurysm, mobile aortic
plaque, symptomatic carotid arterial atherosclerosis,
clinically significant bleeding within 30 days,

SEE PAGE 3136
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CEC = clinical endpoint

committee

CI = confidence interval

DAPT = dual antiplatelet

treatment
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Monitoring Board

HR = hazard ratio

IQR = interquartile range

LAA = left atrial appendage

LAAC = left atrial appendage

closure

mITT = modified intention-to-

treat

NMCRB = nonmajor clinically

relevant bleeding

OAC = oral anticoagulant

sHR = subdistribution hazard

ratio

TEE = transesophageal

echocardiography

TIA = transient ischemic attack

VKA = vitamin K antagonists
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cardioembolic event within 30 days, and creatinine
clearance of <30 ml/min. If randomized to LAAC,
transesophageal echocardiography (TEE) was per-
formed to exclude left atrial thrombi. Consistent with
clinical necessity, the protocol mandated only TEE in
the LAAC group, and not before DOAC initiation. The
presence of a thrombus in the left atrial appendage
(LAA) or left atrium was a pre-specified additional
exclusion criterion (8).

RANDOMIZATION AND MASKING. With a centralized
computer system, patients were randomly assigned
to LAAC or DOAC in a 1:1 ratio, with block sizes of 18
to 22 patients (this variance prevented sites from
deducing treatment assignment near the end of a
block) and stratified by center to ensure comparable
CHA2DS2-VASc scores between groups. Patient data
were uploaded into a database by using a secure web
interface. Treatment allocation was not blinded to

participants and local investigators; however, as best
as possible, members of the clinical endpoint com-
mittee were blinded to patient allocation.

STUDY TREATMENT AND PROCEDURES. Patients
randomized to the DOAC group could receive either
rivaroxaban, apixaban, or dabigatran at the
manufacturer-recommended dose. Investigators
were instructed to reserve crossover from DOAC to
LAAC for patients with bleeding while taking the
prescribed DOAC and not simply based on patient
preference. Medication compliance was monitored by
querying patients about regular medication use dur-
ing each visit.

Patients randomized to LAAC underwent implan-
tation with a commercially available Amulet (Abbott
Inc., St. Paul, Minnesota) or Watchman/Watchman-
FLX (Boston Scientific Inc., St. Paul, Minnesota)
device. Device selection was at the discretion of

FIGURE 1 Patient CONSORT Diagram

SCREENED
n = 860

ENROLLED
n = 415

LAAC successful
(n = 181)

Randomization

213 allocated to LAAC202 allocated to DOAC

201 pts (mITT analysis)

FOLLOW−UP
6 w, 3 m, 6 m, 9 m, 12 m, then every 6 m

Excluded Pt (n = 1)
    Consent
    withdrawal

Excluded Pts (n = 12)
    Consent withdrawal,
    n = 7
    LAA thrombus,
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201 pts (mITT analysis)

Not willing to participate (n = 445)

Crossover to LAAC (n = 2)
     On-treatment analysis

(LAAC unsuccessful, n = 20)
Crossover to DOAC

  On-treatment analysis

Flow diagram of the progress through the study (enrollment, allocation, exclusion or withdrawal, and follow-up). CONSORT ¼ Consolidated Standards of Reporting

Trials; DOAC ¼ direct oral anticoagulant; LAAC ¼ left atrial appendage closure; m ¼ months; mITT ¼ modified intention-to-treat; Pt ¼ patient; Pts ¼ patients;

w ¼ weeks.
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the implanting center. Centers without previous
LAAC experience were mandated to perform proced-
ures before study initiation and to perform the first 5
study procedures with active proctoring by an expe-
rienced operator (10). Under conscious sedation or
general anesthesia, after femoral venous access and
transseptal puncture, the LAAC device was placed at
the appendage ostium by using a combination of fluo-
roscopy and either TEE or intracardiac echocardiography
at centers experienced with this technology.

After LAAC, the recommended antithrombotic
regimen was aspirin 100 mg/day plus clopidogrel
75 mg/day for 3 months. If a TEE then showed no
device-related thrombus or leak of $5 mm, clopi-
dogrel was withdrawn; aspirin was continued indefi-
nitely. Based on patient characteristics and device
type, this post-implant antithrombotic regimen could
be individualized and was ultimately left to physician
discretion. In patients at high risk for bleeding, dual
antiplatelet treatment (DAPT) could be shortened to
6 weeks. Conversely, in patients with a very high
thrombotic risk, alternative regimens included DOAC
substitution for DAPT for up to 3 months or DOACs for
6 weeks followed by DAPT for 6 weeks (10).

For both groups, outpatient follow-up occurred at
6 weeks and 3, 6, 9, and 12 months and every
6 months thereafter. The minimum follow-up for the
last enrolled patient was the 6-month visit. During
each visit, patients were asked about the endpoint
occurrence, all other changes in clinical status, hos-
pitalization or other health care utilization, and
medication changes.

STUDY OUTCOMES. Because the risks associated
with each treatment strategy are significantly
different, the primary endpoint was a composite of
safety and efficacy characteristics of both strategies:
1) stroke (ischemic or hemorrhagic) or TIA; 2) systemic
embolism; 3) clinically significant bleeding; 4) car-
diovascular death; or 5) a significant peri-procedural
or device-related complications. Clinically significant
bleeding was a composite of major and nonmajor
clinically relevant bleeding (NMCRB), according to
the International Society on Thrombosis and Hemo-
stasis (ISTH) criteria. Major bleeding includes either a
decrease in hemoglobin of $2.0 g/dl during a 24-h
period, transfusion of $2 units of packed red cells,
bleeding at a critical site (intracranial, intraspinal,
intraocular, pericardial, intramuscular with compart-
ment syndrome, or retroperitoneal), or fatal bleeding.
NMCRB is defined as bleeding requiring hospitaliza-
tion or an invasive procedure but not meeting ISTH
major criteria (11). Complications included pericardial
effusion requiring drainage/pericardiocentesis or

surgery, cardioembolism, peri-procedural bleeding
requiring surgical revision or transfusion, device
embolization, device-related thrombus with car-
dioembolism, or others as assessed by the operator
and clinical endpoint committee (CEC). Secondary
endpoints included the individual components of the
primary endpoint. Detailed endpoint definitions are
provided in the Supplemental Appendix.

An independent CEC adjudicated events, and an
independent data safety and monitoring board
(DSMB) monitored adverse events associated with the
LAAC procedure. The DSMB was immediately
informed of any procedural adverse events. In addi-
tion to the sum of adverse events, the DSMB also

TABLE 1 Baseline Characteristics and Risk Factors of Participants

DOAC
(n ¼ 201)

LAAC
(n ¼ 201) Missing Values

Demographics

Age, yrs 73.2 � 7.2 73.4 � 6.7 —

<75 122 (60.7) 116 (57.7) —

>75 79 (39.3) 85 (42.3)

Male 130 (64.7) 134 (66.7) —

Weight, kg 88.1 � 16.2 86.9 � 17.6 —

Clinical history

AF type

Paroxysmal 67 (33.3) 53 (26.4) —

Persistent 46 (22.9) 47 (23.4)

Long-standing persistent 16 (8.0) 18 (9.0)

Permanent 72 (35.8) 83 (41.3)

CHA2DS2-VASc 4.7 � 1.5 4.7 � 1.5 —

CHA2DS2-VASc #3 50 (24.9) 48 (23.9) —

CHA2DS2-VASc ¼ 4 40 (19.9) 47 (23.4)

CHA2DS2-VASc ¼ 5 57 (28.4) 50 (24.9)

CHA2DS2-VASc $6 54 (26.9) 56 (27.9)

HAS-BLED 3.0 � 0.9 3.1 � 0.9 —

Heart failure 90 (44.8) 88 (43.8) —

Hypertension 186 (92.5) 186 (92.5) —

Diabetes mellitus 90 (44.8) 73 (36.3) —

History of cardioembolic event 69 (34.3) 73 (36.3) —

Of which stroke 63 (91.3) 66 (90.4) —

History of MI 39 (19.4) 30 (14.9) —

Randomized at experienced centers 140 (69.7) 141 (70.1) —

Prior antithrombotic treatment

Warfarin 104 (51.7) 85 (42.3) —

DOACs 55 (27.4) 66 (32.8) —

If no OAC, new AF appearance 30 (71.4) 38 (76) —

Aspirin 32 (15.9) 39 (19.4) —

Clopidogrel 11 (5.5) 17 (8.5) —

Dual antiplatelet treatment 6 (3.0) 7 (3.5) —

Other (low-dose LMWH, none) 19 (9.5) 24 (11.9) —

Values are mean � SD or n (%).

AF ¼ atrial fibrillation; CHA2DS2-VASc ¼ congestive heart failure, hypertension, age $75 years, diabetes
mellitus, prior stroke, transient ischemic attack, or thromboembolism, vascular disease, age 65–74 years, sex
category (female); HAS-BLED ¼ uncontrolled hypertension, abnormal renal or liver function, stroke, bleeding,
labile international normalized ratio, elderly, drugs or alcohol; LAAC ¼ left atrial appendage closure;
LMWH ¼ low–molecular-weight heparin; MI ¼ myocardial infarction; DOAC ¼ direct oral anticoagulant;
OAC ¼ oral anticoagulant.

J A C C V O L . 7 5 , N O . 2 5 , 2 0 2 0 Osmancik et al.
J U N E 3 0 , 2 0 2 0 : 3 1 2 2 – 3 5 Left Atrial Appendage Closure Versus DOAC

3125

  rejstřík



received aggregated outcome data from all study
participants (patient recruitment, baseline charac-
teristics, and aggregate rate of endpoints) on an
annual basis and was responsible for comparing the
actual to expected event rates. This was necessary to
potentially stop the study if the recruitment was
insufficient or if the endpoints occurred with signifi-
cantly less frequency than expected. No between-
group statistical comparisons were planned or
performed during these interim DSMB analyses.

STATISTICAL ANALYSIS. The primary hypothesis
was that LAAC would be noninferior to DOACs for the
primary endpoint. The primary analysis was pre-
specified to be performed on a modified intention-to-
treat (mITT) basis, including all randomized patients
without an LAA thrombus by TEE. Based on previous

randomized DOAC trials and randomized and obser-
vational LAAC trials, we estimated that 13% and 10%
of the DOAC and LAAC cohorts, respectively, would
experience the primary endpoint annually
(1,3–6,12–16). We determined that a minimum of 396
study participants would provide 80% power at a
2-sided alpha level of 0.05 for a noninferiority margin
of 5% (or 1.469, expressed as a hazard ratio [HR]).
Estimating the noninferiority margin is complicated
by the absence of any trial comparing DOACs with
placebo; therefore, one must estimate the minimum
treatment effect of DOACs over placebo in high-risk
patients with AF. Importantly, this margin is concor-
dant with (and, indeed, somewhat stricter than) the
U.S. Food and Drug Administration guidance: for
active control event rates below 20%, a 1.67 margin
for the odds ratio should be used. Also, the 1.469
margin is similar to that used in the prior DOAC tri-
als (3–5).

Because ITT outcomes can potentially bias non-
inferiority trials toward the null hypothesis, post hoc
secondary on-treatment and per protocol analyses
were performed. The Supplemental Appendix con-
tains details regarding patients censored in these
secondary analyses.

The primary endpoint power analysis was
computed for the differences in proportions of the
1-year endpoint occurrence; the Barnard-Rohmel-
Kieser test was used for testing the noninferiority
hypothesis. The power analysis was computed with
PASS 13 software (NCSS, LLC, Kaysville, Utah). Cu-
mulative incidence functions and Fine-Gray
competing risk regression models were adopted for
data visualization and description. The trial statistical
plan included Kaplan-Meier curves and Cox propor-
tional hazard models for data description (see
Supplemental Appendix) and did not pre-specify any
adjustment for the competing risk of mortality.
However, at trial conclusion, consistent with the
prevailing change in convention of statistical meth-
odology, all primary analyses were conducted after
adjusting for the competing risk for mortality.
Accordingly, for the primary composite and cardio-
vascular mortality endpoints, calculations adjusted
for noncardiovascular mortality. Similarly, other
(nonmortality) endpoints were adjusted for all-cause
mortality.

For other data, standard descriptive statistical
methods were used: absolute and relative frequencies
for categorical data and the median (interquartile
range [IQR]) or mean � standard deviation for
continuous data. The influence of patient character-
istics on the occurrence of endpoints was calculated
using the Fine-Gray regression models with the study

TABLE 2 Procedural Characteristics of the LAAC Group (N ¼ 181)

Procedure duration, min 60 (45–85)

Fluoroscopy, min 11 (6–16)

Device type

Amulet 111 (61.3)

Watchman 65 (35.9)

Watchman-FLX 5 (2.8)

Procedures requiring >1 device 17 (9.4)

Size of the final device

Amulet 25.5 � 4.1

Watchman 27.3 � 3.8

Watchman-FLX 26.4 � 1.3

Leak on the device by TEE or ICE imaging 7 (3.9)

Qualitative assessment of device position*

Optimal 172 (95.0)

Suboptimal 7 (3.9)

Poor 2 (1.1)

Temporary thrombus during procedure† 2 (1.1)

Ultrasound navigation

TEE 92 (50.8)

ICE 74 (40.9)

TEE þ ICE 15 (8.3)

Sedation

General anesthesia 55 (30.4)

Deep analgosedation 28 (15.5)

Mild analgosedation 98 (54.1)

Mild pericardial effusion (post-procedural)‡ 4 (2.2)

Antithrombotic treatment at discharge

Aspirin 149 (82.3)

Clopidogrel 149 (82.3)

DOAC 20 (11.1)

Warfarin 9 (5.0)

LMWH 9 (5.0)

Values are median (interquartile range), n (%), or mean � SD. *Procedures
continued and were successfully performed without complications. †These effu-
sions did not require intervention. ‡This was a qualitative assessment by the
operator.

ICE ¼ intracardiac echocardiography; TEE ¼ transesophageal echocardiography;
other abbreviations as in Table 1.
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group as a covariate and is reported as sub-
distribution hazard ratios (sHRs). Statistical analyses
were done using SPSS, version 25.0, software (IBM
Corporation, Armonk, New York).

RESULTS

PATIENTS AND FOLLOW-UP. Between October 2015
and January 2019, of 860 patients screened at 10
centers, 415 patients were enrolled in the study.
Thirteen patients were excluded, 8 for informed
consent withdrawal and 5 for the presence of LAA
thrombus on TEE before the procedure (Figure 1). The
baseline characteristics of these 13 excluded patients
were not different from those of the remaining LAAC
cohort (Supplemental Table 1). Regarding the 5 pa-
tients excluded for LAA thrombus, there were no
strokes during follow-up; rather, there were 2 late
ISTH major bleeds in patients taking VKAs (at 498 and
1,159 days post-randomization) and 1 non-
cardiovascular death. Patients withdrawing informed
consent refused study follow-up; ultimately, 402 pa-
tients were randomized (201 to each group). History
of bleeding was present in 192 patients and history of
a cardioembolic event in 142 patients; 112 patients
were entered only on the basis of the CHA2DS2-VASc
and HAS-BLED scores. The median follow-up was 21.1
months (IQR: 11.8 to 28.9 months) in the DOAC group
and 19.3 months (IQR: 12.4 to 28.3 months) in the
LAAC group, for an aggregate of 695.9 patient-years.
One patient in the LAAC group was lost to follow-up
after the 6-month visit because of migration.

The groups were well-balanced for clinical char-
acteristics (Table 1 and Supplemental Table 2). The
mean age was 73.3 years, and 34.3% were women. The
cohort was high risk, with a mean CHA2DS2-VASc of
4.7 � 1.5 and >25% with a CHA2DS2-VASc of >6, prior
cardioembolism in 35.3%, and prior bleeding in
47.8%. Most patients had previously received anti-
coagulants, either VKAs (47.0%) or DOACs (30.1%). In
most of the remaining patients (74%), AF was recently
diagnosed.
TREATMENT CHARACTERISTICS. Of patients ran-
domized to LAAC, 7.0% (14 of 201) did not undergo
the procedure because of either patient refusal (n ¼ 9)
or anatomic considerations: overly large LAA in 3
patients, pre-existing pericardial effusion in 1 patient,
and suspicion for infective endocarditis on TEE in 1
patient. All 14 patients agreed to continued follow-
up, and 12 crossed over to the DOAC group
(Figure 1). Ultimately, 187 patients underwent LAAC,
and the LAA was successfully occluded in 96.8% (181
of 187) of procedure attempts, or in 90% (181 of 201) of
patients assigned to LAAC. The implanted devices

were either Amulet, Watchman, or Watchman-FLX in
61.3%, 35.9%, or 2.8%, respectively. Four of the 10
enrolling centers were de novo centers (Supplemental
Table 3). Most patients (148; 81.8%) received DAPT
upon discharge (8 for 6 weeks only), 25 (13.8%) pa-
tients received apixaban for 3 months followed by
aspirin, and 8 (4.4%) patients received apixaban for
6 weeks followed by DAPT for 6 weeks. Procedure
details are shown in Table 2.

TEE imaging was performed at 3 months in 178
LAAC patients. Device-related thrombi were observed
in 6 (3.4%) patients, 5 of which resolved with 4 weeks
of low–molecular-weight heparin treatment, whereas
the last patient underwent surgical extraction.
Regarding peri-device leak into the LAA past the de-
vice, a >5-mm leak was seen in 4 (2.2%) patients, 1- to
5-mm leaks in 20 (11.2%), and no leak in 154 (86.5%).

In the DOAC group, the most frequently used
anticoagulant was apixaban, in 192 patients (95.5%):
5 mg and 2.5 mg twice daily in 159 (79.1%) and 33
(16.4%) patients, respectively. Among patients with
reduced dose, the criteria for dose reduction recom-
mended by the manufacturer were not met in 16
(48.5%) of them. These patients had similar CHA2DS2-
VASc scores as the remaining patients (4.68 � 1.19 vs.
4.70 � 1.5) but had higher HAS-BLED scores (3.4 � 0.8
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interval; CIF ¼ cumulative incidence function; sHR ¼ subdistribution

hazard ratio; other abbreviations as in Figure 1.
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vs. 2.95 � 0.89). No cardioembolic events and 1 major
bleeding event occurred during follow-up in these
patients. Dabigatran was used in 8 patients: 150 mg
and 110 mg twice daily in 7 (3.5%) and 1 (0.5%) pa-
tients, respectively. Rivaroxaban 20 mg daily was
used in 1 (0.5%) patient.

PRIMARY ENDPOINT. By mITT, the primary outcome
occurred in 35 patients with LAAC (10.99% per 100
patient-years) compared to 41 patients with DOACs
(13.42% per 100 patient-years; sHR: 0.84; 95% confi-
dence interval [CI]: 0.53 to 1.31; p ¼ 0.44) (Figure 2,
Table 3). The upper bound of the 95% CI in the LAAC
group was 16.1%, which was substantially less than
the event rate in the DOAC group plus noninferiority
margin (18.42%); therefore, the study met the criteria
for noninferiority of LAAC relative to DOACs
(p ¼ 0.004 for noninferiority) (Central Illustration).
The Kaplan-Meier estimate yielded similar outcomes
(Supplemental Figure 1). This result was consistent
across all subgroups with no statistically significant
interactions (Figure 3). Similarly, no significant
between-center differences were found: the overall
sHR for all centers was within the CI of the individual
sHRs (Supplemental Figure 2).

SECONDARY ENDPOINTS IN THE INTENTION-TO-TREAT

ANALYSIS. The annual rate of all stroke/TIA was
2.60% with LAAC compared to 2.57% with DOACs
(sHR: 1.00; 95% CI: 0.40 to 2.51) (Figure 4A, Table 3).
There were 8 and 7 strokes and 1 and 2 TIAs in the
LAAC and DOAC groups, respectively. Mean stroke
severity as assessed by modified Rankin score at
discharge was 2.38 � 1.5 in the LAAC group and 2.29 �
0.76 in the DOAC group. There was 1 intracranial
hemorrhage with DOACs and none with LAAC; all
other strokes were ischemic in origin, as confirmed by
computed tomography. No intraprocedural stroke or
TIA occurred during LAAC.

The annual rate of cardiovascular mortality was
3.18% with LAAC compared to 4.28% with DOACs
(sHR: 0.75; 95% CI: 0.34 to 1.62) (Figure 4B, Table 3).
Two deaths in the LAAC group were classified as be-
ing procedure or device related. The rates of non-
cardiovascular and all-cause mortality were also
similar between groups (sHR: 1.16; 95% CI: 0.42 to
3.18; and HR: 0.88; 95% CI: 0.48 to 1.63, respectively)
(Supplemental Figures 3 and 4).

The bleeding rate was similar between the LAAC
and DOAC groups (Figure 4C, Table 3). The annual rate
of ISTH major/NMCRB was 5.50% with LAAC
compared with 7.42% with DOAC (sHR: 0.81; 95% CI:
0.44 to 1.52). The distribution between ISTH major
and NMCRB was 13 and 6 with LAAC and 14 and 12
with DOACs, respectively. Six (31.6%) of the LAAC
bleeding events were procedure/device related. After
excluding these procedural/device bleeding events,
the annual rate of ISTH major/NMCRB was 3.76% with
LAAC (sHR: 0.53; 95% CI: 0.26 to 1.06) (Figure 4D,
Table 3).

PER PROTOCOL ANALYSIS. In the post hoc per pro-
tocol analysis, 181 and 199 patients were included in
the LAAC and DOAC groups, respectively. (Details of
patient assignment and censoring are noted in the
Supplemental Appendix.) LAAC was noninferior to
DOAC for the primary endpoint outcome (sHR: 0.82;
95% CI: 0.52 to 1.30; p ¼ 0.40; p ¼ 0.003 for non-
inferiority) (Figure 5A). There were also no significant
differences between groups for the embolic events:
all stroke/TIA (2.20% with LAAC vs. 2.68% with
DOACs; sHR: 0.81; 95% CI: 0.30 to 2.15) and ischemic
stroke/TIA (2.20% with LAAC vs. 2.38% with DOACs;
sHR: 0.91; 95% CI: 0.33 to 2.48). Similar rates were
also seen for ISTH major/NMCRB (sHR: 0.89; 95% CI:
0.48 to 1.65) and cardiovascular death (sHR: 0.74;
95% CI: 0.33 to 1.67) (Supplemental Figure 5).

TABLE 3 Incidence of Composite Primary Endpoint and its Components in the Presence of Competing Risk (Noncardiovascular Death for Primary Endpoint and

Cardiovascular Death, All-Cause Death for Other Endpoints) in the Intention-to-Treat Populations

DOAC (n ¼ 201) LAAC (n ¼ 201)

Subdistribution
Hazard Ratio (95% CI) p Value

p Value for
Noninferiority

No. of Patients
With Event

No.
Events

Event
Rate/Yr

No. of Patients
With Event

No.
Events

Event
Rate/Yr

Primary endpoint 41 47 13.42 35 38 10.99 0.84 (0.53–1.31) 0.44 0.004

Cardiovascular death 15 15 4.28 11 11 3.18 0.75 (0.34–1.62)

All stroke/TIA 9 9 2.57 9 9 2.60 1.00 (0.40–2.51)

Ischemic stroke/TIA 8 8 2.28 9 9 2.60 1.13 (0.44–2.93)

Systemic embolism 1 1 0.29 0 0 0.00 —

Procedure/device related complications — — — 9 9 2.60 —

ISTH major/nonmajor bleeding 22 26 7.42 18 19 5.50 0.81 (0.44–1.52)

ISTH major/nonmajor bleeding not related to device 22 26 7.42 12 13 3.76 0.53 (0.26–1.06)

CI ¼ confidence interval; ISTH ¼ International Society on Thrombosis and Hemostasis; TIA ¼ transient ischemic attack; other abbreviations as in Table 1.
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ON-TREATMENT ANALYSIS. The post hoc on-
treatment analysis ultimately included 184 and 216
patients in the LAAC and DOAC groups, respectively.
(Details of patient assignment and censoring are
noted in the Supplemental Appendix.) LAAC was
again noninferior to DOAC for the primary endpoint
outcome (p ¼ 0.013), and again, there were no sig-
nificant differences between groups for either the
primary endpoint (sHR: 0.79; 95% CI: 0.49 to 1.25;
p ¼ 0.31) (Figure 5B) or its individual components: all
stroke/TIA (sHR: 0.70; 95% CI: 0.28 to 1.78), ISTH
major/NMCRB (sHR: 0.91; 95% CI: 0.48 to 1.72), and
cardiovascular death (sHR: 0.68; 95% CI: 0.30 to 1.54)
(Supplemental Figure 6).

LAAC DEVICE OR PROCEDURE-RELATED COMPLICATIONS.

As shown in Table 4 and Supplemental Table 4, sig-
nificant complications occurred in 9 patients (4.5%, or
4.8% of procedural attempts), including 4 (2.1%)
within 7 days of the procedure and 5 (2.7%) occurring
104 � 57 days post-procedure. (Characteristics of pa-
tients with complications are shown in Supplemental
Table 4.) Among these was a procedure-related death
in a patient with a groin bleed requiring vascular
surgery complicated by a large myocardial infarction
that culminated in death; an autopsy revealed pre-
viously unrecognized severe 3-vessel coronary artery
disease. Also, a device-related death occurred
approximately 6 weeks post-procedures as a result of
a late pericardial tamponade (details in the
Supplemental Appendix).

DISCUSSION

To our knowledge, among patients with nonvalvular
AF at high risk for stroke, PRAGUE-17 is the first
randomized trial comparing percutaneous LAAC with
DOACs, primarily apixaban, for the prevention of all-
cause stroke, systemic embolism, cardiovascular
death, clinically significant bleeding, or procedure-/
device-related complications. LAAC was noninferior
to DOACs for this composite endpoint, in both the
pre-specified mITT primary analysis and the post hoc
on-treatment and per protocol analyses (Central
Illustration). Furthermore, there were no significant
differences in any particular component of the pri-
mary endpoint.

Evidence for LAAC first came from 2 trials, PRO-
TECT-AF (Watchman Left Atrial Appendage System
for Embolic Protection in Patients With Atrial Fibril-
lation) and PREVAIL (Prospective Randomized Eval-
uation of the Watchman Left Atrial Appendage
Closure Device in Patients With Atrial Fibrillation
Versus Long-Term Warfarin Therapy), in which VKA-
eligible patients were randomized to either the

Watchman device or VKAs (1,13). LAAC proved non-
inferior to VKAs for the composite primary endpoint
of all-cause stroke, systemic embolism, or cardiovas-
cular death. An approximately 80% reduction in
intracranial hemorrhage significantly contributed to
the positive effect of LAAC, including an approxi-
mately 50% cardiovascular mortality benefit. How-
ever, as with all procedures, LAAC is susceptible to
complications. Furthermore, there was a contempo-
raneous introduction into clinical practice of new
non-VKA anticoagulants with more favorable risk-
benefit profiles. DOACs also resulted in an approxi-
mately 50% reduction in hemorrhagic stroke and an
approximately 10% mortality benefit (7). Because
decreased intracranial hemorrhage with LAAC
contributed significantly to the positive outcomes in
PROTECT-AF and PREVAIL, and because DOACs are
also associated with a reduced rate of intracranial
hemorrhage, a randomized study comparing these 2
treatment options was warranted.

In contrast to OAC-versus-OAC comparisons, the
risks and benefits of the treatment strategies in
PRAGUE-17 differ significantly. Long-term OAC use
increases hemorrhagic risk, whereas LAAC is associ-
ated with procedural complications. Therefore, a
composite clinical endpoint was selected to encap-
sulate both efficacy, such as stroke and critical out-
comes like mortality, and the completely disparate
risks plausibly associated with each treatment
modality.

STROKE AND TIA. In our high-risk cohort, the annual
incidence of both all-stroke/TIA and ischemic stroke/
TIA was similar between groups whether analyzed by
mITT (sHRs: 1.00 and 1.13, respectively), per protocol

TABLE 4 LAAC Device- or Procedure-Related Complications

Early (#7 Days)
Occurrence

Late (>7 Days)
Occurrence Total

Pericardial effusion 0 2* 2

Device embolization 1† 0 1

Device-related death 0 1‡ 1

Procedure-related death 1‡ 0 1

Vascular complications 2§ 0 2

Other complications 0 2k 2

Total 4 5 9

*Late pericardial effusions occurred at 89 and 194 days after implantation with the Amulet device.
One was treated with pericardiocentesis and the other conservatively; both patients had good
outcomes. †Acute device embolization during the procedure, requiring surgical removal. ‡See
details in the Supplemental Appendix. §Includes 1 femoral pseudoaneurysm and 1 large groin
hematoma, both treated with vascular surgery. kOne device malposition at the left inferior pul-
monary vein, with successful removal and reimplantation. One large device-related thrombus was
diagnosed by TEE imaging 113 days after implantation. The thrombus was considered potentially
malignant (although no embolic event had occurred), so surgical removal was successfully
performed.

LAAC ¼ left atrial appendage closure.
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(sHRs: 0.81 and 0.91, respectively), or on treatment
(sHRs: 0.70 and 0.77, respectively) and was substan-
tially lower if compared to the expected rate of
ischemic stroke according to the CHA2DS2-VASc score
(7.57% per year). The corresponding annualized
ischemic stroke/TIA/systemic embolism rates were
recently reported from 2 large observational LAAC
registries with similarly high-risk AF cohorts: 2.3% in
the Amplatzer Cardiac Plug registry of 1,047 patients
(CHA2DS2-VASc: 4.5 � 1.6; stroke/TIA history in 39%)
and 2.0% in the Watchman EWOLUTION (Evaluate
Real-World Clinical Outcomes in Patients With AF
and High Stroke Risk-Treated With the WATCHMAN

Left Atrial Appendage Closure Technology) registry of
1,020 patients (CHA2DS2-VASc: 4.5 � 1.6; stroke/TIA
history in 30.5%) (14,15). Although our study was not
powered to compare the rates of cardioembolic
events alone, together, all these data bolster support
for the role of the LAA in stroke pathogenesis and
reinforce the hypothesis that site-specific therapy
with LAAC can serve as an OAC alternative.

Aspirin, the background long-term antithrombotic
therapy after LAAC, reduces the risk of stroke by
about a fifth compared with placebo. In an analysis of
the secondary prevention patients of the AVERROES
(Apixaban in Patients With Atrial Fibrillation) trial

CENTRAL ILLUSTRATION The PRAGUE-17 Trial

Osmancik, P. et al. J Am Coll Cardiol. 2020;75(25):3122–35.

Shown are the patient characteristics, cumulative incidence function for the primary endpoint in the modified intention-to-treat population, and the subdistribution

hazard ratios of the various secondary endpoints. AF ¼ atrial fibrillation; CHA2DS2-VASc ¼ congestive heart failure, hypertension, age$75 years, diabetes mellitus, prior

stroke, transient ischemic attack, or thromboembolism, vascular disease, age 65–74 years, sex category (female); CI ¼ confidence interval; CV ¼ cardiovascular; DOAC ¼
direct oral anticoagulant; HAS-BLED ¼ hypertension, abnormal renal or liver function, stroke, bleeding, labile international normalized ratio, elderly, drugs or alcohol;

LAAC ¼ left atrial appendage closure; mITT ¼ modified intention-to-treat; NMCR ¼ nonmajor and major clinically relevant; PRAGUE-17 ¼ Left Atrial Appendage

Closure vs. Novel Anticoagulation Agents in Atrial Fibrillation; Pt ¼ patient; SE ¼ systemic embolism; sHR ¼ subdistribution hazard ratio; TIA ¼ transient ischemic attack.
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(i.e., patients with a history of stroke/TIA), the
annualized incidence of stroke or systemic embolism
was 9.16% with aspirin versus 2.39% with apixaban
(17). Furthermore, the annualized ischemic stroke
rates in the aspirin arm of AVERROES were 3.49% and
8.75% in the CHA2DS2-VASc 3 to 5 and 6 to 8 cohorts,
respectively; the corresponding apixaban rates were
1.29% and 4.19% (HRs: 0.37 and 0.47) (18). Thus, the
similar incidence of stroke in the 2 arms of
PRAGUE-17 cannot be explained by any beneficial
effect of aspirin in the LAAC group. Again, however,
as highlighted by the wide 95% confidence bounds of
the sHR point estimate (95% CI: 0.40 to 2.51), the
limited number of patients in PRAGUE-17 precludes
definitive conclusions about this endpoint. However,
approximately 7,000 patients would be required for a
noninferiority study of LAAC versus DOAC with a
composite primary endpoint including only all stroke,
TIA, or systemic embolism (details in the
Supplemental Appendix).
BLEEDING. Despite their significant reduction in
hemorrhagic stroke, DOACs are associated with an

increase of other bleeding, such as gastrointestinal
bleeding (7). In our trial, ISTH major/NMCRB occurred
in 7.42% of patients annually in the DOAC arm. In
ROCKET-AF (Rivaroxaban Once Daily Oral Direct Fac-
tor Xa Inhibition Compared with Vitamin K Antago-
nism for Prevention of Stroke and Embolism Trial in
Atrial Fibrillation), ISTH major/NMCRB with rivarox-
aban was 14.9% annually (3). However, the most
commonly used DOAC in our study was apixaban,
which in ARISTOTLE (Apixaban for Reduction in
Stroke and Other Thromboembolic Events in Atrial
Fibrillation) and AVERROES exhibited ISTH major/
NMCRB rates of 4.07% and 4.5%, respectively (5,12).
The ARISTOTLE and AVERROES populations were at
lower risk (CHADS2 [congestive heart failure, hyper-
tension, age $75 years, diabetes mellitus, prior stroke
or transient ischemic attack]: 2.1 and 2.0, respec-
tively), however, and had an infrequent bleeding his-
tory (16.7% and 3%, respectively). In comparison, the
PRAGUE-17 DOAC patients were higher risk
(CHA2DS2-VASc: 4.7 � 1.5; 47.3% bleeding history)—
likely the explanation for the disparate bleeding rates.

FIGURE 3 Subgroup Analysis
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Similarly, in the LAAC arm of our study, ISTH
major/NMCRB occurred in 5.50% annually, which was
higher than observed with aspirin in AVERROES
(3.9%). In the analysis of AVERROES by CHA2DS2-
VASc, major bleeding occurred in 1.34% of patients
per year in the CHA2DS2-VASc 3 to 5 population taking
aspirin but in only 0.53% patients per year with a
CHA2DS2-VASc of 2 in the aspirin arm (18). These data
further support the explanation of higher bleeding
rates in our study compared to AVERROES being due
to the higher risk profile of our cohort.

There were similar rates of ISTH major/NMCRB
between groups (SHR: 0.81). This ostensibly unex-
pected outcome is explained, first, by the fact that 6

of 9 complications were bleeds. Indeed, if one ex-
cludes these device/procedure bleeding events,
thereby comparing spontaneous ISTH major/NMCRB
events between aspirin (the background antith-
rombotic after LAAC) with DOACs (mainly apixaban),
LAAC had numerically fewer bleeds (SHR: 0.53;
p ¼ 0.07). This is consistent with the on-treatment
analysis of AVERROES: major bleeding was more
frequent with apixaban than aspirin (HR: 1.54;
95% CI: 0.96 to 2.45; p ¼ 0.07) (12). Statistical signif-
icance was not reached because of insufficient sta-
tistical power for this particular endpoint in both
studies. Indeed, longer follow-up may demonstrate
differences of bleeding. Moreover, use of a truncated

FIGURE 4 Secondary Endpoints
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post-LAAC antithrombotic regimen that minimizes
bleeding while still preventing device-related
thrombosis may further enhance LAAC outcomes.

These data also highlight the relatively low rate of
bleeding with apixaban, with the absolute reduction
relative to VKAs being in the highest-risk cohorts.
In ARISTOTLE, annualized major bleeding was
reduced from 3.55% to 2.60% in patients with
CHA2DS2-VASc of $3 and from 4.7% to 3.46% in pa-
tients with HAS-BLED $3 (19). Thirty-three (16.4%)
DOAC patients received low-dose apixaban, appro-
priately in 16 (48.5%). Dose reduction is relatively
common in clinical practice, especially with apixaban
(20). In a population-based study of >10,000 patients
with AF, 21.6% received inappropriate apixaban
underdosing. Compared to appropriately dosed pa-
tients, underdosed patients had higher HAS-BLED
scores (2.0 vs. 1.6), suggesting that underdosing may
be related to the clinical fear of bleeding.

COMPLICATIONS. Various randomized and observa-
tional LAAC studies have documented a steady
decline in complication rates. Complications occurred
in 8.7% in PROTECT-AF, including a 4.3% rate of
pericardial tamponade, but then decreased in the

Amplatzer Cardiac Plug and EWOLUTION registries to
overall complication and tamponade rates of 4.97%
and 2.7%, and 1.2% and 0.3%, respectively
(1,14,15,21). In PRAGUE-17, the short-term (up to
7 days or discharge) complication rate was 2.1%,
consistent with this improving trend. However, the
2.7% late complication rate, including 3 late pericar-
dial effusions, with 1 resulting in death, is subopti-
mal. Given the overall similar rate of primary events
in the arms of the study, the safety of the LAAC is
paramount and requires further improvement.

On the other hand, a strength of PRAGUE-17 was its
real-world implications: 4 of the 10 implanting cen-
ters were truly de novo, initiating their LAAC expe-
rience in this trial itself. For the remaining 6 centers,
in the year preceding trial commencement, only 18.7
� 11.8 LAAC procedures had been performed per
center (range 8 to 40) (Supplemental Table 3).

STUDY LIMITATIONS. PRAGUE-17 is underpowered
to evaluate the relative differences in the individual
components of the primary endpoint. Regarding the
primary endpoint, stroke reduction may be more
important than bleeding reduction. The composite
endpoint was chosen to cover the risks and benefits of

FIGURE 5 Secondary Analyses
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2 very different treatment modalities. On the other
hand, this trial enrolled one of the highest-risk AF
populations ever studied in an AF stroke prevention
trial. The consequent high event rate allowed
sufficient power to assess the primary endpoint.
Although the mean follow-up is substantial
(20.8 � 10.8 months), additional follow-up is needed
to determine the relative long-term differences be-
tween groups. In the DOAC group, no medication logs
were kept; however, the observed ischemic stroke
rate suggests reasonable DOAC compliance.

The results may not apply to all with AF who are
indicated for a DOAC (e.g., those at low bleeding risk).
Five LAAC patients with LAA thrombi on pre-
procedural TEE were excluded. However, a post hoc
pure intention-to-treat analysis including these pa-
tients yielded similar results (sHR: 0.85; 95% CI: 0.55
to 1.32; p ¼ 0.48; p ¼ 0.003 for noninferiority)
(Supplemental Figure 7). Furthermore, imputation of
these 5 patients has minimal effect on the per proto-
col and on-treatment analyses, because these pa-
tients received VKA. The crossover of 14 LAAC
patients to DOACs would bias toward the null hy-
pothesis; however, the per-protocol and on-
treatment analyses yielded similar results.

CONCLUSIONS

Among patients with nonvalvular AF at high risk for
stroke and increased risk of bleeding, mechanical
LAAC was noninferior to DOACs for the composite of
cardioembolic events, cardiovascular death, clinically
significant bleeding, or procedure-/device-related
complications. However, safety issues remain with
LAAC, warranting further refinements in both oper-
ator technique and device technology.
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Abstract

Background Cachexia worsens long‐term prognosis of patients with heart failure (HF). Effective treatment of cachexia is
missing. We seek to characterize mechanisms of cachexia in adipose tissue, which could serve as novel targets for the
treatment.
Methods The study was conducted in advanced HF patients (n = 52; 83% male patients) undergoing heart transplantation.
Patients with ≥7.5% non‐intentional body weight (BW) loss during the last 6 months were rated cachectic. Clinical character-
istics and circulating markers were compared between cachectic (n = 17) and the remaining, BW‐stable patients. In epicardial
adipose tissue (EAT), expression of selected genes was evaluated, and a combined metabolomic/lipidomic analysis was
performed to assess (i) the role of adipose tissue metabolism in the development of cachexia and (ii) potential impact of
cachexia‐associated changes on EAT‐myocardium environment.
Results Cachectic vs. BW‐stable patients had higher plasma levels of natriuretic peptide B (BNP; 2007 ± 1229 vs.
1411 ± 1272 pg/mL; P = 0.010) and lower EAT thickness (2.1 ± 0.8 vs. 2.9 ± 1.4 mm; P = 0.010), and they were treated with
~2.5‐fold lower dose of both β‐blockers and angiotensin‐converting enzyme inhibitors or angiotensin receptor blockers
(ACE/ARB‐inhibitors). The overall pattern of EAT gene expression suggested simultaneous activation of lipolysis and lipogenesis
in cachexia. Lower ratio between expression levels of natriuretic peptide receptors C and A was observed in cachectic vs.
BW‐stable patients (0.47 vs. 1.30), supporting activation of EAT lipolysis by natriuretic peptides. Fundamental differences in
metabolome/lipidome between BW‐stable and cachectic patients were found. Mitochondrial phospholipid cardiolipin (CL),
specifically the least abundant CL 70:6 species (containing C16:1, C18:1, and C18:2 acyls), was the most discriminating analyte
(partial least squares discriminant analysis; variable importance in projection score = 4). Its EAT levels were higher in cachectic
as compared with BW‐stable patients and correlated with the degree of BW loss during the last 6 months (r = �0.94;
P = 0.036).
Conclusions Our results suggest that (i) BNP signalling contributes to changes in EAT metabolism in cardiac cachexia and (ii)
maintenance of stable BW and ‘healthy’ EAT‐myocardium microenvironment depends on the ability to tolerate higher doses of
both ACE/ARB inhibitors and β‐adrenergic blockers. In line with preclinical studies, we show for the first time in humans the
association of cachexia with increased adipose tissue levels of CL. Specifically, CL 70:6 could precipitate wasting of adipose
tissue, and thus, it could represent a therapeutic target to ameliorate cachexia.
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Introduction

Despite the fact that obesity is a strong risk factor for heart
failure (HF) in the general population, obese patients with al-
ready established HF have better long‐term prognosis than
their non‐obese counterparts, a situation sometimes referred
to as ‘an obesity paradox’.1–3 In patients with advanced HF,
fat mass seems to be associated with better survival2,4 while
non‐intentional weight loss, the defining feature of cardiac
cachexia,3,5–7 is a strong independent risk factor for mortality
from HF.1,3 Other chronic conditions such as cancer or
chronic obstructive pulmonary disease often also lead to ca-
chexia, which compromises treatment options and survival.8

Thus, distinct diseases may trigger a final common mecha-
nism that leads to chronic body wasting and promotes other
organ dysfunctions. Importantly, cachexia could not be
reversed using conventional nutritional support, and effective
mechanism‐based treatment of cachexia needs to be
developed.8

Disturbed energy handling in adipose tissue represents an
early event in the development of cancer cachexia,8–10 but
the role of metabolic, immune, and secretory alterations
of adipose tissue in the development and/or progression
of cardiovascular diseases (including HF) is poorly
understood.11–13 In particular, epicardial adipose tissue
(EAT) was in the focus of very few studies.12–14 Due to its
close proximity and shared microvascular network, the
EAT‐myocardium microenvironment can be a place of
intensive exchange of paracrine regulators or metabolic
substrates, and it may serve as a transducer of systemic
metabolic state, inflammation, or neurohumoral activation
on the cardiac muscle.15,16

Fatty acids released from adipose tissue are crucial for car-
diac function, because a majority of cardiac ATP comes from
fatty acid β‐oxidation and oxidative phosphorylation in
mitochondria.17 Activation of fatty acid metabolism is com-
mon in advanced stages of HF, due to enhanced adipose
tissue lipolysis.11 Lipolysis is activated in HF due to activation
of the sympathetic nervous system, renin‐angiotensin‐
aldosterone system (RAAS)17–20 and elevated circulating
levels of natriuretic peptides A and B (ANP and BNP)11,18 that
are secreted directly by the heart.18,19,21 Adipose tissue
inflammation and insulin resistance further contribute to
altered adipose tissue metabolism in HF patients.8,17 In
advanced HF, excessive fatty acid mobilization leads to a
switch in substrate utilization by the myocardium, from
β‐oxidation to energetically less effective glycolysis,17,22 and
eventually to oxidation of ketone bodies.22

In order to identify potential therapeutic targets to reduce
body wasting and improve HF outcomes, we conducted a

study that compared clinical characteristics, circulating
markers, and notably, EAT gene expression and metabolome
in advanced HF patients with or without cardiac cachexia.

Materials and methods

Study cohort

Study cohort (n = 52) consisted of consecutive patients with
end‐stage HF who underwent heart transplantation at the
Institute for Clinical and Experimental Medicine (IKEM) in
Prague, Czech Republic. Subjects with body weight (BW)‐
reducing therapy or endocrine disease were excluded.
Samples of EAT from the HF patients were harvested from
the anterior interventricular groove immediately after explan-
tation of the heart and were placed into liquid nitrogen and
stored at �80°C until analysis. BW‐trajectories during the last
6 months before transplantation were obtained by direct
questioning and from medical records. Cachexia was defined
as non‐intentional non‐edematous BW loss of at least 7.5%
during the previous 6 months, as compared with BW‐stable
patients.3 This relatively high cut‐off (other studies3, 5–7)
was used in order to maximally unmask the impact of
BW‐wasting on various parameters analysed using a relatively
small patient’s cohort (Discussion).

Medical records were queried to obtain clinical history,
echocardiographic, and haemodynamic examinations
obtained before heart transplantation. The daily dose of
β‐adrenergic blockers was converted to equivalents dose of
metoprolol (mg/day) using ratios of guidelines‐recommended
target doses (Table 7.2 in Ponikowski et al.6). In similar
way, daily dose of RAAS activity inhibitors, namely angioten-
sin‐converting enzyme (ACE) inhibitors or angiotensin
receptor blockers (ARB), was converted to equivalent dose
of ramipril (mg/day). None of the patients was treated by
sacubitril/valsartan. The protocol was approved by the Ethics
Committee of IKEM. All the patients signed informed consent
approving their enrolment in the study and research analysis
of the EAT and blood samples.

Epicardial adipose tissue gene expression

Analysis was performed using total RNA isolated from
the tissue and quantitative real‐time PCR. Results were
normalized to geometric mean of three housekeeping genes:
GAPDH, HPRT, and PPIA. For gene names, PCR primers and
other details, see Supporting Information, Table S1.
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Blood tests

Serum and plasma samples were stored at �80°C. Routine bio-
chemical parameterswere evaluated using an automatedAbbott
Architect ci1600 analyser. BNP concentrations were measured
using a microparticle immunoassay (Architect BNP; Abbott Labo-
ratories). Insulin was measured using RIA (Beckman‐Coulter).

Metabolomic and lipidomic analysis

A combined targeted and untargeted workflow for the
metabolome, lipidome and exposome characterization was per-
formed using EAT extracts (Supporting Information,Method S1).

Statistical analyses

The data are presented as means ± standard error or
means ± standard deviation, as indicated. Comparisons were

analysed using Student’s t‐test, and considered significant
when P ≤ 0.05. Spearman’s rank correlation coefficients and
linear regression were used to evaluate correlations between
various parameters. To find fundamental relations between
data sets, partial least squares discriminant analysis was
performed using MetaboAnalyst 4.0 web portal.23

Results

Clinical characteristics

The baseline characteristics of the patients are summarized in
Table 1. The cohort consisted of predominantly middle‐aged
males, with prevailing non‐ischemic HF aetiology. Twelve pa-
tients (23%) were treated for type 2 diabetes, 22 (42%) were
overweight, and 6 (12%) were obese [body mass index
(BMI) > 30 kg.m�2]. Seventeen patients (33%) reported sig-
nificant (≥7.5%) non‐intentional BW loss during the last
6 months—the defining feature of cardiac cachexia,4 which

Table 1 Clinical variables and medication

Variable All patients BW‐stable Cachexia P value

n = 52 n = 35 n = 17

Age 54 ± 11 55 ± 10 52 ± 14 0.725
Gender (M; %) 83 86 76 0.409
Body mass index (kg/m2) 25 ± 4 26 ± 4 22 ± 3 <0.001
Body weight (BW) change (%) �4.8 ± 6.1 �1.3 ± 3.3 �11.9 ± 4.1 <0.001
NYHA class (1–4) 3.4 ± 0.5 3.3 ± 0.5 3.6 ± 0.5 0.031
Non‐ischemic HF (%) 65 57 82 0.073
HF duration (years) 5.2 ± 4.1 5.4 ± 3.9 4.7 ± 4.4 0.556
Inotrope therapy (prior Tx; %) 21 14 35 0.082
Atrial fibrillation on ECG (%) 30 28 32 0.499
Echocardiography
LV ejection fraction (%) 21 ± 6 21 ± 7 19 ± 5 0.302
LV end‐diastolic diameter (mm) 74 ± 10 72 ± 9 73 ± 12 0.794
Mitral regurgitation (0–4) 2.4 ± 1.1 2.3 ± 1.1 2.6 ± 1.1 0.307
Left atrial volume index (mL/m2) 74 ± 30 69 ± 29 79 ± 32 0.220
Right atrial area (cm2) 25 ± 8 25 ± 7 26 ± 9 0.904
Tricuspid regurgitation (grade 0–4) 2.1 ± 0.9 2.0 ± 1.0 2.1 ± 0.9 0.751
RV diastolic diameter (mm) 46 ± 8 45 ± 8 47 ± 9 0.407
RV dysfunction grade (0–4) 1.6 ± 1.0 1.7 ± 1.0 1.4 ± 0.9 0.403
TAPSE (mm) 14 ± 5 14 ± 5 14 ± 4 0.736
Epicardial fat thickness (mm) 2.6 ± 1.3 2.9 ± 1.4 2.1 ± 0.8 0.010
Haemodynamics
Heart rate (bpm) 77 ± 13 77 ± 13 77 ± 13 0.710
Mean blood pressure (mmHg) 85 ± 10 88 ± 10 79 ± 7 0.130
Cardiac output (L/min) 3.5 ± 0.8 3.7 ± 0.7 3.2 ± 1.0 0.131
Right atrial pressure (mmHg) 9.4 ± 4.4 10.1 ± 4.9 8.1 ± 3.4 0.043
PA mean pressure (mmHg) 33 ± 9 34 ± 10 32 ± 8 0.384
PA wedge pressure (mmHg) 24 ± 8 24 ± 8 23 ± 7 0.563
Medication
Furosemide (mg/day) 168 ± 164 155 ± 125 193 ± 226 0.534
aβ‐blockers (mg/day) 40 ± 50 50 ± 56 20 ± 25 0.011
aACE/ARB‐inhibitors (mg/day) 1.4 ± 2.0 1.7 ± 2.1 0.7 ± 1.3 0.035

β‐blockers, dose in metoprolol equivalents, ACE/ARB‐inhibitors, dose of angiotensin‐converting‐enzyme inhibitors or angiotensin receptor
blockers in ramipril equivalents (Materials and methods); LV, left ventricular, RV, right ventricle; NYHA, New York Heart Association func-
tional class; TAPSE, tricuspid annular plane systolic excursion; Tx, transplantation; PA, pulmonary artery.
Data are shown for all the patients, or two subgroups of the patients split based on their BW trajectories during the previous 6 months
(BW‐stable vs. Cachexia). Data are means ± SD. Bold, statistical significant difference.
aEight out of 52 patients received neither β‐blockers nor ACE/ARB‐inhibitors, and 34 patients received a combination of the two.
[Correction added on 12 November 2020, after first online publication: Tables 1 and 2 were previously incorrect and have been replaced in
this current version.]

1616 P. Janovska et al.

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1614–1627
DOI: 10.1002/jcsm.12631

  rejstřík



discriminated them from BW‐stable patients (n = 35; 67%).
Cachectic patients were more symptomatic, had higher New
York Heart Association class and ~1.4‐fold lower EAT thick-
ness, and tended to have lower systemic blood pressure
and cardiac output. Cachectic patients had more often
non‐ischemic HF aetiology and were treated with ~2.5‐fold
lower dose of β‐blockers and ~2.4‐lower dose of ACE/ARB‐
inhibitors as compared with BW‐stable patients. Cachectic
vs. BW‐stable HF‐patients displayed ~1.4‐fold higher BNP
plasma levels reflecting the higher myocardial stress, despite
there was no significant difference in cardiac structure by
echocardiography. Levels of plasma glucose tended to be
lower, and that of haemoglobin A1C were lower in the
cachectic patients (Table 2).

The impact of cachexia on epicardial adipose tissue
expression of lipid metabolism, adipokines, and
inflammatory genes

To characterize the role of adipose tissue immunometabolism
in cachexia development, expression of selected genes in EAT
was evaluated and compared between BW‐stable and ca-
chectic patients (Figure 1A–D; for fold change of the mean
values, Supporting Information, Table S2). Concerning lipoly-
sis (Figure 1A), expression of lipolysis‐promoting natriuretic
peptide receptor A (NPRA) gene was similar in both groups
(for gene names, see Table S1). Mean expression of natri-
uretic peptide receptor C (NPRC, also called clearance recep-
tor) gene was ~2.4‐higher in BW‐stable patients. Lower

NPRC/NPRA transcript level ratio in cachectic vs. BW‐stable
patients (0.47 vs. 1.30; Table S2) suggested lower clearance
of natriuretic peptides resulting in stimulation of lipolysis.19,21

Accordingly, both NPRC expression and NPRC/NPRA tran-
script level ratio correlated negatively with systemic levels
of BNP, positively with BMI and BW change, daily dose of
both β‐blockers and ACE/ARB‐inhibitors, and mean blood
pressure (Figure 2). Genes for both PTGDS and ADORA1
tended to be up‐regulated in association with cachexia (Fig-
ure 1A), suggesting increased production of prostaglandin
D2 that exerted antilipolytic effect,24 in concert with ADORA1
stimulation.25 In spite of the up‐regulation of PTGDS and
ADORA1, genes for (i) the key lipases ATGL and HSL,8 (ii)
PLIN1, which is required for activation of lipolysis,13 (iii) cell
death‐inducing DNA fragmentation factor (CIDEA), which
counteracts inhibition of lipolysis by AMP‐activated protein
kinase,9 and (iv) zinc‐α2‐glycoprotein, the lipolytic factor
known to be induced in cancer cachexia,26 tended to be
up‐regulated in cachectic patients (Figure 1A). With respect
to genes engaged in triacylglycerols formation (Figure 1B),
we focused on (i) FAS, which is essential for de novo lipogen-
esis, (ii) PEPCK, required for glyceroneogenesis, (iii) DGAT1
and DGAT2, engaged in fatty acid re‐esterification/
triacylglycerol synthesis, and (iv) FABP1, fatty acid trans-
porter. Mean expression of FAS, and DGAT1 was ~2.9‐fold
and ~1.6‐fold higher in cachectic than BW‐stable patients, re-
spectively. Also, expression of PEPCK, DGAT2, and FABP1
tended to be up‐regulated in cachexia. Next, we focused on
expression of genes engaged in control of lipid catabolism
and mitochondrial functions (Figure 1C). These genes

Table 2 Plasma parameters

Parameter bControl
range

All patients BW‐stable Cachexia P
value

n = 52 n = 35 n = 17
aBNP (pg/mL) 10–80 1606 ± 1278 1411 ± 1272 2007 ± 1229 *0.010
Creatinine (μmol/L) 64–104 109 ± 42 106 ± 31 114 ± 60 0.596
Total protein (g/L) 64–79 62 ± 6 63 ± 7 61 ± 4 0.798
C reactive protein (g/L) < 5 9 ± 12 8 ± 9 11 ± 17 0.525
Haemoglobin (g/L) 135–175 126 ± 15 127 ± 15 124 ± 13 0.437
Total cholesterol (mmol/L) 2.9–5.1 3.7 ± 1.1 3.7 ± 1.1 3.8 ± 1.1 0.782
Triglycerides (mmol/L) 0.5–1.7 1.3 ± 0.7 1.3 ± 0.8 1.2 ± 0.5 0.415
TSH (mUI/L) 0.4–4.9 3.9 ± 3.4 3.8 ± 3.8 4.2 ± 2.5 0.803
fT3 (pmol/L) 2.9–4.9 3.4 ± 0.8 3.4 ± 0.8 3.3 ± 0.9 0.655
fT4 (pmol/L) 9–19 14 ± 4 14 ± 3 16 ± 5 0.223
Cortizol (nmol/L) 166–507 436 ± 241 451 ± 265 407 ± 187 0.493
Fasting plasma glucose (mmol/L) 3.6–5.6 5.8 ± 1.2 6 ± 1.3 5.4 ± 1.1 0.112
Fasting plasma insulin (μIU/mL) 4.1 ± 3.8 4.2 ± 4.1 3.9 ± 3.1 0.846
HOMA‐IR 1.0 ± 1.0 1.1 ± 1.1 0.9 ± 0.7 0.492
Haemoglobin A1C (mmol/mol) 20–42 49 ± 10 50 ± 12 44 ± 6 0.017
Bilirubin (μmol/L) 3–20 21 ± 11 21 ± 12 23 ± 11 0.584
Sodium (mmol/L) 137–144 135 ± 4 136 ± 4 134 ± 5 0.321
Potassium (mmol/L) 3.5–5.1 4.1 ± 0.6 4.1 ± 0.7 4.2 ± 0.4 0.219

Data are shown for all the patients, or two subgroups of the patients split based on BW trajectories during the previous 6 months (BW‐

stable vs. Cachexia). Data are means ± SD. Bold, statistical significant difference.
aMedian (Q1–Q3) for BNP: all patients, 1283 (599–2413); BW‐stable, 707 (445–1815); Cachexia 1650 (902–2506).
bControl (normal) range at the IKEM Central Laboratory; data are for both genders, only the BNP data are for man at 55–65 years of age,
for women of this age: 10–155 pg BNP/ml plasma. HOMA, homeostasis model assessment;

*For log‐transformed data.

Adipose tissue metabolism in cardiac cachexia 1617

Journal of Cachexia, Sarcopenia and Muscle 2020; 11: 1614–1627
DOI: 10.1002/jcsm.12631

  rejstřík



FIGURE 1 Expression of lipid metabolism, adipokines and inflammatory genes in epicardial adipose tissue. Comparison between body weight‐stable
(n = 35) and cachectic (n = 17) patients. (A–D) Transcripts grouped according to their functions. Transcript levels (A.U.) were normalized (i) to geometric
mean of three housekeeping genes and (ii) by cube root transformation. Data are means ± SE; Student’s t‐test.

*
Significant difference between the

groups; for fold‐change of the means, see Table S2. For gene names abbreviations, see the main text and Table S1.

FIGURE 2 Correlation of gene expression markers of natriuretic peptide system activity with clinical parameters. Linear regression plot of the relation-
ship between transcript levels of NPRC (upper panels), or the ratio between NPRC and NPRA transcript levels (NPRC/NPRA; lower panels), and the
indicated parameters. Linear regression lines, including 95% confidence intervals, are shown. Spearman’s rank correlation coefficients (r) and P value
(indicated in the figures) were also calculated to assess the correlations between various parameters. For the source data, see Figure 1 and Tables S1,
1, and 2. ACE/ARB inhibitors, angiotensin‐converting enzyme inhibitors/angiotensin receptor blockers; BNP, natriuretic peptides B; BMI, body mass
index; BW, body weight; NPRC, natriuretic peptide receptor C
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included (i) PPARα, which acts both as a sensor for fatty acids
and ligand‐activated transcription factor enhancing lipid ca-
tabolism, (ii) PPARγ, and its target PGC‐1α inducing mitochon-
drial biogenesis,27 (iii) PDK4, which limits glucose oxidation
by inhibiting pyruvate dehydrogenase and thus supports
β‐oxidation,28 and (iv) ACSL1 and ACADL, which are engaged
in mitochondrial β‐oxidation of fatty acids. Expression of all
these genes tended to be up‐regulated in cachexia (Figure
1C). Regarding the secretory functions and immune status
of EAT (Figure 1D), we focused on the expression of genes
for adiponectin (ADIPOQ) and leptin (LEP), representing two
major adipokines,29 as well as pro‐inflammatory TNFα gene.
Expression of none of these genes was significantly affected
by cachexia.

Although ionotropic support tended to be higher in
cachectic patients prior the surgery (35% vs. 14%, Table 1),
it had no impact on the expression of lipid metabolism,
adipokines, and inflammatory genes in EAT (not shown).

Relatively small differences in the gene expression pat-
tern between BW‐stable and cachectic patients prompted
us to explore the data by using a complex pathway analysis
of EAT metabolism (Figure 3). All the differences in mean
expression of the individual genes between BW‐stable and
cachectic patients were considered, irrespective of their
statistical significance (Table S2). This approach revealed a
broad induction of EAT lipid metabolism in cachexia. It can
be assumed that adipose tissue wasting in cachexia is
caused by a net loss of tissue triacylglycerols, which are
stored in adipocytes. This implies higher stimulation of
lipolytic and oxidative pathways activities, which lead to
decrease in the intracellular triacylglycerol pool as
compared with insufficient stimulation of glyceroneogenesis,
de novo fatty acid synthesis and fatty acid re‐esterification/
triacylglycerol synthesis that are engaged in the replenish-
ment of the pool.

Global impact of cachexia on epicardial adipose
tissue metabolome

To get further insight into the mechanisms underlying the
role of adipose tissue in the development of cardiac cachexia,
we performed untargeted metabolomic and lipidomic
analysis of EAT. Using six different gas chromatography–mass
spectrometry platforms (Method S1), we annotated 750
compounds including polar metabolites, complex lipids, and
various exposome compounds such as drugs (Supporting
Information, Figure S1 and Dataset S1). All known from these
analytes, except for drugs and other non‐physiological
analytes, that is the exposome compounds (n = 47;
Supporting Information, Table S3), were used for further
analysis.

Using partial least squares discriminant analysis, a
supervised classification method, a separation between

BW‐stable and cachectic patients, was observed indicating a
fundamental difference between the two groups (Figure
4A). Variable importance in projection (VIP) identified the
most discriminating analytes. Among the top 30 VIP analytes
(Figure 4B), various (lyso)phospholipids represented a major-
ity (60%), while triacylglycerols together with diacylglycerols
were the second (13%) and ceramides the third (10%) most
abundant classes among the discriminating analytes. How-
ever, cardiolipin (CL) 70:6 was clearly the single most impor-
tant discriminating analyte. These results indicate that
development of cachexia in HF‐patients is linked with major
changes in EAT metabolome and suggest an involvement of
at least some of the VIP analytes in the mechanisms
underlying pathological wasting of adipose tissue. Indeed, in
preclinical studies, increase of CL levels in various tissues
was causally linked to cancer cachexia.10,30–32 Therefore, CL
in EAT of the HF‐patients became the major focus of the next
part of our study.

Involvement of epicardial adipose tissue cardiolipin
in cachexia

Evaluation of the lipidomics data revealed presence of four
different CLs in EAT, namely CL 70:6, CL 70:7, CL 72:7, and
CL 72:8 (Figure 5A). Side chains of these CLs contained
combinations of three different acyls, namely palmitoleic
(C16:1), oleic (C18:1), and linoleic (C18:2) acid (Supporting
Information, Table S4). Only CL 70:6 discriminated between
BW‐stable and cachectic patients, while it represented
the least abundant CL species (Figure 5A). Its levels were
~1.5‐fold higher in the cachectic patient’s group (Table S4).
EAT metabolome also contained several phosphatidylglycerol
(PG) species, that is the building blocks in the synthesis of CL
(Figure 5B). Levels of most of these PGs tended to be higher
in cachectic as compared with BW‐stable patients (Table S4).

Importantly, EAT levels of CL 70:6 significantly correlated
with BW markers, that is negatively with both BMI and BW
change. Similar trends were observed with CL 70:7. No corre-
lation between the BW markers and the levels of either CL
72:7 or CL 72:8 was observed (Figure 5C). Thus, the strength
of the association between various CLs and the degree of
cachexia increased in the case of less abundant CL species
(Figure 5A).

Hierarchical clustering of EAT analytes using only levels of
the four CLs revealed two clusters of patients at the first level
of hierarchy, Cluster A4 and Cluster B4, respectively
(Figure5D). Cluster A4 (13 cases) was composed exclusively
of BW‐stable patients. Cluster B4 (39 cases) represented a
heterogeneous mixture of BW‐stable (56%) and cachectic
(44%) patients. EAT levels of most CLs and PGs were higher
in Cluster B4‐patients, with CL 70:6 showing the largest
(~47‐fold) difference (Table S4). In agreement with the com-
parison between BW‐stable and cachectic patients (Tables 1
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and 2), the homogenous group of BW‐stable patients in
Cluster A4 exhibited lower plasma BNP levels and higher dose
of both β‐blockers and ACE/ARB‐inhibitors as compared with
Cluster B4‐patients (Supporting Information, Table S5).

At the gene expression level, Cluster A4 patients showed
relatively high NPRC and relatively low ADORA1 and FAS ex-
pression, consistent with the difference in gene expression
pattern between BW‐stable and cachectic patients (Table
S2). Also minor differences in expression of the other genes
between Cluster A4 and Cluster B4 patients were mostly in
agreement with the corresponding differences between

BW‐stable and cachectic patients; in addition, the Cluster
A4 vs. Cluster B4 comparison unmasked higher expression
of leptin gene in Cluster A4, that is in BW‐stable patients
(Table S2).

The above results documented the role of CL with a
specific acyl side chains composition, namely the CL 70:6 con-
taining C16:1, C18:1, and C18:2 acyls, in the development of
cardiac cachexia. Therefore, we aimed to ascertain the mech-
anisms underlying the differential control of EAT levels of var-
ious CLs in cachexia. First, we focused on potential role of
changes in EAT levels of PGs. Multiple significant positive

FIGURE 3 Induction of epicardial adipose tissue (EAT) lipid metabolism linked to cachexia. Gene expression data (Figure 1; and the FC values in Table
S2) were collectively analysed to assess activity of the key regulatory and metabolic pathways in EAT adipocytes. Majority of the genes exerted higher
mean expression levels (irrespective of the statistical significance of difference) in cachectic as compared with BW‐stable patients; also plasma levels of
BNP (Table 2) and adenosine EAT levels (Supporting Information, Dataset S2) were higher in cachectic patients (red colour). Only the NPRC expression
in cachectic patients was relatively low (blue colour). Data suggest that stimulation of lipolysis in EAT of HF‐patients by BNP (as well as sympathetic
system and RAAS activity; Introduction; not measured here) is further augmented with adipose tissue wasting, in spite of the adaptive antilipolytic
response at the PTGDS and ADORA1 gene expression level. Triacylglycerols (TAG) loss due to the increased lipolysis is not fully compensated by lipo-
genesis, which depends on glyceroneogenesis, de novo fatty acid synthesis (DNL) and fatty acid (FA) re‐esterification. Energy requirements of these
anabolic pathways are covered by increased ATP production in mitochondria that combust FA (Figure 7) and other energy fuels (Introduction). Metab-
olite fluxes and regulatory effects are indicated by black and blue lines, respectively. β‐AR, β‐adrenergic receptor; AA, arachidonic acid; AC, adenylate
cyclase; ACADL, long‐chain acyl‐coenzyme A dehydrogenase, also called LCAD; ACSL1, acyl‐CoA synthetase long chain family member 1; ADORA1, aden-
osine A1 receptor; AMPK, AMP‐activated protein kinase; ANP, A‐type natriuretic peptide; ATGL, adipose triglyceride lipase; BNP, B‐type natriuretic
peptide; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CIDEA, cell death‐inducing DNA fragmentation factor, al-
pha subunit‐like effector A; CoA, coenzyme A; CRTH2, prostaglandin D2 receptor 2; DAG; diacylglycerol; DGAT1and DAGT2, diacylglycerol
O‐acyltransferase 1 and 2, respectively; FABP1, fatty acid binding protein 1; FAS, FA synthase; G3P, glyceraldehyde 3‐phosphate; Gi, G protein subunit
alpha i1; Glycerol‐3P, glycerol 3‐phosphate; Gs, guanine nucleotide‐binding protein G(s) subunit alpha; HSL, hormone‐sensitive lipase; IR, insulin recep-
tor; MAG, monoacylglycerol; MGL, monoacylglycerol lipase; NPRA, natriuretic peptide receptor 1; NPRC, natriuretic peptide receptor 3, also called
clearance receptor; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase 4; PEP, phosphoenolpyruvate;
PEPCK, phosphoenolpyruvate carboxykinase; PGC‐1α, peroxisome proliferative‐activated receptor y coactivator 1α; PGD2, prostaglandin D2; PKA, pro-
tein kinase A; PKG, protein kinase G; PLIN1, perilipin 1; PPARγ; peroxisome proliferator activated receptor γ; PTGDS, prostaglandin D2 synthase; RAAS,
renin‐angiotensin‐aldosterone system; SNS, sympathetic nervous system; TCA, tricarboxylic acid cycle; ZAG, zinc‐binding alpha‐2‐glycoprotein 1.
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correlations between the levels of either CL 70:6 or CL 70:7
and most PGs were found. For CL 72:7 or CL 72:8 species,
the correlations were less frequent (Figure S2).

Secondly, we focused on the role of genes engaged in CL
synthesis, PG synthase 1 (PGS1) and CL synthase 1 (CRLS1),
and in remodelling of the acyl side chains of CL, acyl‐CoA :-
lysocardiolipin acyltransferase 1 (LCLAT1). Expression of these
genes was compared between BW‐stable and cachectic pa-
tients, as well as between Cluster A4 and Cluster B4 patients
(Figure 6 and Supporting Information, Table S6). With PGS1
and LCLAT1, no significant differences between the groups
were observed. However, CRLS1 expression was significantly
higher (~1.7‐fold) in Cluster B4 as compared with Cluster A4
patients, while expression of both PGS1 and LCLAT1 showed
a similar trend.

These results suggested that differential increase in the
EAT levels of various CLs in cachexia could reflect both (i)
basal levels of PGs that are used for CL synthesis and
(ii) activity of the genes engaged in CL synthesis and
remodelling.

Discussion

To our knowledge, this is the first study focused on the role of
EAT‐myocardium microenvironment in the development of
cardiac cachexia. A complex approach was used, which was

based on the characterization of both metabolome/lipidome
and gene expression in EAT of the end‐stage HF‐patients with
and without cardiac cachexia.

For the characterization of the impact of BW‐wasting on
various parameters in our study, the BW‐stable and cachec-
tic patients were discriminated using a non‐edematous BW
loss of at least 7.5% during the previous 6 months. This
7.5% cut‐off, used also to define cardiac cachexia by Anker
and colleagues in 1997,3 was higher as compared with that
of 5% used in the 2008 cardiac cachexia definition5 or the
6% cut‐off point in the ESC Guidelines from 20166; Anker
et al.7 When we have analysed the data at several cut‐off
points, equal to 5%, 6%, and 7.5% (not shown), we have
found that the highest cut‐off (7.5%) helped to uncover
subtle links between the BW‐loss and EAT gene expression
(Figure 1), while the differences between BW‐stable and
cachectic patients (i) in the clinical variables and medication
(Table 1) or plasma parameters (Table 2) and (ii)
metabolome/lipidome (Figures 4 and 5D) were only
marginally affected by various cut‐off points. Thus, due to
limited number of studied subjects, we choose the higher
cut‐off point of BW change to enhance the contrast between
cachectic and BW‐stable patients.

Our results demonstrate fundamental differences in
metabolome/lipidome between BW‐stable and cachectic
patients. CL, a phospholipid of the inner mitochondrial
membrane, specifically CL 70:6, was the most discriminating
analyte. In preclinical models of cancer cachexia, intracellular

FIGURE 4 Multivariate analysis of epicardial adipose tissue (EAT) metabolome. Untargeted metabolomic and lipidomic analysis was performed using
EAT extracts in all patients (n = 52) as described in Method S1. Dataset of all analytes with known structure detected in EAT (Figure S1), except for
drugs and other non‐physiological analytes (Table S3), was analysed using partial least squares discriminant analysis. (A) Score plot resulting from
the analysis focused on the separation between the body weight (BW)‐stable (n = 35) and cachectic (n = 17) patients (Table 1). (B) The corresponding
variable importance in projection (VIP) plot with scores, to identify the top 30 most discriminating analytes. The coloured boxes indicate the relative
concentrations of the corresponding analyte in each group; for fold‐change, see Dataset S2A. 5’‐ADP, adenosine‐5’‐diphosphate; Cer‐NS, ceramide
non‐hydroxyfatty acid‐sphingosine; CL, cardiolipin; DAG, diacylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phos-
phatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phospatidylinositol; TAG, triacylglycerol. Lipid class x : y, acyl number
of carbons : number of double bonds. Number in the brackets, isobar of the analyte.
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accumulation of CL led to increased energy‐wasting
due to the uncoupling of mitochondrial oxidative
phosphorylation.10,30–32 This occurred in several tissues, in-
cluding white fat, which became involved early during ca-
chexia development.10 We demonstrate here for the first

time in humans increased tissue levels of CLs in cachexia.
Based on the results of the animal study,10 changes observed
in EAT levels of CLs probably occurred also in other fat depots
and other tissues of the cachectic patients. However,
CL‐induced modulation of EAT metabolism could be of special

FIGURE 5 Involvement of cardiolipins (CLs) and phosphatidylglycerols (PGs) in epicardial adipose tissue (EAT) in cachexia. (A and B) Relative levels of
various CLs and PGs in EAT; for the source data and further data analysis, see Dataset S1 and Table S4; data are means ± SE. (C) Linear regression plot
of the relationship between (i) BMI and (ii) BW change during previous 6 months and EAT levels of various CLs. Linear regression lines, including 95%
confidence intervals, are shown. Spearman’s rank correlation coefficients (r) and P values (indicated in the figures) were also calculated to assess the
correlations between various parameters. For the source data, see Table 1 and Dataset S1 and Table S4. (D) Hierarchical clustering of four CLs detected
in EAT. Heatmap showing data for all patients (n = 52). Heatmap was generated using Euclidean for distance measure andWard for clustering algorithm.
For more information about CLs, see Table S4. Each column represents a patient and each row represents the expression profile of an analyte across
patients. BW‐stable and cachectic patients (Table 1) are indicated. A4 and B4, designation of two clusters separated at the first level of hierarchy.
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importance for heart function due to the mutual interactions
within the EAT‐myocardium environment (Introduction).

Our results suggest that CL of a specific acyl profile could
be causally involved in cachexia. Side chains of the four CLs
contained in EAT represented combinations of only three
different acyls, namely C16:1, C18:1, and C18:2, with the CL
species abundance increasing with larger molecular mass
and a higher degree of unsaturation and length of the acyl
side chains (Table S4). It was not the major CL species, that
is CL 72:8 (tetralinoleoyl‐CL), which is normally present in
insulin‐sensitive tissues,33 but the least abundant CL 70:6,
which discriminated between BW‐stable and cachectic
patients. As suggested by the results of the animal study,32

CL70:6 could induce the uncoupling of oxidative phosphoryla-
tion in EAT mitochondria of cachectic patients. Its specific
molecular acyl composition could underlie this effect.

Indeed, the changes in the tissue content of specific CL
species and or changes in the acyl profile of CL could be the
cause of specific pathologies: (i) Barth syndrome, a multisys-
tem disorder characterized by cardiomyopathy, is associated
with reduced levels of CL 72:8 (tetralinoleoyl‐CL) in mitochon-
dria, due to the defect of CL transacylase tafazzin, (ii)
decrease of CL 72:8 preceded the development of HF in
spontaneously hypertensive rats and correlated with a loss
of mitochondrial cytochrome oxidase activity (reviewed in
Saini‐Chohan et al.34), and (iii) replacement of C18:2 by
docosahexaenoic acid (C22:6) in the CL side chains leads to
mitochondrial dysfunction in diabetes and other metabolic
diseases.35 The mechanism of induction of CLs tissue levels
in cachexia has yet to be characterized in detail. Our results
in EAT of HF‐patients show a link to increased tissue levels
of PGs, the building blocks in the synthesis of CLs, suggesting
an involvement of the enzymes engaged in CL synthesis and
remodelling, especially the CL synthase CRLS1.

Previous studies focused on EAT gene expression either in
patients with milder or no HF and compared subjects accord-
ing to degree of left ventricular dysfunction12 or according to
the presence of coronary artery disease.13 Expression of the
genes characterized here remained either unaffected (LEP,
TNFα; Fosshaug et al.12; and PLIN1, HSL, ATGL, ADIPOQ,
LEP, IL6; Jaffer et al. 13) or only marginally changed (PPARα,
IL6; Fosshaug et al.12). In this study, the overall pattern of
EAT gene expression suggested simultaneous activation of
lipolysis and lipogenesis in cachectic as compared with
BW‐stable HF‐patients. Lipolysis was probably activated by
the concert action of RAAS and sympathetic nervous
systems17–20 and by natriuretic peptides.11,18 The prolipolytic
factors contributing to cancer‐related cachexia, CIDEA9 and
zinc‐α2‐glycoprotein,26,36 were probably also involved.
Activation of both lipolysis and energy dissipating fatty
acid/triacylglycerol futile cycling in EAT is consistent with
the high catabolic activity of adipose tissue11 and the overall
catabolic dominance in HF‐patients17 that was augmented
further in association with adipose tissue wasting. Similar
changes in adipose tissue metabolism were found in cancer
cachexia.8,9 Presumably, the decrease in tissue triacylglycerol
content due to increased lipolysis could not be compensated
in full by activation of lipogenesis in EAT of cachectic patients.
This is consistent with the effect of CL‐induced uncoupling of
oxidative phosphorylation in adipocytes37,38 when insufficient
ATP production would limit several key biochemical activities
engaged in triacylglycerols replenishment, such as
glyceroneogenesis, de novo synthesis of fatty acids and their
re‐esterification (Figure 7 and Supporting Information,
Figure S3). Relatively high ADORA1 expression found in
BW‐stable patients grouped in Cluster A4 is typical of EAT,25

and ADORA1 up‐regulation could contribute to the
cardioprotection due to vasodilatation of coronary vessels25

FIGURE 6 Expression of genes engaged in synthesis (PGS1 and CRLS1) and remodelling (LCLAT1) of cardiolipin across patient’s subgroups. Transcript
levels (A.U.) were normalized to geometric mean of three housekeeping genes. Data (Table S6) for all patients (n = 52), or the following subgroups: (i)
BW‐stable (n = 35) and cachectic (n = 17) patients; and (ii) Clusters A4 and B4 patients (n = 13 and n = 39, respectively), are shown. Data are
means ± SE; Student’s t‐test. *Significant difference between the groups. For gene names abbreviations, see the main text and Table S1.
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and attenuation of β‐adrenergic stimulation of lipolysis.24

However, in general, the changes in EAT gene expression in
cachexia were only mild. It should be learned if they take
place also in other fat depots, which differ in their metabolic

features from EAT,12,13,25 and what is the contribution of the
changes in adipose tissue metabolism to cardiac cachexia. For
sure, due to its small mass, EAT plays an insignificant role in
total energy balance.

FIGURE 7 Changes in metabolism of EAT adipocytes during development of HF and cachexia. As compared with healthy subjects (A), in HF‐patients (B
and C), lipid metabolism in EAT adipocytes is activated in response to elevated plasma natriuretic peptides (NP) levels and increased activity of sym-
pathetic nervous system (SNS) and RAAS. Activation of lipolysis results in increased efflux of fatty acids (FA) and glycerol from EAT. While FA could
serve as energy fuels for myocardium, glycerol is used for hepatic glyceroneogenesis. In BW‐stable HF‐patients (B), breakdown of intracellular triacyl-
glycerols (TAG) is balanced by TAG synthesis, which depends on glyceroneogenesis, de novo synthesis of FA (DNL), and FA re‐esterification. These en-
ergy consuming reactions are driven by ATP, which is mostly synthesized by oxidative phosphorylation (OXPHOS) linked to β‐oxidation of FA in
mitochondria. In cachectic HF‐patients (C), lipolysis is stimulated even more than in the BW‐stable patients, in association with elevation of intracellular
CL levels. This probably results from both, increased formation of phosphatidyl glycerols and dysregulation of enzymes engaged in CL synthesis and
remodelling in cachexia. Aberrantly high levels of CL, namely the CL 70:6 species, induce uncoupling of OXPHOS. Low rate of ATP synthesis limits ac-
tivity of the pathways contributing to TAG synthesis, resulting in insufficient replenishment of the TAG pool in fat cells and wasting of adipose tissue.
For more details, see Figure S3.
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Our study highlights the importance of the enhanced
release of natriuretic peptides from the failing heart for
the changes in EAT metabolism and development of
cachexia,18,19,21 as suggested by the higher levels of BNP in
cachectic patients. Adipose tissue sensitivity to natriuretic
peptides is regulated by NPRC and NPRC/NPRA ratio.19,21

Hence, the relatively low NPRC/NPRA ratio in the cachectic
patients, resulting in enhanced bioavailability of natriuretic
peptides in the EAT‐myocardium microenvironment, could
be important. In addition, a negative correlation was found
between the expression of NPRC and levels of CL 70:6 in
EAT (Spearman’s rank correlation coefficient = �0.561),
supporting the role of NPRC in CL‐induced changes of EAT
metabolism in cachexia.

Comparisons between the subgroups of HF patients (i.e.
BW‐stable vs. cachectic, and Cluster A4 vs. Cluster B4
patients) revealed lower plasma BNP levels and higher daily
doses of both β‐blockers and ACE/ARB‐inhibitors in the
patients who were resistant to cachexia. These drugs prevent
adverse neurohumoral activation that accompanies HF and,
thus, represent the cornerstone of effective HF therapy, with
their doses usually titrated to the maximally tolerated level.
Therefore, HF patients who tolerated higher doses of these
drugs were better protected against the development of
cardiac cachexia. Indeed, β‐adrenergic blockers and angioten-
sin II receptor antagonists have protective effects against fat
loss due to cardiac cachexia (reviewed in Cabassi et al.20).
Anticachectic, adipose tissue‐sparing effects of neurohumoral
antagonist might therefore contribute to the favourable
impact of these drugs on survival.

Our results support the idea that novel treatment
strategies for HF‐patients may be designed to target EAT
metabolism and its secretory features, while changing
EAT‐myocardium microenvironment15 and, therefore,
improving heart function. This could include neutralization
of CIDEA activity to counteract excessive lipolysis in EAT,
similarly as suggested for the treatment of cancer cachexia8,9

or inhibition of ATGL activity.14 Our findings here open a new
possibility to treat cachexia by modulating CL biosynthesis
and/or CL function. To this end, the use of cell‐penetrating
aromatic‐cationic tetrapeptides that selectively target CL39

should be explored.
In conclusion, we observed here in patients with advanced

HF that BNP signalling probably contributed to changes in EAT
metabolome/lipidome and gene expression, reflecting dysreg-
ulated induction of EAT lipid metabolism in cardiac cachexia.
Concomitant modulation of EAT‐myocardium microenviron-
ment may be involved in the deterioration of heart function
in the cachectic patients. Our results suggest that the mainte-
nance of stable BW and ‘healthy’ EAT‐myocardium microenvi-
ronment of the HF‐patients is associated with their ability to
tolerate higher therapeutic doses of conventional therapeu-
tics, namely neurohumoral inhibitors (ACE/ARB inhibitors
and β‐adrenergic blockers). We showed that induction of

EAT levels of CL 70:6 could precipitate the wasting of adipose
tissue. It is likely that an induction of minor CL species under-
lies energy dissipation in various tissues and represents one of
the key events resulting in cachexia. Our results suggest that
mitochondrial CL in EAT, as well as immunometabolic and
secretory features of this tissue, could serve as a target for
causal treatment of cardiac cachexia.
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Aims Catheter ablation of ventricular tachycardia (VT) is an effective treatment in patients with structural heart disease
(SHD) and recurrent arrhythmias. However, the procedure is associated with the risk of complications, including
both manifest and asymptomatic cerebral thromboembolic events. We hypothesized that periprocedural asymp-
tomatic brain injury (ABI) can be reduced by using transseptal instead of the retrograde access route to the left
ventricle (LV).

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

Consecutive patients undergoing VT ablation for SHD were randomized 1:1 to either retrograde or transseptal LV
access. All patients underwent radiofrequency ablation in conscious sedation with the use of an irrigated tip cathe-
ter. The degree of brain damage was evaluated by serum level of biomarker S100B. Significant ABI was defined as a
post-ablation relative increase of S100B level >30%. A total of 144 patients (66 ± 9 years; 14 females; 90% coronary
artery disease; LV ejection fraction: 30 ± 8%) were enrolled and 72 were allocated to each study groups.
Symptomatic neurological complication of the procedure was not observed in any subject. A significant ABI was
detected in 19.4% of patients. It was more commonly observed in subjects randomized to retrograde vs. transsep-
tal LV access (26.4% vs. 12.5%, P=0.04). In a multivariate analysis, only retrograde LV access and advanced age
were independent determinants of significant ABI.

...................................................................................................................................................................................................
Conclusion Significant ABI after ablation of VT in patients with SHD can be detected in one-fifth of subjects. Retrograde access

to LV is associated with a two-fold higher probability of significant ABI.
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Introduction

Catheter ablation is an effective treatment option for recurrent ven-
tricular tachycardia (VT) in patients with structural heart disease
(SHD). One of the most devastating complications of this procedure
is cerebral thromboembolism. Although the incidence of periproce-
dural stroke associated with VT ablation is low,1,2 a certain

proportion of events may be silent. Previous studies have evaluated
the occurrence of asymptomatic brain injury (ABI) after catheter ab-
lation of atrial fibrillation3,4 using diffusion-weighted magnetic reso-
nance imaging (MRI) and/or transcranial measurement of cerebral
microembolic signals.5 We have previously shown that assessment of
biomarker S100B may be used as an alternative diagnostic method
for the detection of periprocedural cerebral injury.6 In a recent study

* Corresponding author. Fax: þ420 261 362 982. E-mail address: bore@ikem.cz
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by Whitman et al.,7 catheter ablation of VT was associated with de-
tectable ABI in 58% of patients. The risk factors responsible for these
events are speculative.

In the current study, we investigated whether the degree of peri-
procedural brain injury in patients with SHD undergoing catheter ab-
lation of VT will differ with respect to the access route to the left
ventricle (LV). Specifically, we hypothesized that ABI can be reduced
using transseptal instead of retrograde LV access.

Methods

Study protocol
Patients referred for radiofrequency (RF) catheter ablation of VT were
recruited in the period between September 2013 and March 2017. The
presence of SHD with presumable LV endocardial arrhythmogenic sub-
strate was the main inclusion criterion. Patients were excluded in case of
a mechanical valve in either a mitral or aortic position that would pre-
clude random assignment of LV access route. We did not enrol patients
scheduled for pericardial access as well as those with suggestive LV out-
flow tract substrate, which would likely require a retrograde access.
Patients with other (non-procedural) conditions that may result in the ce-
rebral lesion (e.g. after cardiopulmonary resuscitation or recent ablation)
or interfere with laboratory diagnostics (significant renal disease) were
also excluded. Eligible patients were assigned to two treatment groups
(retrograde or transseptal LV access) in 1:1 fashion by covariate-adaptive
randomization algorithm considering age, gender, LV ejection fraction,
and serum creatinine level.

Evaluation of brain injury
Peripheral venous blood sampling for assessment of protein S100B was
performed immediately before the ablation procedure and in the morn-
ing on the next day. Serum samples were stored at �70�C for batch
analysis by a commercially available electrochemiluminescence immuno-
assay (Elecsys S100 R, Roche Diagnostics, Mannheim, Germany). The test
can detect protein S100B concentrations ranging from 5 to 39,000ng/L
with inter- and intra-assay coefficient of variation of 5.6% and 2.3%.
Significant ABI was defined as a post-ablation relative increase of S100B
level >30%.

Periprocedural anticoagulation management
In all patients with long-term anticoagulation therapy, the procedure was
performed after temporary interruption of warfarin therapy, which was
bridged by low-molecular-weight heparin. Direct oral anticoagulants
were used only in a minority of patients in the study and if so, the treat-
ment was interrupted 24–48 h prior to the procedure according to the
renal function. In patients on antiplatelet therapy, no changes were made.

After achieving the vascular access, loading dose of unfractionated hepa-
rin (10,000 IU) was given (in case of transseptal LV access, 5000 IU prior
and 5000 IU immediately after the puncture). Then, heparin was adminis-
tered by intermittent boluses to maintain the activated clotting time
(ACT) in the range of 300–350 s. The ACT was checked by Hemochron
ACTþ (Accriva Diagnostics, San Diego, CA, USA) at 15-min intervals un-
til therapeutic anticoagulation was achieved, and then every 15–30min
for the duration of the procedure. For purpose of the study, the mean
and minimum ACT during the procedure was calculated. The mean time-
weighted ACT (i.e. more representative index reflecting variable intervals
between ACT sampling) was also computed.

After the ablation procedure and removal of sheaths, all patients re-
ceived an infusion of unfractionated heparin with a target activated partial
thromboplastin time ratio of 1.5–2.5. The next day after venous blood
sampling for the assessment of S100B patients received either antiplatelet
therapy for a minimum of 6weeks or anticoagulation therapy for
3months in case of an extensive ablation in the LV.

Catheter ablation procedure
The procedure was performed in conscious sedation using midazolam
and alfentanil. Vascular access was achieved without ultrasound guidance.
Mapping and ablation strategy was described elsewhere.2 Briefly, if the VT
did not occur spontaneously, the programmed stimulation protocol from
the two right ventricular sites and up to three extrastimuli was applied to
induce clinical VT. The mapping was performed under fluoroscopy guid-
ance and with a three-dimensional electroanatomical mapping system
(CARTO, Biosense Webster, Diamond Bar, CA, USA). The use of intra-
cardiac echocardiography (ICE) was at the discretion of the operator. For
ablation, a 3.5 mm, saline-irrigated tip ablation catheter (Navistar
Thermocool, BiosenseWebster) was used.

Left ventricle access (retrograde vs. transseptal) was obtained based
on the randomization. Intracardiac echocardiography was used for the
guidance of transseptal puncture in all cases. Substrate mapping was used
in the majority of cases and was performed during the spontaneous
rhythm and/or during right ventricular pacing. It predominantly consisted
of sequential point-by-point bipolar voltage mapping with ablation cathe-
ter, tagging of late potentials or local abnormal ventricular activity regions,
and pacing from different sites with a minimum output to assess slow ven-
tricular conduction and morphology of the resulting QRS complex. No
multipolar mapping catheter was used in the study. In patients with hae-
modynamically tolerated or incessant VT, three-dimensional activation
mapping was initiated during tachycardia and entrainment manoeuvres
were utilized. Subsequently, substrate mapping/ablation was finalized af-
ter abolition of clinical VT.

Ablation was performed in power control mode with an irrigation
flow of 30mL/min. Power was set up to 20–45W, depending on location
and catheter contact, andwas down-regulated in case of catheter tip tem-
perature rise above 43�C or rapid drop of impedance (>10–15X) during
ablation. Whenever ICE was used during the procedure, it was used to
monitor RF delivery and prevent tissue overheating and steam pop.
Radiofrequency current was applied in the majority of cases for a maxi-
mum of 60 s per target site. Pacing at 10mAwas used after RF delivery to
verify non-capture at a given site. Catheter ablation was performed to
abolish all inducible monomorphic VTs.

Study follow-up
The dedicated institutional tracking system was used to identify all
complications during the procedure and within the minimum 3-month
follow-up.

What’s new?
• Periprocedural brain injury can be detected in one-fifth of

patients with structural heart disease undergoing ventricular
tachycardia ablation at left ventricular endocardium under
conscious sedation.

• Retrograde compared with transseptal left ventricular access
showed a two-fold higher probability of significant brain
damage.

2 E. Bori�sincová et al.
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Statistical analysis
Continuous variables were expressed as means with standard deviations
and compared with t-test for independent samples or Mann–Whitney U

test or Wilcoxon paired test, as appropriate. Categorical variables were
expressed as percentages and compared with v2 test or Fisher’s exact
test. Factors associated with outcome measure (P< 0.20) were entered
into a multivariate linear regression model and investigated by a stepwise
forward method. A P-value <0.05 was considered significant. All analyses
were performed using the STATISTICA version 10 software (Statsoft,
Inc., Tulsa, USA).

Results

Altogether 144 patients were enrolled and randomly allocated into
two study groups (72 in each group). Baseline characteristics and
procedural data are shown in Table 1. Both groups were comparable
in baseline characteristics except for the history of a previous cere-
bral ischaemic event that was more common in transseptal LV access
group. In addition, patients in the retrograde LV access group re-
quired more intravenous heparin to achieve target ACT levels.
Level of S100B biomarker at baseline was comparable (67± 39 vs.

73± 50 ng/L, P= 0.40) in retrograde vs. transseptal LV access group.
It non-significantly increased in patients with retrograde LV access
(from 67± 39 to 75± 77 ng/L, P= 0.20) and decreased in patients
with transseptal LV access (from 73± 50 to 63± 29ng/L, P= 0.16).
Post-procedure level of S100B for both study groups are displayed in

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

Table 1 The baseline and procedural characteristics

Retrograde access Transseptal access P-value

Male (%) 88.9 91.7 0.57

Age (years) 65.9 ± 7.5 66.9 ± 9.7 0.52

BMI (kg/m2) 29.7 ± 4.6 29.6. ± 5.5 0.96

Hypertension (%) 86.1 75.0 0.14

Diabetes (%) 37.5 38.9 1.00

Previous stroke/TIA (%) 4.2 18.1 0.02

Coronary artery disease (%) 87.5 91.7 0.59

LVEF (%) 30.4 ± 9.3 29.8 ± 7.4 0.67

CHA2DS2-VASc score 4.0 ± 1.2 4.3 ± 1.5 0.24

ICD (%) 86.1 94.4 0.16

Atrial fibrillation (%) 33.3 44.4 0.23

Warfarin (%) 37.5 50.0 0.18

NOAC (%) 8.3 4.2 0.49

Antiplatelet therapy (%) 55.6 52.8 0.87

Serum creatinine (mmol/L) 112.7 ± 31.7 112.0± 30.9 0.89

Radiofrequency time (min) 31.8 ± 15.7 30.1 ± 13.3 0.49

Procedure time (min) 187± 44 182± 48 0.47

Procedural DC shocks (n) 0.5 ± 0.8 0.5 ± 0.9 0.84

Activation mapping of VT (%) 25.0 20.8 0.55

Mean power (W) 28.8 ± 3.5 29.9 ± 2.4 0.06

Pre-procedural INR 1.22± 0.26 1.48± 0.57 0.12

Heparin dose (1000 IU) 23.0 ± 6.8 19.9 ± 6.3 0.006

Mean ACT (s) 308± 33 320± 25 0.05

Minimum ACT (s) 239± 49 255± 45 0.04

Mean time-weighted ACT (s) 314± 32 326± 23 0.05

ACT, activated clotting time; BMI, body mass index; DC, direct current; ICD, implantable cardioverter-defibrillator; INR, international normalized ratio; LVEF, left ventricular
ejection fraction; NOAC, new oral anticoagulant; TIA, transient ischaemic attack; VT, ventricular tachycardia.

Figure 1 Histogram of absolute levels of S100B after the
procedure.
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Figure 1. Between-group differences in procedure-related change of
S100B level were borderline non-significant: 8± 67 vs. �10± 48 ng/L
(P= 0.053) in absolute units and 16± 73% vs. 0± 44% (P= 0.052) rel-
atively for retrograde vs. transseptal LV access, respectively (Figures 2
and 3). The significant ABI defined as a post-ablation relative increase
of S100B level >30% was found in 19.4% of patients. This was ob-
served more often in patients from retrograde vs. transseptal LV ac-
cess group: 19/72 (26.4%) vs. 9/72 (12.5%), P= 0.04. No symptomatic
neurological events were noted during and after the procedure in
any subject.

The results of linear regression analysis are shown in Table 2.
Univariately, only retrograde LV access was associated with signifi-
cant ABI. The association was borderline (P< 0.20) for four other fac-
tors: age, body mass index, LV ejection fraction, and procedure time.
In multivariate analysis, only two factors were independently

associated with significant ABI. Patients with retrograde LV access
had the rate of significant ABI higher by absolute 15± 6% (P= 0.03)
compared with patients with transseptal LV access. Each decade of
age increased the rate of significant ABI by absolute 8± 4%
(P= 0.046).

Acute efficacy of the procedure
In 24/144 (17%) procedures (12 in each study group), the final pro-
grammed ventricular stimulation was not performed due to initial VT
non-inducibility. Programmed ventricular stimulation was applicable
in 120 of the procedures, of which non-inducibility of any VT was
achieved in 77 procedures (64%); 40/60 (67%) and 37/60 (62%) in
the retrograde and transseptal group, respectively (P= 0.57). The
acute outcome was not related to S100B change.

Periprocedural complications
The overall rate of complications was 6.3% without the difference be-
tween the retrograde vs. transseptal LV access (6.9% vs. 5.5%). One
patient in each group presented with cardiac tamponade. One pa-
tient in the transseptal LV access group had acute haemodynamic de-
compensation with the need for inotropic support. There were two
pseudoaneurysms in the retrograde group and none in the transsep-
tal group. There were three local haematomas with a drop of haemo-
globin >20 g/L; two in transseptal and one in retrograde LV access
group.

Discussion

This randomized clinical trial compared two access routes with the
LV during endocardial VT ablation in patients with SHD. Subclinical
periprocedural brain damage as assessed by the S100B biomarker
was the outcome measure. The main findings can be summarized as
follows: (i) significant ABI after LV endocardial ablation can be
detected in one-fifth of patients and (ii) retrograde access to LV is as-
sociated with a two-fold higher probability of significant ABI.

Figure 2 Histogram of relative change of S100B after the
procedure.

Figure 3 Box–whisker plot of relative change of S100B after the
procedure.

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

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

Table 2 Predictors of significant ABI by linear regres-
sion analysis

Univariate Multivariate

Coeff SE P-Value Coeff SE P-value

Age (years) 0.71 0.38 0.06 0.75 0.38 0.046

BMI (kg/m2) �1.2 0.7 0.08

LVEF (%) 0.57 0.39 0.15

Retrograde LV

access (1/0)

13.9 6.5 0.04 14.6 6.5 0.03

Procedure time

(min)

0.103 0.072 0.16

Table shows only factors that were univariately associated (P< 0.20) with signifi-
cant ABI.
ABI, asymptomatic brain injury; BMI, body mass index; Coeff = slope of regres-
sion line between individual factor (unit specified) and the rate of significant ABI
(in percentages); LVEF, left ventricular ejection fraction; LV, left ventricle; SE,
standard error of coefficient.

4 E. Bori�sincová et al.
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Because of the study design and the main objective, only a subset
of VT patients was investigated excluding those with VT targeted in
right ventricle only and those with restricted route to LV substrate
either because of mechanical valves or preferential access like in case
of LV outflow tract tachycardias. Patients scheduled for pericardial
access were also excluded because: (i) epicardial ablation alone has
low embolic potential but may be associated with local neural lesions
resulting in S100B elevation8; (ii) concomitant endocardial ablation, if
necessary, is usually performed in a retrograde fashion; and (iii) gen-
eral anaesthesia is used for all patients with planned epicardial abla-
tion unlike all other patients in our cohort. None of enrolled patients
was converted to epicardial ablation during the study procedure.

Brain injury biomarker
The protein S100B is a relatively small protein that belongs to the
family of calcium-binding proteins. It is found predominantly found in
mature astrocytes, but it may be present in other nervous cells. Its es-
calated blood levels suggest a neurological dysfunction and cell death.
It is released within 24h after brain injury and its levels correlate with
magnitude of neurological deficit and brain injury in stroke.9 Serial
S100B testing has been used for monitoring during various cardiovas-
cular interventions such as carotid endarterectomy,10 carotid stent-
ing11 or TAVI.12 In our previous study, we evaluated correlation
between serum S100B levels and cerebral lesions by MRI.6

Risk of periprocedural brain injury
Subclinical cerebral microembolism is reported frequently after car-
diac interventional procedures. Coronary angiography has shown the
incidence of 10–15% ischaemic events after procedure,13 and in diag-
nostic aortic valve procedures14 the number raised to 22%.
Transcatheter aortic valve replacement could be associated with up
to 84% occurrence of new brain embolic lesions.15

In patients undergoing catheter ablation of atrial fibrillation, the
reported rate of ABI ranges between 1.7% and 67%, depending on di-
agnostic criteria, ablation strategy and diagnostic modality.3,5,16,17

Despite relatively high incidence of ABI, most of the lesions resolve.4

There is no evidence that neurological deficit could evolve during 6–
12months of follow up.18 On the other hand, some studies have
demonstrated that even asymptomatic lesions may have adverse neu-
rocognitive effects.19,20

The rate of ABI and corresponding risk factors in a patient under-
going VT ablation has been much less studied. In a study byWhitman
et al.,7 catheter ablation of VT (left-sided procedure) was associated
with detectable ABI by MRI in 7/12 (58%) patients. This is substan-
tially higher rate than that in our study (overall 19.4%) and the differ-
ence is more striking as our patients had mostly advanced heart
disease with low LV ejection fraction and more ablation lesions were
delivered. Obviously, methods for ABI detection in both studies are
clearly not comparable. The major procedural differences between
both studies were retrograde LV access in 92% of patients in a study
byWhitman et al., longer procedure time (351± 58 vs. 185± 46min)
and usage of general anaesthesia. Whether these additional factors
could impact the ABI should be investigated in future studies.

The same applies to selecting the optimum ACT level.
Anticoagulation was slightly more intensive in transseptal access
group, but we did not observe a significant association between both
mean and minimum ACT during the procedure and the rate of ABI.

However, ACT range as per protocol was rather narrow (300–
350 s) which decreased the power to detect any relationship.
Procedural DC shocks may trigger thromboembolic events and

contribute to the development of ABI. Direct current shock count
did not differ between study groups and was not related to S100B
rise. The mean number of shocks was relatively low as most of the in-
duced VTs were terminated by overdrive pacing. In addition, no sus-
tained VT was inducible in substantial proportion of patients (17%) at
the beginning of the procedure.

Transseptal vs. retrograde left ventricle
access
Multiple mechanisms might be responsible for documented higher
rate of ABI associated with retrograde LV access. The cerebral
lesions might be attributed to the disruption of either aortic ather-
oma or debris from the degenerative aortic valves due to multiple
attempts to cross the valve. This is relevant to patients with SHD un-
dergoing VT ablation, in whom vascular/valvular disease is common.
Irrespective of study findings, preferential use of transseptal LV access
facilitates the implementation of the strategy of uninterrupted antico-
agulation, which has further potential to reduce the ABI even lower
than that demonstrated in this study that enrolled earlier cohorts of
patients who all discontinued their oral anticoagulation therapy.
Although retrograde LV access with arterial cannulation may be

associated with a higher risk of vascular complications at the punc-
ture site, no significant difference was observed in our study because
the overall incidence of vascular complications was very low.

Limitations
The study has several limitations. First, it is a single-centre study that
limits the transfer of results into clinical practice. Secondly, detailed
neurological evaluation prior/after the ablation procedure was not a
part of the study design and we did not verify the raise of S100B by
MRI which is considered the gold standard for neural lesion detec-
tion. However, no patient showed neurological deficit after the pro-
cedure and the majority of patients had ICD, which constitutes
relative contraindication to this imaging modality. Thirdly, rate of ‘sig-
nificant’ S100B elevation was much lower than expected based on
our previous study in population of patients after ablation for atrial fi-
brillation so that arbitrary cut-off value of >30% was selected for
post hoc analysis. Fourthly, post-ablation sample of S100B was taken
in the morning on the next day so that the latency was <24h in small
proportion of afternoon procedures. Finally, direct oral anticoagu-
lants were used only sparsely during the study period. Whether their
more frequent use would change the outcome of current study is
unclear.

Conclusions

Periprocedural brain injury can be detected in one-fifth of patients
with SHD undergoing VT ablation at LV endocardium under con-
scious sedation. Retrograde compared with transseptal LV access
showed a two-fold higher probability of significant brain damage.
Further studies are needed to elucidate clinical significance of asymp-
tomatic elevation of the S100B marker.
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3 Department of Cardiology, Institute for Clinical and Experimental Medicine, 140 21 Prague, Czech Republic;
vojtech.melenovsky@ikem.cz (V.M.); lenka.hoskova@ikem.cz (L.H.)

4 Department of Renal and Body Fluid Physiology, Mossakowski Medical Research Centre, Polish Academy of
Sciences, 01-224 Warsaw, Poland; ekompanowska@imdik.pan.pl (E.K.-J.); jsadowski@imdik.pan.pl (J.S.)

5 Department of Pathophysiology, 2nd Faculty of Medicine, Charles University,
110 00 Prague, Czech Republic; hana.maxova@lfmotol.cuni.cz

* Correspondence: petrkala@gmail.com
† These authors contributed equally to this work.

Received: 21 November 2020; Accepted: 4 December 2020; Published: 8 December 2020
����������
�������

Abstract: Doxorubicin’s (DOX) cardiotoxicity contributes to the development of chemotherapy-
induced heart failure (HF) and new treatment strategies are in high demand. The aim of the
present study was to characterize a DOX-induced model of HF in Ren-2 transgenic rats (TGR),
those characterized by hypertension and hyperactivity of the renin-angiotensin-aldosterone system,
and to compare the results with normotensive transgene-negative, Hannover Sprague-Dawley
(HanSD) rats. DOX was administered for two weeks in a cumulative dose of 15 mg/kg. In HanSD
rats DOX administration resulted in the development of an early phase of HF with the dominant
symptom of bilateral cardiac atrophy demonstrable two weeks after the last DOX injection. In TGR,
DOX caused substantial impairment of systolic function already at the end of the treatment, with further
progression observed throughout the experiment. Additionally, two weeks after the termination
of DOX treatment, TGR exhibited signs of HF characteristic for the transition stage between the
compensated and decompensated phases of HF. In conclusion, we suggest that DOX-induced HF in
TGR is a suitable model to study the pathophysiological aspects of chemotherapy-induced HF and to
evaluate novel therapeutic strategies to combat this form of HF, which are urgently needed.

Keywords: chemotherapy-induced heart failure; doxorubicin; hypertension; renin-angiotensin-
aldosterone system
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1. Introduction

The past two decades have brought a remarkable improvement in the treatment of diverse cancer
forms. Worldwide, good outcomes of the disease are estimated at 4% of the population [1,2]. However,
the success of cancer treatment was achieved at a considerable cost [3–5]. This was connected with
the properties of anthracyclines, discovered 60 years ago but still listed among the World Health
Organization (WHO) recommended drugs for the treatment of childhood and adult cancer [4,6–9]

Acute cardiotoxicity of anthracyclines, especially the most commonly used doxorubicin (DOX),
is observed during the first year of treatment. In pediatric patients, its incidence is low, owing
to a cautious dosing regime, which limits drug cumulation. Furthermore, in young patients,
pre-existing cardiovascular diseases (hypertension, hyperlipidemia), the recognized risk factors,
are uncommon [10–15].

Unfortunately, in the long run, because of the cardiotoxicity of DOX the susceptibility of the
treated patients to cardiac damage and the development of heart failure (HF) is dramatically higher
(15fold) than in the untreated population [8,16,17]. This is observed both in children and adults. While
it is common knowledge that one in eight women will develop breast cancer, we are only rarely aware
that one in ten breast cancer patients whose chemotherapy regime includes DOX will develop cardiac
damage and not infrequently DOX-induced HF [3,9,15]. Its incidence increases progressively, and the
current standard therapeutic measures applied in DOX-induced HF prove less effective than in HF
patients of other etiology [8,13,18–20].

Important progress has been made in effort to develop mitochondria-specific delivery of DOX
(or similar anthracyclines) to tumor mitochondria, which would increase its accumulation in the
tumor tissue and reduce exposure of the heart. Hence, it should result in a simultaneous increase
in the efficiency and safety of DOX in cancer chemotherapy. Such attempt has been made by
amphiphilic modification of DOX, which seems to be a very promising tool in the future [21]. However,
despite intensive research and progress, to the best of our current knowledge, no mitochondria-targeting
formulations of DOX have been approved for the clinical use. In addition, it is important to recognize
that even after potential introducing of new modification of DOX, with expected minimal off-target
toxicity, for many decades a large cohort of patients, particularly childhood cancer survivors, will be
still endangered by the development of HF induced by the classic doxorubicin [7].

Hence, it is recognized that new treatment strategies for chemotherapy-induced HF are needed,
however, the prerequisite for any success is the profound understanding of the pathophysiology of
this HF form.

Without disregarding some obvious limitations, the small animal models of HF have proven
to be invaluable tools that have greatly advanced our understanding of the pathophysiology of
HF, and have helped to define new targets in the development of novel treatment strategies [22,23].
A number of mouse, rat, and rabbit models of cardiotoxicity induced by cancer treatment regimes
(particularly DOX and trastuzumab, a monoclonal antibody applied in breast and stomach cancer)
were proposed [24]. They were mostly employed to investigate the mechanisms and/or protective
measures against chemotherapy-induced cardiotoxicity [24–29]. The effects of DOX on cardiac function
and the development of HF were only of marginal interest [30–33]. It is worth mentioning that the
value of other models of HF, such as ischemic injury (coronary artery ligation [34]) and non-ischemic
HF (chronic volume overload induced by aorto-caval fistula (ACF) [35]) have been characterized in
detail [22,23].

Considering an urgent need to further elucidate the pathophysiology of chemotherapy-induced
HF and the insufficient in vivo characterization of a DOX-induced model of HF, the major aim of the
present study was to evaluate cardiac morphological structure and the function parameters in rats with
DOX-induced HF. Echocardiography and invasive pressure-volume analysis of the left ventricle (LV)
were employed at the very early phase of HF development. In addition, the systemic and intrarenal
activity status of neurohormonal systems were simultaneously evaluated.
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Since hypertension and inappropriate activation of the renin-angiotensin-aldosterone system
(RAAS) are considered as risk factors for the development of chemotherapy-induced cardiotoxicity,
cardiomyopathy and ultimately chemotherapy-induced HF [11,15], we decided to explore the
characteristics of the DOX-induced model of HF in Ren-2 transgenic rats (TGR), in which the
endogenous activation of the RAAS and hypertension are combined [33,36,37], and to compare them
with those of normotensive transgene-negative, Hannover Sprague-Dawley (HanSD) rats.

2. Results

2.1. Series 1: Echocardiographic Assessment of the Longitudinal Changes in Cardiac Function throughout
DOX Administration

Figures 1 and 2 summarize the results from evaluation of cardiac function and morphology
by echocardiography. In HanSD rats the administration of DOX resulted in the decline in cardiac
output, stroke volume, LV ejection fraction and in LV fraction shortening, without altering heart rates.
All the above-mentioned changes were observed two weeks after the last injection (4 weeks values,
Figure 1A–E). In the case of TGR, all the mentioned changes were also present, however, they were
observed earlier and were also more pronounced, i.e., at the end of DOX administration (2 weeks
values). Explicitly, two weeks after last injection (4 week values), DOX treatment caused in TGR
significantly greater decreases than in HanSD rats in cardiac output (−34.6 ± 0.9 vs. −24.1 ± 0.7%),
stroke volume (−25.9 ± 0.8 vs. −20.6 ± 0.4%), LV ejection fraction (−24.6 ± 0.6 vs. −15.9 ± 0.5%), and LV
fractional shortening (−31.7 ± 2.4 vs. 13.1 ± 0.6%)—p < 0.05 in all cases.

As shown in Figure 2A there was no significant difference in the LV diastolic diameter between
TGR and HanSD rats under basal conditions, and administration of DOX did not change it in any of
experimental groups or at any time point. The hypertensive TGR under basal conditions revealed,
under basal conditions, markedly higher LV anterior and posterior wall thickness as compared
with normotensive HanSD rats (both in diastole and systole) (Figure 2B–E). DOX treatment resulted
in reduction of LV wall thickness in both TGR and HanSD rats as compared with the untreated
counterparts (Figure 2B–E), as observed two weeks after termination of the treatment (4 week values).
This effect was more distinct for LV posterior wall thickness (both in diastole and systole), than in the
anterior wall (significant only in systole). In addition, as shown in Figure 2F, two weeks after the last
injection (4 week values) DOX was seen to cause a significant decrease in the relative wall thickness in
TGR. Moreover, DOX treatment two weeks after the last injection (4 week values) resulted in TGR
a more pronounced reduction of wall thicknesses than in HanSD rats, explicitly in LV anterior wall
thickness in systole (−20.6 ± 0.5 vs. −14.1 ± 0.4%), LV posterior wall thickness in diastole (−23.8 ± 0.5
vs. −11.1 ± 0.3%), and LV posterior wall thickness in systole (−28.1 ± 0.6 vs. −11.3 ± 0.3%)—p < 0.05 in
all cases.
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Figure 1. Assessment of the cardiac functional parameters by echocardiography before administration
of doxorubicin (basal values), at the end of doxorubicin administration (2 weeks values) and two
weeks after termination of doxorubicin treatment (4 weeks values) in normotensive, transgene-negative
Hannover Sprague-Dawley (HanSD) and hypertensive, Ren-2 transgenic (TGR) rats. Cardiac output
(A), stroke volume (B), left ventricle ejection fraction (C), left ventricle fraction shortening (D), heart rate
(E). * p < 0.05 compared with untreated animals of the same strain at the same time point. The values
are means ± SEM.
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Figure 2. Assessment of the cardiac morphological parameters by echocardiography before
administration of doxorubicin (basal values), at the end of doxorubicin administration (2 weeks
values) and two weeks after termination of doxorubicin treatment (4 weeks values) in normotensive,
transgene-negative Hannover Sprague-Dawley (HanSD) and hypertensive, Ren-2 transgenic (TGR) rats.
Left ventricle diastolic diameter (A), left ventricle anterior wall thickness in diastole (B), left ventricle
anterior wall thickness in systole (C), left ventricle posterior wall thickness in diastole (D), left ventricle
anterior wall thickness in (E), relative wall thickness (F). * p < 0.05 compared with untreated animals of
the same strain at the same time point. The values are means ± SEM.

Figures 3 and 4 summarize the effect of DOX on body weight, organ weights and plasma albumin
levels two weeks after the last DOX dose (i.e., 4 week values; at the end of the experimental protocol),
both in HanSD rats and TGR. The data are pooled from all three series of experiments.
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Figure 3. Weights and biochemical parameter. Body weight (A), kidney weight (B) and plasma
albumin levels (C) two weeks after the last doxorubicin injection (at the end of the experimental
protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) and hypertensive,
Ren-2 transgenic (TGR) rats. * p < 0.05 compared with untreated animals of the same strain at the same
time point. The values are means ± SEM and are pooled from the three series of experiments.
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Figure 4. Whole heart weight (A), weights of individual components of the heart (B,C), their ratio (D)
and wet and dry lung weights (E,F) two weeks after the last doxorubicin injection (i.e., at the end of the
experimental protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) and
hypertensive, Ren-2 transgenic (TGR) rats. * p < 0.05 compared with untreated animals of the same
strain. # p <0.05 versus HanSD rats within the same protocol. The values are means ± SEM and are
pooled from the three series of experiments.

As shown in Figure 3A,B, DOX did not cause significant decreases in body weight and kidney
weight in HanSD rats, but did so in TGR. Moreover, DOX caused similar decreases in plasma albumin
levels in HanSD rats and TGR (Figure 3C).

Figure 4A,B show that untreated TGR exhibited markedly higher whole heart and LV weights
as compared with untreated HanSD rats, but there were no significant differences in the RV weights
between them. DOX treatment elicited significant and proportional decreases in the whole heart, LV and
RV weights as seen from equal ratios of the RV to LV weights with and without DOX administration
(Figure 4A–D). As shown in Figure 4E,F, DOX did not alter lung weight (wet or dry) in HanSD rats but
significantly decreased both parameters in TGR.
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2.2. Series 2: Assessment of Cardiac Function with Invasive Hemodynamic Pressure-Volume Method

Figures 5 and 6 summarize the data from evaluation of cardiac function by the invasive
hemodynamics method. The administration of DOX to HanSD rats caused only significant decrease in
LV ejection fraction in comparison to untreated counterparts (Figure 6C). In contrast, administration of
DOX to TGR resulted not only in reduced LV ejection fraction (Figure 6C), but also in the significant
impairment in maximum rates of pressure rise (+dP/dt)max and maximum rates of pressure fall
(−dP/dt)max (Figure 5D,E). In addition, the administration of DOX elicited significant decreases in
end-systolic pressure volume relationship (ESPVR) and in preload recruitable stroke work (PRSW) in
TGR as compared with untreated counterparts (Figure 6A,D), which was accompanied by significant
increase in ventricular-arterial coupling (Figure 6F).
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Figure 5. The first data part of the left ventricular cardiac function assessment by invasive hemodynamic
analysis performed two weeks after the last doxorubicin injection (i.e., at the end of the experimental
protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) and hypertensive,
Ren-2 transgenic (TGR) rats. Left ventricle peak pressure (A), left ventricle end-diastolic pressure (B),
left ventricle end-diastolic volume (C), maximum rates of pressure rise (+dP/dt)max (D), maximum rates
of pressure fall (−dP/dt)max (E), relaxation constant tau (F). * p < 0.05 compared with untreated animals
of the same strain. The values are means ± SEM.
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experimental protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) 
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Figure 7 shows representative steady-state loops from the pressure-volume analysis in untreated 
and DOX-treated HanSD rats and TGR. Inspection of the loops further supports the notion that TGR 

Figure 6. The second part of the data for the left ventricular cardiac function assessment by invasive
hemodynamic analysis two weeks after the last doxorubicin injection (i.e., at the end of the experimental
protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) and hypertensive,
Ren-2 transgenic (TGR) rats. End-systolic pressure volume relationship (ESPVR) (A), end-diastolic
pressure volume relationship (EDPVR) (B), left ventricle ejection fraction (C), preload recruitable
stroke work (D), left ventricle wall stress (E), ventricular-arterial coupling (F). * p <0.05 compared with
untreated animals of the same strain. The values are means ± SEM. # p < 0.05 compared with untreated
HanSD rats.

Figure 7 shows representative steady-state loops from the pressure-volume analysis in untreated
and DOX-treated HanSD rats and TGR. Inspection of the loops further supports the notion that TGR
after DOX administration exhibit substantial impairment of systolic function when compared with the
untreated counterparts.
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Figure 8 summarizes the results from echocardiographic evaluation of the RV performed during 
the invasive hemodynamics analysis. As shown, there were no significant differences in the RV 
diastolic diameter and RV ejection fraction between untreated TGR and HanSD rats. The 
administration of DOX did not alter the RV diastolic diameter, either in TGR or HanSD rats. 
However, in both strains, it caused a significant and proportional decrease in RV ejection fraction 
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Figure 7. Representative steady-state loops from the pressure-volume analysis performed in (A)
untreated normotensive, transgene-negative Hannover Sprague-Dawley (HanSD) rats, (B) HanSD rats
two weeks after the last doxorubicin injection (i.e., at the end of the experimental protocol), (C) untreated
hypertensive, Ren-2 transgenic (TGR) rats and (D) TGR after doxorubicin administration. ESPVR,
end-systolic pressure volume relationship (dotted red line). EDPVR, end-diastolic pressure volume
relationship (blue line).

Figure 8 summarizes the results from echocardiographic evaluation of the RV performed during
the invasive hemodynamics analysis. As shown, there were no significant differences in the RV diastolic
diameter and RV ejection fraction between untreated TGR and HanSD rats. The administration of
DOX did not alter the RV diastolic diameter, either in TGR or HanSD rats. However, in both strains,
it caused a significant and proportional decrease in RV ejection fraction (Figure 8B).
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TGR. In contrast, renal NE concentrations were significantly higher in untreated HanSD rats when 
compared with untreated TGR, but the administration of DOX did not change renal NE 
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rats. Administration of DOX resulted in marked increases in plasma and kidney ANG II levels in 
both HanSD rats and TGR, but still the difference between the two strains were maintained 
(significantly higher concentrations in TGR as compared with HanSD rats after DOX treatment). 

Figure 8. Right ventricle function. Assessment of the right ventricle diastolic diameter (A) and right
ventricle ejection fraction (B) by echocardiography after the last doxorubicin injection (i.e., at the end of
the experimental protocol) in normotensive, transgene-negative Hannover Sprague-Dawley (HanSD)
and hypertensive, Ren-2 transgenic (TGR) rats. * p < 0.05 compared with untreated animals of the same
strain. The values are means ± SEM.

2.3. Series 3: Assessment of the Effects of DOX Administration on Plasma and Kidney Concentrations of
Angiotensin II (ANG II), Angiotensin 1-7 (ANG 1-7) and Norepinephrine (NE)

Figure 9A shows that plasma NE levels in untreated HanSD rats and TGR were almost identical
and that administration of DOX elicited significant increases in HanSD rats, but did not alter them in
TGR. In contrast, renal NE concentrations were significantly higher in untreated HanSD rats when
compared with untreated TGR, but the administration of DOX did not change renal NE concentrations,
similarly in HanSD rats or in TGR (Figure 9E). Figure 9B,F show that plasma and the whole kidney ANG
II levels were about twofold higher in untreated TGR than in untreated HanSD rats. Administration of
DOX resulted in marked increases in plasma and kidney ANG II levels in both HanSD rats and TGR,
but still the difference between the two strains were maintained (significantly higher concentrations in
TGR as compared with HanSD rats after DOX treatment).
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Figure 9. Plasma and kidney biochemical parameters. Plasma and kidney norepinephrine (A,E),
angiotensin II (ANG II) (B,F), angiotensin 1-7 (ANG 1-7) (C,G) levels and the ratio of ANG 1-7 to ANG
II (D,H) after the last doxorubicin injection (i.e., at the end of experimental protocol) in normotensive,
transgene-negative Hannover Sprague-Dawley (HanSD) and hypertensive, Ren-2 transgenic (TGR)
rats. * p < 0.05 compared with untreated animals of the same strain. # p < 0.05 versus HanSD rats
exposed to the same protocol. The values are means ± SEM.

Figure 9C,G show that there were no significant differences in plasma and kidney ANG 1-7 levels
between untreated HanSD rats and TGR. DOX administration elicited significant increases in plasma
and kidney ANG 1-7 concentrations in HanSD rats as well as in TGR, but they were more prominent
in TGR.
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Figure 9D,H help to assess the systemic and intrarenal balance between vasodilator and
vasoconstrictor axes of the RAAS expressed as the ratio of ANG 1-7 to ANG II. In previous studies,
including our own [38], this ratio has been validated as a reliable marker of the activity of the vasodilator
axis of RAAS under conditions of vasoconstrictor axis hyperactivity.

Substantially lower values of this index were observed in plasma and kidneys of untreated
TGR versus untreated HanSD rats (about twofold and threefold lower, respectively). In HanSD rats,
the administration of DOX did not change the ratio of ANG 1-7 to ANG II, similarly in systemic and
intrarenal compartments. In contrast, DOX administration resulted in significant increases in this index
in TGR, and in the kidney its values reached the level observed in the untreated HanSD rats.

3. Discussion

The first important finding of the present study is that, two weeks after the end of DOX treatment,
normotensive HanSD rats showed an impairment of cardiac function. Moreover, all the changes
then observed closely resembled “chemotherapy-induced HF with reduced ejection fraction (HFrEF)”
described in humans [4–8,12,13,17–19,39]. In HanSD rats, DOX caused bilateral cardiac atrophy and
impairment of the liver synthetic function (see reduced plasma albumin levels) without affecting
the whole body or other organs’ weight. Remarkably, the finding of marked cardiac atrophy agrees
well with the recent report by Jordan et al. [40] who clearly demonstrated that the recipients of
anthracycline-based chemotherapy showed a 5% decline in myocardial mass as early as six months
post treatment, even under conditions of increased afterload The study by Jordan et al. [40] was a
milestone in the field because, up to this point, most of the surveillance strategies for the detection
of early signs of chemotherapy-induced HF with HFrEF were focused on a serial assessment of LV
ejection fraction to identify LV systolic dysfunction but did not include LV mass evaluation [41,42].

Of particular interest were also the data on systemic and intrarenal RAAS and SNS activities. In
HanSD rats, DOX activated the systemic (but not intrarenal) SNS. Also enhanced were the systemic
and intrarenal activity of the vasoconstrictor and vasodilator axes of the RAAS, however, the balance of
the two axes was maintained. Given the recent finding that an elevated ANG 1-7/ANG II ratio predicts
a beneficial outcome of HF [43], it is reassuring that at least the ratio was not lowered. Importantly,
our biochemical findings indicate that the compensatory activation of neurohormonal systems was at
the initial stage. It is now agreed that such activation is initially beneficial. However, if prominent
and long-lasting, it might be extremely deleterious and substantially contribute to the progression
of HF, which makes it a life-threatening disorder [44–47]. Taken together, our present functional and
biochemical data indicate that, two weeks after the termination of DOX treatment, HanSD rats are
at the very early phase of chemotherapy-induced HFrEF, with the dominant symptom of bilateral
cardiac atrophy.

The second important set of findings is that, compared to HanSD rats, in the TGR model already
at the end of the treatment DOX significantly decreased cardiac output with substantial impairment of
systolic function, and these alterations progressed throughout the two weeks after cessation of the
treatment. Moreover, in addition to bilateral cardiac atrophy and impairment of the liver synthetic
function as observed in HanSD rats, DOX significantly decreased the whole BW and the weight of the
kidney and lungs. Furthermore, besides LV atrophy DOX administration in TGR caused LV dilatation
as indicated by a significant decrease in LV relative wall thickness. We noticed also that TGR subjected
to DOX treatment did not show systemic and intrarenal activation of SNS, whereas there was a marked
activation of both axes of the RAAS. Interestingly, based on the significant increase in plasma and
kidney ANG 1-7/ANG II ratio, activation of the vasodilator axis of RAAS appeared more pronounced.
As reported recently and already mentioned above [42], the increased ANG 1-7/ANG II ratio might be
considered as the beneficial factor slowing down the progression of HF.

Our results indicate that, similarly to HanSD rats, TGR developed chemotherapy-induced HFrEF
after DOX treatment. However, the substantial impairment of LV contractility, as apparent from
decreased (+dP/dt)max, ESPVR, and PRSW, was more pronounced than in HanSD rats. Remarkably,
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despite such an apparent impairment of LV contractility in TGR, when LV ejection fraction was assessed
by the invasive hemodynamic pressure-volume method, the reduction was not more pronounced
in TGR than in HanSD rats, as observed when cardiac function was evaluated by echocardiography.
We cannot provide a fully satisfactory explanation for this discrepancy, but we assume that it is elicited
by methodological factors, in particular by different anesthesia’s employed for these two methods.
Nevertheless, despite this discrepancy, overall, our findings are in agreement with our original
hypothesis that hypertension and augmented activation of the RAAS might accelerate the onset of
DOX-induced HF, and support the previously expressed notion that hypertension and over-activation of
the RAAS constitute major risk factors for the development of chemotherapy-induced cardiomyopathy
and HF [11–15,17,19,39].

In addition, our present findings extend those of Sharkey et al. [48] who found that the delayed
toxic effects of DOX treatment were exacerbated in genetically hypertensive spontaneously hypertensive
rats (SHR) and in rats genetically predisposed to develop hypertension combined with cardiomyopathy.
In general, our present findings strongly support the widespread view that a crosstalk between the
common risk factors can predispose to both cancer and cardiovascular diseases, particularly to heart
failure [49–51].

Taking together the assessment of cardiac function, organ morphology and biochemical data
from our current study and our previous results from the ACF-induced HFrEF model in TGR [52–54],
we propose that after DOX treatment TGR exhibit signs of HFrEF in the phase of compensation
resembling those in HanSD rats but with dominant bilateral cardiac atrophy combined with impairment
of systolic functions.

On the whole, while admitting the limitations of small animal models of HF, they remain an
irreplaceable tool for improving our understanding of various aspects of pathophysiology of HF and
help us develop novel treatment strategies. Our current results indicate that the model of DOX-induced
HFrEF strongly resembles clinical situation in patients with chemotherapy-induced HF. As defined
more than 20 years ago, an optimal animal model of human cardiovascular disease should (i) mimic the
human disease, (ii) allow studies in chronic, stable disease, (iii) produce symptoms which are predictable
and controllable, (iv) satisfy economical, technical and animal welfare considerations, and (v) allow
relevant measurement of cardiac, hemodynamic and biochemical parameters [55]. Based on our current
results and recent reports we believe that all these prerequisites are fulfilled in HanSD rats, as well as
in TGR two weeks after the cessation of DOX administration. Nevertheless, it should be emphasized
that by this time TGR had displayed signs of compensated chemotherapy-induced HFrEF. However,
a closer scrutiny of some data, especially of the analysis of the invasive hemodynamic pressure-volume
studies, suggests that the rats were at the beginning of the transition stage from the compensated to the
decompensated phase of HF. It is important to acknowledge that, in order to undoubtedly define the
stage of transition from the compensated to the decompensated phase of DOX-induced HF in TGR (as
well as in HanSD rats), long term studies evaluating HF-related morbidity and mortality are necessary.
We performed similar studies that characterized the course of HF development in an ACF model in
TGR and HanSD rats [51,56]. However, such studies are very challenging. We characterized the course
of ACF-induced HF in normotensive rats and we found that first deaths occur around the 20th week
and the median survival was around 43 weeks after ACF induction [56] and even if the onset of the
phase of decompensation in TGR after ACF creation is markedly accelerated still the median survival is
about five weeks [52,54,57,58]. It is plausible to assume that, in DOX-induced HFrEF, more long term
studies will be also required and it is apparent that future studies are needed to precisely define the
phases of compensated and decompensated chemotherapy-induced HFrEF in TGR as well as in HanSD
rats. Nevertheless, despite this limitation, on the whole, the present results strongly support the view
that DOX-induced HFrEF, particularly in TGR, is an optimal model to study the pathophysiological
aspects of chemotherapy-induced HFrEF. Therefore, the model should be applied for evaluation of the
urgently needed novel therapeutic strategies to combat this condition.
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4. Methods

4.1. Experimental Animals and HF Induction

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), which is
accredited by the Czech Association for Accreditation of Laboratory Animal Care. Heterozygous
TGR were generated by breeding male homozygous TGR with female homozygous HanSD rats and
age-matched HanSD rats served as controls. The animals were kept on a 12 h/12 h light/dark cycle.
Throughout the experiments rats were fed a normal salt, normal protein diet (0.45% NaCl, 19–21%
protein) manufactured by SEMED (Prague, Czech Republic) and had free access to tap water. Male TGR
and HanSD rats, at the initial age of 8–9 weeks, derived from several litters, were randomly assigned
to the experimental groups.

A simple and well-established procedure for DOX-induced cardiomyopathy followed by HF was
employed, involving six intraperitoneal (i.p.) injections of DOX (Doxorubicin Ebewe 2mg/ml, Ebewe
Pharma, Unterach, Austria), (2.5 mg/kg of body weight) over two weeks, resulting in cumulative dose
of 15 mg/kg of body weight. This method has been frequently used for more than 30 years [59] and
besides its simplicity, it reflects well the human clinical circumstances; the cumulated dose in our
rats corresponds to 550–600 mg/m2 body surface applied in patients. The incidence of DOX-induced
cardiomyopathy with this dose is usually 18% and even higher in hypertensive patients [8,13–18,60].
Control animals received vehicle solution in the same volume (saline solution with lactose at the same
concentration as used for dilution of DOX). It is evident that our experimental approach combines the
advantage of a very simple experimental procedure with high clinical relevance.

4.2. Experimental Design

4.2.1. Series 1: Echocardiographic Assessment of the Longitudinal Changes in Cardiac Function
throughout DOX Administration

The aim of this series was to assess the changes in cardiac morphology during DOX treatment.
Echocardiographic examination was performed three days before the first DOX administration
(basal values), at the end of 2 weeks’ DOX treatment and then after additional two weeks (4 weeks
values). It has been suggested that this time is sufficient to fully develop the signs of DOX-induced
cardiomyopathy [23,24,30,31,59]. Echocardiographic assessment is described in detail in our recent
study [61]. Briefly, the animals were anesthetized with 4% isoflurane combined with 3 L/min
oxygen, the ventral thorax was shaved. During the image acquisition, the rats were maintained
under isoflurane anesthesia (2–2.3%, at oxygen flow of 1 L/min, if necessary the dosage was slightly
adjusted, depending on the animal’s weight, its reaction and breathing), and fixed in the supine
position. For standard measurements of cardiac parameters, B-MODE and M-Mode images were
recorded in parasternal long axis and parasternal short axis view at the papillary muscle level.
Morphological parameters of the LV, including dimension of LV inner diameter, anterior and posterior
walls were measured in M-mode from long and short axis sections as previously described [61].
All ultrasound studies were done by Vevo® 2100 Imaging System with the MS250S transducer
(13–24 MHz), (FUJIFILM VisualSonics, Inc., Toronto, ON, Canada). For each parameter, the mean of
3 optimally obtained measurements was used. The following experimental groups of animals were
examined:

1. HanSD rats + vehicle (n = 8)
2. TGR + vehicle (n = 7)
3. HanSD rats + DOX (n = 8)
4. TGR + DOX (n = 8)

In addition, at the end of each experiment whole heart, LV (assessed as LV+ septum), right ventricle
(RV), liver, kidney and lung weights were measured.
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4.2.2. Series 2: Assessment of Cardiac Function with Invasive Hemodynamic Pressure-Volume Method

The aim of this series was to evaluate the cardiac function by LV pressure-volume analysis two
weeks after the last DOX administration. Based on recent reports [32,33] and the results from Series
1 of the present study, it is known that at this stage the animals show signs of cardiac dysfunction.
The goal was to characterize its degree and to confirm that the rats exhibit signs of compensated HF.
DOX- and vehicle-treated TGR and HanSD rats were prepared as ascribed above. Two weeks after
the last injection, animals were anesthetized with ketamine/midazolam combination (50 and 5 mg/kg
of body weight, respectively; i.p.) and echocardiography and subsequently invasive hemodynamic
evaluation was performed as described in detail in our previous studies [52,62].

Rats were divided into the following experimental groups:
1. HanSD rats + vehicle (n = 12)
2. TGR + vehicle (n = 12)
3. HanSD rats + DOX (n = 14)
4. TGR + DOX (n = 15)

At the end organ weights were assessed as in Series 1.

4.2.3. Series 3: Assessment of the Effects of DOX Administration on Plasma and Kidney ANG II,
ANG 1-7 and NE Concentrations

The aim of this series was to assess the degree of activation of two axes of RAAS: the vasoconstrictor
axis, represented by ANG II concentration and the vasodilatory axis, represented by ANG 1-7
concentration, together with the determination of the sympathetic nervous system (SNS) activation,
represented by NE concentration. It is well known that ANG II concentration under anaesthesia is
higher than in conscious rats and there are also marked differences in the renin secretion in response
to anaesthesia and surgery per se and in the activation of the RAAS between TGR and HanSD rats.
Therefore ANG II, ANG 1-7, and catecholamine concentrations were measured in samples from
decapitated animals by methods described in detail in our recent studies [38,53,54,63].

Animals were exposed to the same experimental protocol as in Series 1 and 2, and were decapitated
two weeks after the last injection of DOX (the same time schedule as in Series 2). The same experimental
groups were evaluated as in Series 1 and 2 (n = 8 in each group)

4.3. Statement of Ethics

The study followed the guidelines and practices established by the Animal Care and Use
Committee of the IKEM, which accord with the national law and with American Physiological Society
guiding principles for the care and use of vertebrate animals in research and training, and were
approved by the Animal Care and Use Committee of the IKEM and, consequently, by the Ministry of
Health of the Czech Republic (project decision 36388/2019-4/).

4.4. Statistical Analysis

Statistical analysis of the data was performed using Graph-Pad Prism software (Graph Pad
Software, San Diego, CA, USA). Statistical comparison of other results was made by Student’s t-test,
Wilcoxon´s signed-rank test for unpaired data or one-way ANOVA when appropriate. Values are
expressed as mean ± SEM. The values of p below 0.05 were considered statistically significant.
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Abbreviations

ACF aorto-caval fistula
ANG II angiotensin II
ANG 1-7 angiotensin 1-7
DOX doxorubicin
(+dP/dt)max maximum rates of pressure rise
(−dP/dt)max maximum rates of pressure fall
ESPVR end-systolic pressure volume relationship
HanSD normotensive, transgene-negative, Hannover Sprague-Dawley rats
HF heart failure
HFrEF heart failure with reduced ejection fraction
LV left ventricle
NE norepinephrine
PRSW preload recruitable stroke work
RAAS renin-angiotensin-aldosterone system
RV right ventricle
SNS sympathetic nervous system
TGR Ren-2 renin transgenic, hypertensive rats
WHO World Health Organization
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with ST-segment elevation 
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Martin Horváth1*, Veronika Horváthová2,3, Petr Hájek1, Cyril Štěchovský1, Jakub Honěk1, 
Ladislav Šenolt3 & Josef Veselka1

We sought to analyse plasma levels of peripheral blood microRNAs (miRs) as biomarkers of ST-segment-
elevation myocardial infarction (STEMI) due to type-1 myocardial infarction as a model situation of 
vulnerable plaque (VP) rupture. Samples of 20 patients with STEMI were compared both with a group of 
patients without angina pectoris in whom coronary angiogram did not reveal coronary atherosclerotic 
disease (no coronary atherosclerosis-NCA) and a group of patients with stable angina pectoris and at 
least one significant coronary artery stenosis (stable coronary artery disease-SCAD). This study design 
allowed us to identify miRs deregulated in the setting of acute coronary artery occlusion due to VP 
rupture. Based on an initial large scale miR assay screening, we selected a total of 12 miRs (three study 
miRs and nine controls) that were tested in the study. Two of the study miRs (miR-331 and miR-151-3p) 
significantly distinguished STEMI patients from the control groups, while ROC analysis confirmed their 
suitability as biomarkers. Importantly, this was observed in patients presenting early with STEMI, even 
before the markers of myocardial necrosis (cardiac troponin I, miR-208 and miR-499) were elevated, 
which suggests that the origin of miR-331 and miR-151-3p might be in the VP. In conclusion, the study 
provides two novel biomarkers observed in STEMI, which may be associated with plaque rupture.

Rupture of a vulnerable atherosclerotic plaque (VP), which leads to acute artery occlusion due to an overlying 
thrombosis, is a potentially devastating situation resulting in acute coronary syndromes (ACS), ischaemic stroke 
and other acute complications of atherosclerosis1–5. Early detection of VP in vivo is essential for effective primary 
prevention of their rupture, which might aid in the reduction of cardiovascular morbidity and mortality6. A 
potent biomarker that would be sensitive enough for the presence of a VP with a reasonable specificity could be 
a very important piece of this puzzle.

MicroRNAs (miRs) are small, non-coding RNA molecules that act as modifiers of gene expression7–9. Once 
they bind to their target mRNA, they may cause its degradation or suppression of its translation7–9. Thus, miRs 
control many cellular processes and play a role in the pathogenesis of various diseases that include atherosclero-
sis7–9. The molecules are very stable, easy to detect with quantitative polymerase chain reaction (qPCR) and are 
relatively tissue specific9–12. Due to these properties, miRs appear to be very suitable biomarkers.

The aim of this study was to identify plasma miRs from peripheral blood samples of patients with 
ST-segment-elevation myocardial infarction (STEMI) that might help quicken its diagnostics or may even be 
used directly as markers of VP. Such biomarkers might be used for the risk stratification of patients and both aid 
in tailoring the primary preventive measures and help as prognostic markers in patients with clinically manifested 
atherosclerosis.
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Results
Baseline characteristics. A total of 60 patients were evenly divided between patients with STEMI (20 
patients, 66.1 ± 9.5years, 85% men), patients with SCAD (20 patients, 65.2 ± 12.5 years, 65% men) and the NCA 
group (20 patients, 56.5 ± 12.9 years, 55% men). Baseline characteristics of the study population are summarized 
in Table 1.

Safety and feasibility. No complications of the sample collection and evaluation were noted. All STEMI 
patients as well as all patients with SCAD were treated with a percutaneous coronary intervention (PCI). No 
complications of the diagnostic angiography or PCI were observed.

Markers of acute coronary syndrome. Amongst the miRNAs associated with ACS, which were se1e-
lected as positive controls, four (miR-146a, miR-145, miR-24 and miR-323p) were significantly up-regulated 
in STEMI: miRNA-146a [STEMI: 2.970 (1.405–6.280) vs. SCAD: 0.760 (0.153–1.845), p < 0.001, STEMI: 2.970 
(1.405–6.280) vs. NCA: 0.660 (0.175–1.370), p < 0.001]; miRNA-145 [STEMI: 1.955 (1.025–4.270) vs. SCAD: 
0.750 (0.223–1.038), p < 0.01, STEMI: 1.955 (1.025–4.270) vs. NCA: 0.490 (0.193–1.178), p < 0.01]; miRNA-
24 [STEMI: 1.675 (0.750–2.693) vs. SCAD: 0.765 (0.185–1.405), p = ns; STEMI: 1.675 (0.750–2.693) vs. NCA: 
0.575 (0.105–0.883), p < 0.01] and miRNA-323p [STEMI: 2.805 (1.268–6.533) vs. SCAD: 0.405 (0.353–1.058), 
p < 0.01; STEMI: 2.805 (1.268–6.533) vs. NCA: 0.675 (0.300–1.670), p < 0.001] (Fig. 1A). MicroRNA-155 was 
not expressed in any of the study groups.

Markers of myocardial necrosis. Both of the miRs that were tested as markers of myocardial necrosis 
(miR-208 and miR-499) were not expressed in any of the study groups. The median level of high-sensitivity tro-
ponin I (hsTnI) did not exceed the cut-off value for myocardial infarction in the STEMI patients at the time of 
blood sample collection (median hsTnI in STEMI 107.6 ng/l). The median time from the onset of chest pain to 
blood sample collection in STEMI was 2.25 hours.

Markers of platelet activation. The relative expressions of miRs associated with platelet activation were 
significantly higher in patients with STEMI: miR-223 [STEMI: 4.810 (1.560–7.100) vs. SCAD: 0.475 (0.165–
1.328); p < 0.0001; STEMI: 4.810 (1.560–7.100) vs. NCA: 0.550 (0.270–0.850); p < 0.0001] and miR-191 [STEMI: 
3.000 (1.473–6.758) vs. SCAD: 0.630 (0.218–1.238); p < 0.001; STEMI: 3.000 (1.473–6.758) vs. NCA: 0.390 
(0.163–0.808); p < 0.0001] (Fig. 1B).

Results of the study microRNAs. Amongst the study miRs, miR-331 and miR-151-3p, were significantly 
up-regulated in patients with STEMI. MicroRNA-518d was not deregulated in any of the study groups.

MicroRNA-331 distinguished patients with STEMI from both control groups [STEMI: 1.830 (0.775–4.313) 
vs. SCAD: 0.585 (0.243–1.050); p < 0.05; STEMI: 1.830 (0.775–4.313) vs. NCA: 0.525 (0.176–1.140); p < 0.01] 
(Fig. 2A). The ROC analysis confirmed the suitability of miR-331 as a biomarker (STEMI vs. NCA: AUC = 0.790 
[95% CI; 0.649–0.931], p = 0.002; STEMI vs. SCAD: AUC = 0.773 [95% CI; 0.625–0.921], p = 0.003) (Fig. 2A). 
The results suggest a sensitivity of 65% and specificity of 85% for distinguishing STEMI patients from NCA with a 
cut-off value of 1.3x. Alternatively, the sensitivity was 65% and the specificity was 80% for separating STEMI from 
SCAD patients with a cut-off value of 1.2x (Fig. 2A).

STEMI SCAD NCA

STEMI 
vs. SCAD 
(p-values)

STEMI 
vs. NCA 
(p-values)

SCAD 
vs. NCA 
(p-values)

Sex (male)-N(%) 17 (85) 13 (65) 8 (40) 0.273 0.008* 0.122

Age (mean ± SD) 66.1 (±9.5) 65.2 (±5) 57.9 (±12.9) 0.789 0.027* 0.077

BMI (mean ± SD) 29.6 (±6.8) 30.1 (±4.7) 29.3 (±4.6) 0.779 0.897 0.606

Arterial hypertension-N (%) 12 (60) 17 (85) 12 (60) 0.155 1.000 0.155

Dyslipidaemia-N (%) 6 (30) 15 (75) 11 (55) 0.010* 0.200 0.320

Diabetes mellitus-N (%) 8 (40) 9 (45) 3 (15) 1.000 0.155 0.082

Smoking-N (%) 13 (65) 11 (55) 4 (20) 0.748 0.010* 0.048*

Stroke-N (%) 1 (5) 2 (10) 1 (5) 1.000 1.000 1.000

Statin-N (%) 2 (10) 14 (70) 11 (55) 0.0002* 0.006* 0.515

ASA-N (%) 11 (55) 17 (85) 12 (60) 0.082 1.000 0.155

Clopidogrel-N (%) 0 (0) 10 (50) 1 (5) 0.0001* 1.000 0.003*

Table 1. Here we provide the baseline characteristics of all three study groups. The data that significantly differ 
between the groups are indicated with an asterisk. *Twenty patients were enrolled in each group. Normally 
distributed data are presented as means ± standard deviation (±SD) and non-normally distributed data as 
medians with interquartile range (IQR). The distribution of the data was evaluated using the D’Agostino and 
Pearson omnibus normality test, the Shapiro-Wilk normality test and the Kolmogorov-Smirnov normality test. 
The differences in the background clinical data between the study groups were evaluated using the Student’s 
t-test.
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The plasma levels of miR-151–3p were also significantly higher in patients with STEMI when compared to 
the control groups [STEMI: 1.430 (0.770–3.370) vs. SCAD: 0.625 (0.223–1.163); p < 0.05; STEMI: 1.430 (0.770–
3.370) vs. NCA: 0.620 (0.243–1.083); p < 0.05] (Fig. 2B). The ROC analysis confirmed a good power to distin-
guish STEMI from the control groups (STEMI vs. NCA: AUC = 0.758 [95% CI; 0.602–0.931], p = 0.005; STEMI 
vs. SCAD: AUC = 0.754 [95% CI; 0.602–0.905], p = 0.006) (Fig. 2B). The sensitivity and specificity for the detec-
tion of STEMI patients when compared with NCA was 70% and 85% respectively with a cut-off value 1.1x. When 
using miR-151-3p to differentiate STEMI from SCAD the sensitivity was 70%, the specificity was 75% usingthe 
cut-off value was 1.1x (Fig. 2B).

An analysis of miR-151-3p and miR-331 was also perfomed. The combination of the two miR did not provide 
a better power to predict STEMI from the control groups in a ROC analysis (STEMI vs. NCA: AUC = 0.790; 
STEMI vs. SCAD: AUC = 0.627).

Discussion
The principle findings of the study may be summarized as follows: (1) most important finding of this research 
is the newly described association between the plasma levels of miR-331 and miR-151-3p and STEMI, (2) the 
results of the positive control miRs demonstrate that the methodology in this pilot study was executed properly, 
3) the results suggest that the source of miR-331 and miR-151-3p is outside of the myocardium since the markers 
of myocardial necrosis were still negative at the time of sampling and 4) the platelet-derived miRs were elevated 
in STEMI, which indicates that the STEMI patients suffered from a type-1 myocardial infarction (T1 MI) due to 
a rupture of a VP13.

Little is known about the molecular biology of miR-331. Its deregulation has been linked to the pathogenesis 
of several types of human cancer14–17. Its down-regulation was observed in a very small study of human abdomi-
nal aortic aneurysm specimens18. Several observational studies have proposed its expression in macrophages19,20. 
Interestingly, this miR is up-regulated in many types of leukaemia, including acute myeloid leukemia, indicating 
its possible association with the monocyte-macrophage system14,17. A study conducted on patients with chronic 
lymphocytic leukaemia found an up-regulation of miR-33114. The authors described a possible association 
between this miR and the suppressor of cytokine signalling 1 (SOCS1) protein, an inhibitor of the Janus kinase/
signal transducer and activator of transcription (JAK/STAT) pathway14. This may be one of the possible links 
between the observed over-expression of miR-331 and STEMI. Up-regulation of SOCS1 has been identified as 
an anti-inflammatory mechanism in atherosclerosis21. MicroRNAs have the ability to block SOCS1, leading to 
a pro-inflammatory response in atherosclerotic plaques22. This pathophysiological mechanism has been previ-
ously described with miR-155, which is however the only positive control that was not deregulated in the present 

Figure 1. Amongst the miRs that were se1elected as positive controls, four (miR-146a, miR-145, miR-24 and 
miR-323p) were significantly up-regulated in STEMI. (A) The relative expressions of miRs associated with 
platelet activation (miR-223 and miR-191) were significantly higher in patients with STEMI. (B) There were 
twenty patients enrolled in each of the three study groups. For the purposes of the comparison between the 
relative expressions of miRs in the three study groups, the Kruskal-Wallis one-way analysis of variance was used.
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study22. Another possible link between miR-331 and VP rupture might be its proposed impact on the phosphati-
dylinositol 3-kinase/protein kinase B (PI3K/AKT) signalling pathway, which has a role in the stabilization of 
VP15,23,24.

The evidence about miR-151-3p is even scarcer. Several studies have observed a relationship with cancer25,26. 
Its association with atherosclerosis has not been reported to date. Liu et al. observed an interaction between miR-
151-3p and STAT3, which regulates the inflammatory response in macrophages27. This is a plausible explanation 
of its deregulation in STEMI. Moreover, the dependence of miR-151-3p expression on the amount of endothe-
lial shear stress, a well-known modifier of atherosclerotic plaque progression and destabilization, has also been 
described28–31. Another possible explanation of its deregulation might be an association with type 2 diabetes 
mellitus, although its prevalence was similarly high in the STEMI and SCAD groups32.

This study established the association between four previously described miRs (miR-146a, miR-145, miR-24 
and miR-323p) and ACS confirming the well-executed methodology. The data are quite unique because they 
were obtained in a study with very well-defined groups. A more general definition of ACS was often used in the 
previously published research in order to simplify patient recruitment12,33. Patients with non-ST segment eleva-
tions myocardial infarction or unstable angina pectoris were frequently included, which may be a source of inac-
curacies when we focus directly on markers of VP rupture12,33. Furthermore, all patients enrolled in this study, 
including the negative controls, had a well-defined coronary anatomy by coronary angiography and well-defined 
background clinical data. Another fact that differentiates our data from previous research is that the levels of miRs 
were determined from peripheral venous blood samples rather than samples obtained directly from the coronary 
arteries or the coronary sinus12,33. This may certainly lead to an inability to detect small differences in miR levels. 
However, we believe that this approach may be much better convertible into common practice.The sole positive 
control that was not upregulated in the study was miR-155.A possible explanation for this inconsistency might 
be that the data about this miR are somewhat uncertain and contradictory7,34. While some studies suggest that its 
upregulation may promote atherosclerosis, others suggested that it may have a protective role or no effect at all. 
The decision to use this miR as a positive control was thus to some extent unfortunate34.

The levels of myocardial enriched miR-208 and miR-499 were not significantly elevated in STEMI patients 
at the time of blood sample collection35. The median level of hsTnI in STEMI was below the cut-off value for 
myocardial infarction at the time of sample collection. These facts suggest that the patients enrolled in the STEMI 
group presented to the hospital before myocardial injury would compromise the results of a study designed to 
detect miRs associated with VP rupture. All STEMI patients had an acute arterial occlusion due to T1 MI con-
firmed on coronary angiography. Since rupture of a thin-cap fibroatheroma is the most common cause of VP 

Figure 2. MicroRNA-331 distinguished patients with STEMI from both control groups. (A) The ROC analysis 
confirmed the suitability of miR-331 as a biomarker. (A) Plasma levels of miR-151-3p were also significantly 
higher in patients with STEMI when compared to the control groups. (B) The ROC analysis yielded a promising 
sensitivity and specificity for the differentiation of STEMI from both control groups (B).
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associated coronary artery thrombosis, we hypothesize that the study miRs may directly be associated with the 
presence of such atherosclerotic lesions36,37. Clearly, this hypothesis remains to be tested in larger studies using 
invasive imaging techniques.

The plasma levels of the platelet derived miR-223 and miR-191 were elevated in STEMI. This suggests that 
the reason for the acute arterial occlusionwas the formation of an intracoronary thrombus in the setting of a T1 
MI. It also suggests an alternative explanation for the elevation of the study miR-331 and miR 151-3p, since their 
origin might be in activated platelets. However, no association between both of the study miRs and platelets has 
been noted to date38,39. Importantly, the study miRs could serve as biomarkers of ACS even if their origin was 
in platelets. Platelet-derived miRs can directly affect gene expression in their neighbouring cells including the 
endothelium40. Such miRs have indeed been proposed as potential prognostic markers in atherosclerosis41.

Present study has several limitations and should thus be appreciated as a pilot project aiming to generate 
hypotheses for further research. The most obvious limitations include its observational design and the relatively 
small study sample12,33. This did not allow us to reliably verify whether the level of study miRs could be influenced 
by some possible confounding factors that were not evenly balanced between the patient groups. The differences 
in baseline clinical data are provided in Table 1. These are mainly due to the different distribution of character-
istics in NCA, which is based on the very indication of coronary angiography in these patients. The relationship 
between the levels of peripheral blood miRs and age has been well-described before, and sex differences should 
not significantly influence the results42. There was no correlation between the level of miR-151-3p of miR-331 
with age in any of the groups. We also did not find any statistically significant difference between the levels of 
both miR-151-3p and miR-331 between sexes in all of the groups. The combination of the two markers as a signa-
ture did not yield better results in our study. The reason for this might be the limited study sample and the close 
correlation between the markers. The prevalence of diabetes mellitus was lower among NCA, which could affect 
the levels of both study miRs, especially miR-151-3p where an association has previously been described32. If we 
assume that the origin of the study miRs might be in platelets, their levels could also be influenced by anti-platelet 
therapy, which was also unevenly distributed between the study groups38,39. We believe that these limitations did 
not corrupt the results. The hypotheses provided in the study will be tested in larger studies which will account for 
the potential confounders and will also provide more insight with invasive imaging techniques.

In conclusion, the study provides two novel biomarkers observed in STEMI, which may be associated with 
plaque rupture.

Methods
Study design and population. A total of 60 patients who underwent coronary angiography (CAG) at the 
same institution were enrolled in this case-control observational study. The study population was divided evenly 
between a cohort of 20 patients with STEMI and two control groups. These were introduced in the study in order 
to determine whether the studied miRs are not only markers of atherosclerosis in general (STEMI vs. NCA), but 
rather potential markers of patients with VPs (STEMI vs. SCAD).

All patients included in the study were ≥18 years old and provided signed informed consent. Patients in the 
STEMI cohort met the definition according to the European Society of Cardiology guidelines (i.e. patients with 
persistent chest discomfort or other symptoms suggestive of ischaemia and significant ST-segment elevation in at 
least two contiguous leads) and had a proven coronary artery occlusion as a culprit on CAG43. The NCA cohort 
consisted of patients without angina pectoris who underwent a clinically indicated coronary angiography that did 
not reveal any atherosclerotic affection of the coronary arteries. In most cases, these were patients with valvular 
heart disease. The SCAD consisted of patients with stable angina pectoris and at least one significant coronary 
artery stenosis (more than 50% stenosis) proven by CAG. The study was approved by the Ethics committee of the 
Motol University Hospital under the reference number EK-1158/18. All research was performed in accordance 
with the relevant guidelines and regulations.

Plasma collection and storage. Peripheral blood samples were collected into 9 ml EDTA tubes. In patients 
with STEMI, the blood was collected immediately after the admission of the patient to the hospital. Blood samples 
of SCAD patients were collected after a significant stenosis was revealed, but always before a PCI was performed. 
The blood samples of NCA patients were collected after the diagnostic CAG yielded a negative result.

Immediately after the collection, the whole blood samples were centrifuged at 1000 g for 10 minutes to sep-
arate plasma from red blood cells. Next, the plasma samples were transferred into DNase/RNase free tubes and 
centrifuged once again at 2000 g for 15 minutes in order to remove platelets from the sample. Finally, the resultant 
plasma was aliquoted per 500 μl into DNase/RNase free Eppendorf tubes and stored at −80 °C.

Total RNA isolation and its quantification. Total RNA was isolated from 100 μl plasma samples using 
the miRNeasy Serum/Plasma kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol and stored 
at −80 °C.

Initial TaqMan screening. In order to identify previously unknown miRs that could be associated with 
VP, we performed an initial screening of a large number of miRs. From the isolated total RNA, we screened 
miRs which were differently expressed between a group of four patients with STEMI and a group of four NCA 
using TaqMan Array microRNA Cards (Thermo Fisher Scientific, Waltham, MA, USA). Screening of miRs in 
plasma samples started with reverse transcription (RT) using Megaplex™ RT Primers, Human Pool A + B v2.1 
(Thermo Fisher Scientific, Waltham, MA, USA) with TaqMan MicroRNA Reverse Transcription Kit (Thermo 
Fisher Scientific, Waltham, MA USA), followed by pre-amplification reaction using MegaplexPreAmp Primers 
(Thermo Fisher Scientific, Waltham, MA, USA) and TaqMan® PreAmp Master Mix (Thermo Fisher Scientific, 
Waltham, MA, USA), finished with quantitative polymerase chain reaction (qPCR) using TaqMan Array Human 

  rejstřík



6Scientific RepoRtS |         (2020) 10:5845  | https://doi.org/10.1038/s41598-020-62835-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

MicroRNA A + B Cards (Thermo Fisher Scientific, Waltham, MA, USA) with TaqMan Universal PCR Master 
Mix, no AmpErase UNG (Thermo Fisher Scientific, Waltham, MA, USA) according to the company-provided 
protocol. The mean of all expressed miRs in TaqMan Array Human MicroRNA A + B Cards was used for the 
normalization of screened miRs.

Based on the results of the screening, we selected a total of 12 miRs for validation on the whole study popu-
lation. Firstly, we selected three study miRs that were significantly deregulated in the initial screening (miR-331, 
miR-151-3p and miR-518d) and have not yet been associated with cardiovascular disease. We further selected 
miR-146a, miR-145, miR-155, miR-24 and miR-323p, which were previously linked to ACS, as positive con-
trols44–49. MicroRNA-208 and miR-499 associated with myocardial necrosis were selected as controls of timely 
sampling, since our aim was to detect miRs associated with plaque rupture rather than myocardial necrosis35. 
Lastly, we selected miR-191 and miR-223 that are associated with platelet activation to prove the formation of 
coronary thrombus due to T1 MI in STEMI41.

Study miR analysis. The selected miRs were first reverse transcribed by particular TaqMan microRNA 
Assays (Thermo Fisher Scientific, Waltham, MA, USA) with TaqMan MicroRNA Reverse Transcription Kit 
(Thermo Fisher Scientific, Waltham, MA, USA) followed by qPCR reaction using specific TaqMan microRNA 
Assays (Thermo Fisher Scientific, Waltham, MA, USA) with TaqMan Universal PCR Master Mix, no AmpErase 
UNG (Thermo Fisher Scientific, Waltham, MA, USA). For all reverse transcription (RT) reactions, thermocycler 
Lab Cycler (Sensoquest, Göttingen, Germany) was used and all quantification reactions were perfomed using the 
QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Spike-in control 
cel-miR-39 (IDT, San Jose, CA, USA), originating from Caenorhabditis elegans, was used for the normalization 
of cell-free miRs. For calculation of miRNA levels was used 2−ΔΔCt method determining fold change in miRNA 
expressions of the patient group relative to the control groups50.

Heparinase I treatment. Patients with STEMI were treated with heparin prior to the admission to the 
hospital and the collection of blood samples. Since, heparin is a well-known inhibitor of RT and qPCR reactions, 
we incubated all STEMI samples with 0.3 U of heparinase I from Flavobacterium heparinum (Sigma-Aldrich, St. 
Louis, MO, USA) per 10 ng of total RNA at 26 °C for 1 h before the RT reaction, according to the protocol pub-
lished by Li and colleagues51–54.

Statistical analysis. Normally distributed data are presented as means ± standard deviation (±SD) and 
non-normally distributed data as medians with interquartile range (IQR). The distribution of the data was 
evaluated using the D’Agostino and Pearson omnibus normality test, the Shapiro-Wilk normality test and the 
Kolmogorov-Smirnov normality test. The differences in the background clinical data between the study groups 
were evaluated using Student’s t-test. For the purposes of the comparison between the relative expressions of 
miRs between the three study groups, the Kruskal-Wallis one-way analysis of variance was used. The power of the 
study miRs to predict STEMI was analysed by the receiver operating characteristic (ROC) curve analysis; the area 
under the curve (AUC) was calculated with 95% confidence intervals (CI). A p-value of ≤0.05 was considered 
to indicate a statistically significant difference. The statistical analyses were performed using GraphPad Prism 
version 6 (La Jolla, CA, USA). We used Binary logistic regression model to combine the levels of miR-151-3p and 
miR-331 as a signature. The combined probability model was then used to assess the power of this signature to 
predict patients with STEMI from the control groups in an ROC analysis. The IBM SPSS Statistics for Windows, 
Version 25.0 (IBM Corp., Armonk, NY) was used solely for this analysis.
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Introduction

Cardiac troponin, natriuretic peptides, adrenomedullin,

and copeptin capture different pathophysiological mecha-

nisms and can be employed in the diagnosis and monitoring

of patients with heart failure (HF).1,2

The mid-regional fragment of proadrenomedullin, copep-

tin, the mid-regional fragment of the precursor of the atrial

natriuretic peptide and N-terminal pro B-type natriuretic

peptide are more stable than biologically active peptides

and are, thus, used as surrogates.3-5 Cardiac troponin can be

measured by highly sensitive cTnI assay based on single

molecule counting (sm-cTnI), which allows measurement

of plasma cTnI concentrations in all healthy individuals.6

Concentration of multiple biomarkers can significantly

change upon exercise, which can be caused both by exer-

cise-induced hemoconcentration7,8 and by various specific

mechanisms such as increased myocardial stress.9 Whether

the biomarker levels drawn after exercise provide addi-

tional prognostic information beyond resting levels

remains unclear. The goal of this study was to analyze the

dynamics of a set of biomarkers during exercise and to

assess whether biomarker measurement immediately after

exercise provides better prognostic information than the

baseline values.

Methods

Patients with stable advanced HF of at least 6 months’

duration with left ventricular ejection fraction < 40% were

enrolled together with controls matched for age, sex and

body composition. Patients with recent (< 3 months) HF

decompensation or potentially reversible left ventricular

dysfunction were excluded. The protocol was approved by

the Institutional Ethics Committee. All study subjects

signed an informed consent. Patients were prospectively

followed, and the adverse outcome was defined as the com-

bined endpoint of death, urgent heart transplantation or ven-

tricular assist device implantation. Subjects underwent

symptom-limited upright cycle ergometry until exhaustion,

and blood was drawn prior to exercise and immediately

after exercise termination. First, we assessed an absolute

change in biomarker concentration. Because the observed

effect on biomarker dynamics could be influenced by hemo-

concentration and achieved workload, we subsequently

performed a correction for both these variables. Hemocon-

centration was calculated as the difference between total

protein (TP) concentrations before and after exercise.10

Data were analyzed using JMP 11 (SAS Institute, Cary,

NC, USA). A full description of the methods is in the

Online Supplement.

Results

The patients enrolled in our study had advanced HF, with

left-ventricle ejection fractions of 24%, average New York

Heart Association functional class of 2.7 and long histories

of HF (mean 7.6 years), but they achieved high degrees of

guideline-recommended HF therapy (97% were receiving

beta-blockers, and 54.5% had implantable cardioverter

defibrillators). During a follow-up of 1050 § 664 days,

55.6% of patients experienced an adverse event. No adverse

events occurred in the control group (Table 1).

Exercise-induced hemoconcentration

Exercise led to significant hemoconcentration as judged

by the changes in TP concentration (Table 1). In patients

with HF and control subjects, hemoconcentration was

directly proportional to the maximum workload achieved.

When adjusted for the maximum workload achieved, no
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difference in the extent of hemoconcentration between con-

trols and patients with HF was found (Supplementary Fig.

1A,B) (Table 1).

Unadjusted exercise-induced changes in biomarker

levels

Exercise induced modest but statistically significant

increases in the levels of all analyzed biomarkers, including

troponin in patients with HF (ΔMR-proANP + 34.2 ng/L,

ΔNT-proBNP + 168.9 ng/L, Δcopeptin + 9.71 ng/L, ΔMR-

proADM+ 0.023 ng/L Δsm-TnI + 0.94 ng/L; values are

given as medians; P< 0.05 for all). In controls, significant

increases were observed only for NT-proBNP (+ 5.68 ng/

L), MR-proANP (+ 14.71 ng/L) and copeptin (+ 8.06 ng/L);

values are given as medians; P< 0.05 for all (Supplemen-

tary Fig. 2).

Adjusted exercise-induced changes in biomarker levels

When absolute changes in biomarker concentrations were

corrected for changes in TP, the increase in NT-proBNP (+

2.82 ng/L for controls, + 36.98 ng/L for patients with HF),

MR-proANP (+7.85 ng/L for controls, + 12.23 ng/L for

patients with HF), and copeptin (+ 7.21 ng/L for con-

trols, + 7.42 ng/L for patients with HF) remained statisti-

cally significant (all values given as medians, P< 0.05),

whereas there was no statistically significant change in sm-

TnI. MR-proADM showed a statistically significant

decrease (�0.04 ng/L for both controls and patients with

Table 1. Characteristics of study subjects

Controls HF P
n = 25 n = 108

Anthropometry
Age, years 50 § 8 54 § 8 0.07
Male gender, % 88 86 0.80
BMI, kg m�2 28 § 3 28 § 4 0.40
Heart failure and comorbidities
Ischemic etiol-
ogy,%

- 47 -

HF duration,
years

- 7.6 -

NYHA functional
class (1-4)

1 § 0 2.7 § 0.6 <0.0001

MLHFQ score
sum

1 § 2 45 § 23 <0.0001

Diabetes 0 (0 %) 33 (31 %) 0.0002
Obesity 6 (24 %) 34 (31 %) 0.466
Anemia 0 % 24 (22 %) 0.009
eGFR, mL.
min�1.1.73m�2

91.2 § 15.0 72 § 22.8 <0.001

Hemoglobin
A1C,%

3.8 § 0.4 5.2 § 2 0.001

Hemoglobin, g.
l�1

152 § 12 143 § 16 0.009

Cardiac function
LV ejection frac-
tion, %

60 § 0 24 § 6 <0.0001

LV end-diastolic
diameter, mm

50 § 5 70 § 8 <0.0001

Left atrium
(PLAX), mm

40 § 1.3 50 § 0.6 <0.0001

RV dysfuncion
grade

0 1.5 § 1 <0.0001

IVC, mm 15 § 12 20 § 16 <0.0001
Medication
Furosemide use,
daily dose, mg

- 96%, 103 § 80 -

Beta-blocker use,
daily dose (0-3)

- 97%, 1.5 § 0.7 -

ACEI or ARB use - 90% -
aldosterone
antagonists use

85%

Cardiopulmonary exercise test
Heart rate rest/
peak, s�1

74 § 9/161 § 16 79 § 12/123 § 24 <0.01

Systolic BP rest/
peak, mmHg

118 § 15/194 § 27 97 § 16/123 § 23 <0.01

Diastolic BP rest/
peak, mmHg

85 § 12/92 § 14 68 § 12/74 § 13 <0.01

Rate-pressure
product

31 317 § 5756 15 241 § 4615 < 0.0001

Work rate, peak,
watt

172 § 50 72 § 27 < 0.0001

Peak VO2, mL.
kg�1.min�1

29.2 § 7 15 § 4 < 0.0001

Respiratory quo-
tient, peak

1.1 § 0.1 1.1 § 0.1 0.238

VE/VCO2 slope 24.2 § 3 35.7 § 10 < 0.0001
Total protein
baseline, g.
dL�1

6.7 § 0.3 7.1 § 0.5 0.004

Total protein
post-exercise,
g.dL�1

7.8 § 0.4 7.6 § 0.5 0.06

Δ total protein/
workload, g.
dL�1.watt�1

0.006 § 0.002 0.008 § 0.005 0.11

Devices
BiV-pacemaker - 7 pts. (6.5%) -
ICD - 33 pts. (30.6%) -

(continued)

Table 1 (Continued)

Controls HF P
n = 25 n = 108

BiV-ICD - 26 pts. (24.1%) -
Follow-up
Follow-up length,

days
- 1050 § 664 -

Alive at follow-
up end

- 39 -

No. of deaths - 23 -
No. of urgent

heart
tranpslants

- 26 -

No. of nonurgent
heart
transplants

- 9 -

No. of mechani-
cal circulatory
support
implantations

- 11 -

Obesity was defined as BMI � 30. Values are means § SD.ACEI,
angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor
blocker; BiV, biventicular; BMI, body mass index; BP, blood pressure;
DM, diabetes mellitus; eGFR, estimated glomerular filtration rate; HF,
heart failure; ICD, International Classification of Diseases; IVC, inferior
vena cava; LV, left ventricle; MLHFQ, Minnesota Living with Heart Fail-
ure Questionnaire; NYHA, New York Heart Association; PLAX, paraster-
nal long axis; RV, right ventricle; VCO2, body carbon dioxide production;
VE, minute ventilation; VO2, body oxygen consumption.
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HF, P< 0.05) (Supplementary Fig. 3). When further

adjusted for achieved workload, both MR-proANP and NT-

proBNP increased more, and a decrease in MR-proADM

was more prominent in patients with HF than in controls

(Fig. 1).

Impact of exercise on prognostic value

Both TP-uncorrected and corrected values revealed that

most biomarkers had statistically significant predictive

powers for outcome both at rest and after exercise. Baseline

and postexercise cTnI concentrations were statistically

Fig. 1. Exercise-induced changes in biomarker concentration adjusted for total protein and normalized for maximal workload achieved.
Data are presented as medians § IQRs. Medians of both control subjects and patients with heart failure were tested for difference from
zero. *P< 0.05. ** P< 0.01. ***P< 0.001. All P values are shown as uncorrected. All Pvalues remained significant after Holm-Bonferroni
correction.
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insignificant. The prognostic values of both hemoconcentra-

tion-uncorrected and -corrected values were almost identi-

cal. Hemoconcentration alone was unrelated to outcome (P

for TP change = 0.78). There was no statistically significant

difference between the prognostic value of biomarker levels

measured after exercise and at baseline (hemoconcentration

corrected) (Fig. 2). Accordingly, receiver operating charac-

teristic analysis showed nearly identical areas under

receiver operating characteristic curves for resting and post-

exercise biomarker levels (Supplementary Table 1).

Discussion

Exercise-induced increase in troponin levels could be

explained by hemoconcentration alone. In contrast,

NT-proBNP, MR-proANP, copeptin, and MR-proADM

showed an exercise-induced component that was indepen-

dent of hemoconcentration. Both baseline and postexercise

biomarker levels provided similar prognostic information.

Hemoconcentration-dependent biomarker changes

Exercise elevates lactate levels and increases extravascu-

lar osmotic pressure. Together with increased arterial pres-

sure and sympathetic activation,7 this leads to fluid transfer

from intravascular to extravascular space and ensuing

hemoconcentration.8,11

This is particularly important in patients with HF who

have impaired increase in cardiac output during exercise,

and hemoconcentration facilitates oxygen extraction.12 The

observed degree of hemoconcentration after adjustment for

achieved workload did not differ between healthy subjects

and patients with HF, as reported previously.7,8

In order to dissect the impact of hemoconcentration from

other potential causes of exercise-induced biomarker dynam-

ics, we corrected the biomarker level for changes in total pro-

tein concentration. The observed increase in unadjusted sm-

cTnI levels in patients with HF became insignificant after

correction for total protein concentration. This suggests that

hemoconcentration is the predominant mechanism leading to

sm-cTnI increase in this cohort with HF with reduced ejec-

tion fraction. This is in accordance with the study by Sabatine

and coworkers who observed an increase in hs-cTnI in

patients with coronary artery disease after a 2-hour delay.6

Hemoconcentration-independent biomarker exercise

dynamics

Adjustment for hemoconcentration revealed significant

exercise-induced dynamics for natriuretic peptide surro-

gates MR-proANP and NT-proBNP as well as copeptin and

MR-proADM. This effect must be due to mechanisms other

than hemoconcentration.13-15 Additional adjustment for

achieved workload revealed larger exercise-induced natri-

uretic peptide changes in patients with HF, suggesting

larger degrees of exercise-induced myocardial stress com-

pared to controls. The dynamics of natriuretic peptides on

exercise have already been studied,16 but the novelty of our

study is the ability to distinguish hemoconcentration-depen-

dent and -independent changes. The rapid dynamics of

natriuretic peptides correspond well with recently proposed

mechanisms of BNP synthesis and release. BNP is likely

produced constitutively also by unstressed ventricles as bio-

logically inactive glycosylated proBNP. Cardiac stress lim-

its the time for proBNP glycosylation and, thus, enables

furin/corin processing, leading to the production of biologi-

cally active BNP.17

The adjustment for achieved workload revealed a larger

decrease of MR-proADM in patients with HF compared to

controls. ADM freely diffuses between blood and intersti-

tium and helps to preserve endothelial integrity; disruption

of the adrenomedullin (ADM) system results in vascular

leakage and systemic and pulmonary edema.18 ADM bind-

ing to endothelial cells may be stimulated by exercise-

induced volume transfer from intravascular to extravascular

space, which may differ between healthy subjects and

patients with HF. Whether the dynamics of the surrogate

biomarker MR-proADM mirrors the action of the biologi-

cally active ADM needs to be further confirmed. The

observed exercise-related decrease in adjusted plasma lev-

els of MR-proADM contradicts previously reported exer-

cise-induced increase13,19 or no change upon exercise.15

However, these studies did not adjust MR-proADM levels

for hemoconcentration.

Fig. 2. Risk of adverse events for pre- and postexercise bio-
marker levels. Forest plot of hazard ratios after performing Z-stan-
dardization is shown. Postexercise biomarker levels are corrected
for hemoconcentration.
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Prognosis assessment

Biomarker levels assessed immediately after the comple-

tion of exercise provided prognostic information similar to

that of baseline values, which is in agreement with previous

studies.20,21 Consequently, detection of exercise-induced

changes in studied biomarker levels does not improve the

prognostic assessment.

Limitations

The study is limited by its observational character and

relatively small sample size. Patients were treated not only

conservatively (i.e., by optimal pharmacotherapy and

implantable cardioverter defibrillator device implantation

and cardiac resynchronization therapy), but some of them

underwent heart transplantation or implantation of mechani-

cal circulatory support, which may bias outcome analysis.

Patients were relatively young but had advanced HF, which

is reflected by the high event rate. The blood was drawn

immediately after exercise; specimens collected at later

time points might have enabled better characterization of

biomarker changes. Importantly, with the exception of TnI,

the biomarkers used in this study are surrogates of the phys-

iologically active molecules that have different half-lives in

circulation and behave differently from their physiologi-

cally active counterparts.

Conclusion

MR-proANP, NT-proBNP, MR-proADM, and copeptin

showed significant hemoconcentration-independent dynam-

ics upon exercise. Biomarker assessment after exercise pro-

vided prognostic information similar to that of baseline

biomarker levels.
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Abstract

A 19-year-old woman with no previous cardiac history was admitted to the hospital with third-degree atrioventricular block
and left ventricular dysfunction. Her condition quickly deteriorated to severe biventricular failure and cardiogenic shock requir-
ing mechanical circulatory support. An endomyocardial biopsy revealed lymphocytic myocarditis with no PCR-detectable viral
genomes, with CD8 T-cell predominance and pro-inflammatory macrophage expansion shown by myocardial flow cytometry.
The therapy consisted of immunosuppression (high-dose methylprednisolone) and temporary mechanical circulatory support
with enhanced ability to achieve left ventricular unloading by combination of extracorporeal membrane oxygenation with
Impella (ECMELLA). After 2 weeks of support, complete and sustained recovery from myocarditis was observed.
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Introduction

Fulminant myocarditis (FM) is a rare and severe form of
myocarditis that presents with sudden onset of acute heart
failure, cardiogenic shock, and/or life-threatening arrhyth-
mias. FM may be viral, bacterial, toxic, or autoimmune in
origin.1,2 The damage of the myocardium may result from
direct cardiomyocyte insult or from indirect injury by
immune-mediated cytotoxicity or tissue oedema. The diag-
nosis and treatment of FM are still a clinical challenge owing
to variability of clinical presentation and limited use of myo-
cardial biopsy. The management often requires intensive
care, inotropic and mechanical circulatory support (MCS),
and sometimes immunosuppressive therapy. Besides
supporting circulation, unloading of the left ventricle by
MCS may lead to additional disease-modifying effects over
time that can be important for enhancing myocardial
recovery.3

Case report

We report a case of a 19-year-old woman with past medical
history of atopic eczema and asthma (chronically treated with
desloratadine, montelukast, and salmeterol/fluticasone) who
presented to a regional hospital after 2 days of gastrointesti-
nal symptoms (diarrhoea and vomiting) with third-degree
atrioventricular block, left ventricular (LV) systolic dysfunction
(LV ejection fraction 40%), elevated cardiac biomarkers (high-
sensitivity troponin T 13 850 ng/L and N terminal pro brain
natriuretic peptide 19 686 ng/L). The condition progressed
quickly to cardiogenic shock requiring inotropes, temporary
transvenous pacing, and tracheal intubation. Coronary angi-
ography showed patent arteries. Within the next day, her sta-
tus further deteriorated with development of severe
biventricular dysfunction, widening of QRS complex (Figure
1A), and multiple organ failure. She was transferred to our
centre for further management. Urgent transfemoral
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veno-arterial extracorporeal membrane oxygenation (VA
ECMO) was introduced. Global LV ejection fraction dropped
to <10% with further QRS widening (Figure 1B).

Right ventricular endomyocardial biopsy (EMB) revealed
diffuse lymphocytic myocarditis, resembling severe cellular
allograft rejection, with interstitial oedema and mild myocyte
necrosis (Figure 2). PCR for detection of viral pathogens in the
EMB specimen was negative (adenoviruses, enteroviruses,
coxsackieviruses, parvoviruses, influenza A and B, herpes sim-
plex virus 1 and 2, human herpes virus 6, varicella zoster vi-
rus, Epstein–Barr virus, and cytomegalovirus).

To comprehensively characterize infiltrating leucocyte sub-
sets, multiparameter flow cytometry (FACS) analysis of EMB
was performed in Dr. Čiháková’s lab at Johns Hopkins Univer-
sity in Baltimore, MD, USA. Detailed description of the
method is provided in the Supporting Information. Samples
were shipped deep-frozen and were processed by cutting, di-
gestion (collagenase II and DNase I), and mechanical dissocia-
tion using gentleMACS (Miltenyi Biotec). Cells were filtered,
re-suspended, and counted. Surface immunostaining was
performed using standard protocols using
fluorochrome-labelled antibodies (eBiosciences, BD Biosci-
ences, and BioLegend). Markers used for immunostaining

were as follows: CD45, TCRαβ, CD4, CD8, CXCR3, CCR6,
CCR7, CCR2, IL23R, CD11b, CD66b, HLA-DR, CD16, CD14,
CD68, and CD19. FACS data were acquired with an
LSRFortessa and analysed with FlowJo v10.4 (Tree Star). Via-
bility of cells based on competence of plasma membrane
was ~12%. As a control, a similar analysis was performed in
an autopsy specimen obtained from an individual without
cardiac disease.

In the myocarditis EMB, we found a shift in the CD4+/CD8+

T-cell ratio of 1:3 as compared with 3:1 in the control, sug-
gesting a predominant cytotoxic CD8 response (Figure 3A).
In both CD4 and CD8 compartments, there was a change
from the predominant naïve/central memory T-cell status
(CCR7+CXCR3+) observed in the control toward a predomi-
nant effector/effector memory phenotype (CCR7negCXCR3+

CD4 T cells and CCR7negCXCR3neg CD8 T cells) (Figure 3B, C),
demonstrating activation of myocardium-infiltrating T-cell
clones. We also observed expansion and functional changes
in the myocardial myeloid compartment. In the autopsy con-
trol, the macrophages were almost exclusively CD14+CD16+

macrophages, whereas in myocarditis EMB sample, we found
mainly pro-inflammatory CD14int/+CD16neg macrophages (Fig-
ure 3D). The latter suggests a pro-inflammatory role of

Figure 1 Twelve-lead electrocardiograms (ECG) (A) at presentation to the hospital, with temporary transvenous pacemaker spikes; (B) prior to ECMO
implantation; (C) sustained monomorphic ventricular tachycardia during further deterioration; (D) prior discharge from the hospital.
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macrophages in supporting the T-cell response. Because of
clear evidence of immune-mediated origin, immunosuppres-
sion with 1 g/day (in 3 days) of methylprednisolone (Solu-
Medrol, Pfizer) and intravenous immunoglobulin G (0.5 g/kg
of body weight; Privigen, Behring) was instituted.

Two days after ECMO implantation, the patient developed
episodes of refractory sustained ventricular tachycardia (rate
224 b.p.m.) requiring cardioversion (Figure 1C), accompanied
by complete LV akinesis and worsening pulmonary gas ex-
change. In order to achieve better venting of stagnating LV
cavity, Impella 2.5 (Abiomed) pump was introduced
transfemorally across the aortic valve. With such ‘ECMELLA’
(ECMO + Impella) configuration,3 prompt stabilization was
achieved. Immediately after ECMELLA, ventricular tachycar-
dia ceased and QRS complex narrowed (Figure 1D). Owing

to continued LV dysfunction after several days, Impella 2.5
was exchanged for Impella 5.0 device introduced via a graft
sewn on right subclavian artery (Figure 4), a device that has
longer durability and full-flow support capability. Immuno-
suppression was continued with oral prednisone 1 mg/kg/
day. On Day 10, echocardiogram showed marked improve-
ment of systolic function of ventricles (left ventricular ejec-
tion fraction > 60%). ECMO was discontinued on the Day
11, Impella was explanted on the Day 13, and the patient
remained haemodynamically stable. Further recovery was un-
eventful, and the patient was discharged after 44 days. At the
discharge, patient had normal cardiac function by echocardi-
ography and cardiac magnetic resonance imaging, without
evidence of late gadolinium enhancement, with normal BNP
and troponin levels, and with incomplete right bundle branch

Figure 2 Lymphocytic myocarditis. Haematoxylin–eosin, original magnification (i) ×200 and (2) ×400. (A) Normal myocardial fibres. (B) Myocardial ne-
crosis with interstitial inflammatory oedema and infiltrate, mostly lymphocytic.
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block in electrocardiogram. Corticosteroids were gradually ta-
pered off, and 360 days after discharge, the patient is in sta-
ble condition, back to school, with 2.5mg/day of bisoprolol as
the only cardiac medication.

Discussion

Older studies suggested that patients with more severe pre-
sentation of myocarditis are more likely to improve cardiac

function over time,1 but recent reports contradicted the
finding.4 Even in patients with lymphocytic myocarditis,
which is considered as more benign variant of FM, event
rates are still high especially if associated with LV dysfunction
or ventricular tachyarrhythmia.5 Early institution of MCS and
early myocardial biopsy to ascertain prognosis and to guide
immunosuppression is critical to successful management of
FM.3,6

While the role of immunosuppression in lymphocytic FM
is not yet fully defined due to lack of randomized human
studies, it may be considered if acute viral infection in the

Figure 3 Composition and activation status of intramyocardial leucocyte compartments. Flow cytometry from endomyocardial biopsy (EMB) tissue
shows (A) CD4/CD8 balance in myocarditis EMB vs. autopsy control (gated on CD3+CD11bnegCD19neg viable cells), showing a reversed CD4/CD8 ratio
in myocarditis. (B, C) Activation status of CD4 T cells and CD8 T cells, respectively, based on CCR7/CXCR3 status, showing in both subsets a shift toward
a predominant CCR7

neg
effector status in myocarditis EMB. (D) Functional subsets of heart infiltrating macrophage/monocytes (gated on CD11b

+
CD19

neg

CD3 should not be in normal case (not in superscript)negCD66bneg viable cells), showing a predominant pro-inflammatory phenotype CD14int/+CD16neg

in myocarditis EMB.
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biopsy is ruled out and if there is high likelihood of autoim-
mune aetiology, for example in patients with pre-existing
autoimmune disease.2 In addition to conventional histology,
we used multichannel flow cytometry of myocardial sample
to better the nature of myocardial inflammation in our pa-
tient. We found striking evidence of CD8 T-cell predomi-
nance, accompanied by activation status of the entire T
lymphoid compartment. The finding resembled acute cellu-
lar allograft rejection, a condition responsive to
high-dosed course of methylprednisolone, which was also
successfully used in our case. Interestingly, CD14int/+CD16neg

macrophages were also involved in the inflammatory mi-
lieu that may contribute to the self-sustained inflammatory
process in situ, supporting the important role of macro-
phages in the development of myocarditis.7 The presence
of normal cardiovascular magnetic resonance (CMR) image
in biopsy-proven myocarditis can be explained by an inter-
val between the biopsy and CMR imaging that were per-
formed already after administration of immunosuppressive
therapy and after resolution of LV dysfunction. The absence
of late gadolinium enhancement on CMR is consistent with
lack of scar development in some patients with
myocarditis.8

Temporary MCS using ECMO increases the chances of
recovery/long-term survival for patients with the most dra-
matic presentations. However, ECMO is often not enough
to achieve decompression of stagnating left ventricle,4,9

which may lead to lung oedema, LV intracavitary thrombus,
and impaired myocardial tissue drainage.3 From the methods
for unloading of ECMO-supported left ventricle, the choice of
intraaortic balloon pump, Impella, or direct surgical LV
venting depends on the individual clinical settings, risk of
the intervention, local experience, and the time expected
for recovery.10 We chose Impella pump because of its feasi-
bility, effective lowering of LV intracavitary pressures,3 and
capability of almost complete support. The dislodgment and
intravascular haemolysis are the potential risks of this device.

Our case suggests that adding Impella to ECMO
(ECMELLA concept) might enhance LV cavity drainage,
which can be important for enhancing myocardial
recovery/remission.11 Rapid resolution of QRS prolonga-
tion, followed by improvement of LV dysfunction after
adding Impella to ECMO support, suggests a possible bene-
ficial role of low end-diastolic LV pressure, with diminished
wall tension, enhanced interstitial fluid clearance, and
higher perfusion gradient for resolution of myocardial
inflammation.3,6 High-flow Impella 5.0 is also very useful
for weaning VA-ECMO circuit, and it allows patient rehabil-
itation in case of longer support.

In summary, our case illustrates that intense haemody-
namic unloading with ECMO and Impella combined with im-
munosuppressive therapy may offer exciting new
therapeutic ability to successfully manage even
life-threatening myocardial inflammation.

Figure 4 Chest radiogram showing venous cannula of extracorporeal membrane oxygenation (ECMO) circuit (black arrow), Impella 5.0 inflow segment
in the left ventricle (red arrow), and outflow segment in aorta (yellow arrow).
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Abstract: Background: The pleomorphic clinical presentation makes the diagnosis of desminopathy
difficult. We aimed to describe the prevalence, phenotypic expression, and mitochondrial function
of individuals with putative disease-causing desmin (DES) variants identified in patients with an
unexplained etiology of cardiomyopathy. Methods: A total of 327 Czech patients underwent whole
exome sequencing and detailed phenotyping in probands harboring DES variants. Results: Rare,
conserved, and possibly pathogenic DES variants were identified in six (1.8%) probands. Two DES
variants previously classified as variants of uncertain significance (p.(K43E), p.(S57L)), one novel
DES variant (p.(A210D)), and two known pathogenic DES variants (p.(R406W), p.(R454W)) were
associated with characteristic desmin-immunoreactive aggregates in myocardial and/or skeletal
biopsy samples. The individual with the novel DES variant p.(Q364H) had a decreased myocardial
expression of desmin with absent desmin aggregates in myocardial/skeletal muscle biopsy and
presented with familial left ventricular non-compaction cardiomyopathy (LVNC), a relatively novel
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phenotype associated with desminopathy. An assessment of the mitochondrial function in four
probands heterozygous for a disease-causing DES variant confirmed a decreased metabolic capacity
of mitochondrial respiratory chain complexes in myocardial/skeletal muscle specimens, which was in
case of myocardial succinate respiration more profound than in other cardiomyopathies. Conclusions:
The presence of desminopathy should also be considered in individuals with LVNC, and in the
differential diagnosis of mitochondrial diseases.

Keywords: desmin; dilated cardiomyopathy; mitochondrial dysfunction; myopathy; non-ischemic
cardiomyopathy; whole exome sequencing

1. Introduction

Desminopathy (OMIM # 601409) represents a group of autosomal inherited disorders caused by
pathogenic variants in the disease-causing desmin (DES) gene, encoding the major muscle specific
intermediate filament protein desmin (OMIM: #125660) [1]. Desmin is the major component of
intermediate filaments in cardiac, skeletal, and smooth muscle cells, with a particularly high content in
Purkinje fibers and diaphragmatic muscle cells [1]. Consequently, cardiomyopathy, cardiac conduction
disease, and progressive skeletal myopathy are the most common clinical presentations of desminopathy.
It may occur as an isolated cardiac disease or in variable combinations and with different onsets. As
summarized in a meta-analysis [1], 49%, 60%, and 74% of individuals harboring a pathogenic DES
variant develop cardiomyopathy, cardiac conduction disease, and skeletal myopathy, respectively. The
most common form of myocardial involvement is dilated cardiomyopathy (DCM) [1–3], followed
by restrictive (RCM) [4–7], arrhythmogenic (ACM) and hypertrophic cardiomyopathy (HCM), and
arrhythmogenic cardiomyopathy pattern [8–11]. On the other hand, there is low evidence regarding
an association between desminopathy and left ventricular noncompaction cardiomyopathy (LVNC).
Importantly, intermediate filaments are essential not only for cellular integrity, organization, and
differentiation, but also for a signal transduction and adequate mitochondrial function [12]. Accordingly,
several experimental [12–14] and clinical [15,16] studies have proven a secondary mitochondrial
dysfunction in desminopathy, which in one case even mimicked mitochondrial disease [16].

The pleomorphic clinical presentation makes the diagnosis of desminopathy challenging.
Fortunately, massively parallel sequencing (MPS) utilizing either cardiomyopathy panels and/or
even whole exome sequencing (WES) aid in the diagnosis of desminopathy regardless of its clinical
presentation. Hereby, we aimed to describe the prevalence of desminopathy and their phenotypes in a
large representative cohort of patients with cardiomyopathy of unexplained etiology using WES.

2. Materials and Methods

A representative cohort of 327 Czech patients with an unexplained etiology of cardiomyopathy
underwent WES between September 2015 and June 2017. The cohort consisted mainly of cases with
familial and sporadic DCM (81%), LVNC (13%), and less frequently of RCM (6%) or ACM (6%). Rare
and possibly pathogenic missense DES variants were identified in 6 (1.8%) index patients from 6
different families (Figure 1).
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Figure 1. (A) shows pedigrees of the affected families and segregation of desmin variants (+/− 
heterozygous status, −/− wild type). In the fourth family (with P4) we  also assessed a segregation of 
the rare variant of MYH7 (NM_000257.3), c.4679G > C, p.(Arg1560Pro), which was present just in P4 
(II/1) and absent in II/3, II/4, III/1, and III/2. (B) summarizes the structure of the desmin gene with 
localization of the detected variants. (C) illustrates the detection of desmin by western blot in 
myocardial samples (P2, P4, P6, control sample; 30ug protein aliquots) with an obvious reduction of 
signal in P4 with left ventricular non-compaction cardiomyopathy (DES-p.(Q364H)). Abbreviations: 
AC = arrhythmogenic cardiomyopathy, AVB = atrioventricular block, DCM = dilated 
cardiomyopathy, DES = desmin, HTx = heart transplantation, LAH = left anterior hemiblock, LVNC 
= left ventricular non-compaction cardiomyopathy, LVSD = left ventricular systolic dysfunction, 
RBBB = right bundle branch block, and RCM = restrictive cardiomyopathy. 

2.1. Clinical Description of Studied Patients and of Their Families 

Comprehensive clinical, laboratory, and electrophysiological data of all index cases were 
collected. Two probands of them (P2, P4) also underwent cardiovascular magnetic resonance 
imaging (Siemens Trio scanner, Siemens Medical Solutions, Erlangen, Germany) as described 
previously [17]. All available relatives undertook cardiologic screening, which included physical 
examination, electrocardiography, and echocardiography as well as a collection of blood samples 
for genetic analysis. Patients with suspected disease-causing DES variants were subjected to a 
detailed neurologic assessment, measurement of serum creatine phosphokinase, nerve 
conductance, and electromyography of two muscles (left vastus medialis and left deltoid muscle), 
as reported previously [17]. 

Figure 1. (A) shows pedigrees of the affected families and segregation of desmin variants (+/−
heterozygous status, −/− wild type). In the fourth family (with P4) we also assessed a segregation
of the rare variant of MYH7 (NM_000257.3), c.4679G > C, p.(Arg1560Pro), which was present just
in P4 (II/1) and absent in II/3, II/4, III/1, and III/2. (B) summarizes the structure of the desmin gene
with localization of the detected variants. (C) illustrates the detection of desmin by western blot in
myocardial samples (P2, P4, P6, control sample; 30ug protein aliquots) with an obvious reduction of
signal in P4 with left ventricular non-compaction cardiomyopathy (DES-p.(Q364H)). Abbreviations:
AC = arrhythmogenic cardiomyopathy, AVB = atrioventricular block, DCM = dilated cardiomyopathy,
DES = desmin, HTx = heart transplantation, LAH = left anterior hemiblock, LVNC = left ventricular
non-compaction cardiomyopathy, LVSD = left ventricular systolic dysfunction, RBBB = right bundle
branch block, and RCM = restrictive cardiomyopathy.

2.1. Clinical Description of Studied Patients and of Their Families

Comprehensive clinical, laboratory, and electrophysiological data of all index cases were collected.
Two probands of them (P2, P4) also underwent cardiovascular magnetic resonance imaging (Siemens
Trio scanner, Siemens Medical Solutions, Erlangen, Germany) as described previously [17]. All available
relatives undertook cardiologic screening, which included physical examination, electrocardiography,
and echocardiography as well as a collection of blood samples for genetic analysis. Patients
with suspected disease-causing DES variants were subjected to a detailed neurologic assessment,
measurement of serum creatine phosphokinase, nerve conductance, and electromyography of two
muscles (left vastus medialis and left deltoid muscle), as reported previously [17].
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The study was approved by the Institutional Review Board´s representing all clinical collaborators
(Institute for Clinical and Experimental Medicine and Thomayer´s Hospital; 1st Faculty of Medicine of
the Charles University and General Faculty Hospital; both Prague) and was conducted in accordance
with the principles of the Declaration of Helsinki. Written informed consent was obtained from
all probands.

2.2. Genetic Analysis and Detection of Variants

To detect causal genetic variants, WES was performed according to internationally accepted
guidelines [18]. Full technical details are provided in the Supplementary Materials. The criteria
for classifying variants as putative disease-causing variants included their rare occurrence (≤0.05%
among control samples), changes in predicted amino acid sequences, conservation across different
species (http://www.ncbi.nlm.nih.gov/BLAST/), segregation within the family, and previously reported
pathogenicity in databases.

Exons with identified variants of the DES gene were PCR amplified (Table S1) from genomic
DNA of all available individuals from the analyzed families and sequenced using the version 3.1 Dye
Terminator cycle sequencing kit with electrophoresis on an ABI 3500XL Avant Genetic Analyzer (both
ThermoFisher Scientific; Waltham, MA, USA). Data were analyzed using Sequencing Analysis software
version 6.0 (both ThermoFisher Scientific; USA) and the segregation of the candidate DES variants
with the phenotype was evaluated.

2.3. In Vitro Analysis of DES Variants

As many but not all pathogenic DES variants cause an abnormal cytoplasmic desmin aggregation,
we constructed for the identified DES variants expression plasmids by site-directed mutagenesis (Agilent
Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. Desmin encoding
parts of all plasmids were verified by Sanger sequencing (Macrogen, Amsterdam, Netherlands). The
plasmid pmRuby-N1-DES and pmRuby-N1-DES-p.(Y122C) have been previously described [19,20].
Previously reported variant DES-p.(Y122C) was used as a positive control forming abnormal cytoplasmic
aggregates [20]. HT1080 cells, which do not express endogenous desmin and cardiomyocytes derived
from human induced pluripotent stem cells (iPSC) (NP00040-8) were transfected using Lipofectamin
3000 (ThermoFisher Scientific) or nucleofection using the 4D Nucleofector (Lonza, Cologne, Germany) in
combination with the P3 Primary Cell 4D Nucleofector Kit according to the manufacturer’s instructions.
The differentiation of hiPSCs has been previously described [21]. Transfected HT1080 cells were fixed
using 4% paraformaldehyde, permeabilized using 0.05% Triton X100, and stained with phalloidin
conjugated with Alexa-488. Transfected hiPSC-derived cardiomyocytes were stained with primary
antibodies against the Z-band protein α-actinin as a cardiomyocytes specific marker (Sigma-Aldrich,
Missouri, MO, USA, #A7732) in combination with secondary antibodies conjugated to Alexa-488
(ThermoFisher). Confocal microscopy was performed as previously described [22].

2.4. Statistical Analysis of Aggregate Formation

A total of 3 to 4 independent transfection experiments were analyzed by counting the number
of aggregate forming cells. Non-parametric Kruskal–Wallis for multiple comparison was performed
using GraphPad Prism version 8.3.0 for Windows (GraphPad Software, San Diego, CA, USA). p-values
<0.05 were considered as significant.

2.5. Histopathology, Immunohistochemistry, Desmin Western Blot, and Electron Microscopy

In 5 probands (P1–P4, P6), formalin-fixed paraffin-embedded samples of myocardium were
available either from endomyocardial biopsy (P2, P3) and/or from hearts explanted during
transplantation (P1, P2, P6) or post-mortem (P4). The samples were snap frozen in liquid nitrogen
and stored at −70 ◦C. Resin-embedded myocardial samples for electron microscopy were analyzed
in 4 patients (P1, P2, P4, and P6). A biopsy of skeletal muscle was performed in 3 individuals with
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clinical signs of myopathy (P4 and P5: Soleus-, P6: Deltoid muscle). In P4, also we obtained
samples of intercostal muscles post-mortem. The excisions from the skeletal muscle (approx.
10 × 5 × 5 mm in size) were snap frozen in isopentane (2-methylbutane; Merck, Kenilworth, NJ,
USA) and cooled in liquid nitrogen. Cryosections were examined by routine hematoxylin–eosin
staining and a conventional spectrum of histochemical reactions, including myofibrillary ATPase,
nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-TR), succinate dehydrogenase
(SDH), and cytochrome c oxidase (COX), as described elsewhere [23].

Desmin immunohistochemistry and electron microscopy were performed on both skeletal muscle
and myocardium samples according to standard protocols (Supplementary Materials).

2.6. Analysis of Mitochondrial Function in Biopsies

Skeletal muscle homogenate (5%, w/v) was prepared from fresh tissue by using a glass-Teflon
homogenizer in a medium containing 150 mM KCl, 50 mM Tris-HCl, 2 mM EDTA, pH 7.4, and 0.2 ug/mL
Aprotinin at 4 ◦C. Mitochondria were isolated from the homogenate by differential centrifugation as
described elsewhere [24]. Heart tissue homogenates (7%, w/v) were prepared from −80 ◦C stored
frozen samples of left and right heart ventricles in 0.32 M sucrose, 10 mM Tris-HCl, 1 mM EDTA, pH 7.4,
and 1µg/mL PIC (protease inhibitor mixture Sigma P8340) using glass-Teflon and glass-glass Dounce
homogenizers. The subsequent methods are described in detail in Supplementary Materials. A western
blot analysis of mitochondrial proteins, measurement of mitochondrial DNA content, measurement
of activities of respiratory chain complexes and citrate synthase [25], high resolution oxygraphy, and
measurement of the content of total coenzyme Q10 were described previously in details and in the
Supplementary Materials.

3. Results

3.1. Description of DES Variants and Their Segregation in Families

Probably disease-causing DES variants in heterozygous constitution were identified in six index
cases (1.8%). Two missense variants were identified within the non-helical head (amino-teminal) domain
of desmin, i.e., in P1 with biventricular form of ACM (NM_001927.3: c.127A>G; NP_001918.3: p.(K43E))
and in P2 with DCM (NM_001927.3: c.170C > T; NP_001918.3: p.(S57L)) (Figure 1, Tables S2 and S3).
Both of them were previously reported in Clinvar database as variants of uncertain significance. In
addition, we analyzed the desmin filament formation in transfected HT1080 and in iPSC-derived
cardiomyocytes, revealing an abnormal cytoplasmic aggregation in the DES-p.(K43E) variant and
known pathogenic DES-p.(R406W) variant (Figure 2). Two novel variants were found in the highly
conserved central α-helical rod domain, i.e., in P3 with familial DCM located in the 1B helical domain
(NM_001927.3:c.629C > A; NP_001918.3: p.(A210D)) and in P4 with familial LVNC in combination
with skeletal myopathy located in the 2B helical domain (NM_001927.3: c.1092G>T; NP_001918.3:
p.(Q364H)) (Figure 1, Tables S2 and S3). The findings in the biopsies are described below. The
remaining two probands had the following known DES pathogenic variants: P5 with ACM and
skeletal myopathy in the 2B helical domain (NM_001927.3: c.1216C>T; NP_001918.3: p.(R406W);
HGMD database ((http://www.hgmd.cf.ac.uk/ac/index.php) CM000368) [6] and P6 with RCM and
skeletal myopathy within the non-helical tail (carboxy-terminal) domain (NM_001927.3: c.1360C > T;
NP_001918.3: p.(R454W); HGMD CM071700) [26] (Figure 1, Tables S2 and S3). Table S4 contains lists
of rare genetic variants of further cardiomyopathy associated genes in all probands (frequency in Exac
database less than 0.00001). Just the variant of MYH7 (NM_000257.3) c.4679G > C, p.(Arg1560Pro) in
proband 4 could be relevant in a patient with LVNC. However, it was not present in other members
of the family tested (II 1, 3, 4; III 1, 2) (Figure 1) and did not co-segregate with the phenotype of
LVNC. Importantly, any pathogenic variants in mitochondrial proteins coded by nuclear DNA or
mitochondrial DNA were not found in these six probands.
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Figure 1 illustrates the segregation of DES variants in families. Family history or clinical screening
revealed a similar cardiac disease in a first-degree relative in P3, P4, and P6 segregating with occurrence
of DES variants (Figure 1, Table S2). In the father of P2, heterozygous for DES p.(S57L) variant, we
observed an incomplete penetrance of the disease with atrioventricular block grade I, right bundle
branch block, left anterior hemiblock, normal echocardiography, and a mild elevation of creatinine
phosphokinase of 6.1 µkat/l (upper limit of normal 2.3 µkat/L) without clinical signs of myopathy.
Cases P1 and P5 seemed to be sporadic (segregation assessed in mother and sister of P1, and three
siblings of P5).
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3.2. Phenotypes of Desminopathy 

The initial clinical presentation included cardiac arrest due to ventricular tachycardia in the 
2nd decennium (P1), complete atrioventricular blockade in the 3rd decennium (P5, P6), and heart 
failure in the 3rd to 5th decennium (P2, P3, and P4). Skeletal myopathy and dysfunction of bulbar 
muscles became apparent during the 4th to 6th decennium in cases 4–6 (Table S2 and S3). An 
unusual clinical presentation had proband 2. A young female presented with acute heart failure, a 
severe systolic dysfunction of mildly dilated left ventricle, persistent elevation of troponin T (> 10 
times the upper limit of normal) (Table S3), and an extensive mid-wall late gadolinium 
enhancement of the septum and anterior wall of the left ventricle (Figure 3). These findings 

Figure 2. Cell transfection experiments of transfected HT1080 cells and iPSC-derived cardiomyocytes.
Mutant and wild-type desmin was expressed with the red fluorescent protein-tag mRuby at the
C-terminus (shown in red). Representative confocal images are shown (A). In case of HT1080 cells,
F-actin was stained using phalloidin-Alexa488 (shown in green) and the nuclei were stained using
4′,6-diamidin-2-phenylindole (shown in blue). In case of iPSC-cardiomyocytes, the cardiomyocyte
marker α-actinin was stained using antibodies (shown in green) and the nuclei were stained with DAPI
(shown in blue). Scale bars represent 10 µm. (B) Quantification of aggregate formation was performed
in three to four independent transfection experiments of HT1080 cells. * p < 0.05 and ** p < 0.01. The
variant DES-p.(Y122C) was used as a positive control forming abnormal cytoplasmic aggregates [20].

3.2. Phenotypes of Desminopathy

The initial clinical presentation included cardiac arrest due to ventricular tachycardia in the
2nd decennium (P1), complete atrioventricular blockade in the 3rd decennium (P5, P6), and heart
failure in the 3rd to 5th decennium (P2, P3, and P4). Skeletal myopathy and dysfunction of bulbar
muscles became apparent during the 4th to 6th decennium in cases 4–6 (Table S2 and S3). An unusual
clinical presentation had proband 2. A young female presented with acute heart failure, a severe
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systolic dysfunction of mildly dilated left ventricle, persistent elevation of troponin T (> 10 times
the upper limit of normal) (Table S3), and an extensive mid-wall late gadolinium enhancement of
the septum and anterior wall of the left ventricle (Figure 3). These findings mimicked inflammatory
cardiomyopathy however, there was no sign of inflammation as assessed by endomyocardial biopsy.
Inflammation was absent also in her heart explanted during transplantation three years later. The
arrhythmogenic left ventricular cardiomyopathy was considered as an alternative diagnosis in P2.
However, her electrocardiogram was unremarkable and ventricular extrasystoles were infrequent.
Proband 4 presented with a unique phenotype of LVNC. Magnetic resonance imaging (Figure 3)
confirmed the diagnosis of LVNC with a percentage of non-compaction within the total left ventricular
mass of 43%. Proband 6 was incorrectly diagnosed with mitochondrial disease based on skeletal
muscle biopsy performed several years ago. This diagnosis was reclassified to desminopathy after
the identification of known pathogenic desmin mutation (p.(R454W)) and morphological analysis of
myocardial samples from the explanted heart. Table S3 illustrates additional clinical and laboratory
data of the study group including echocardiography. During a median follow-up of 56 months (31–182),
five probands (83%) developed end-stage heart failure.
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Figure 3. Cardiovascular magnetic resonance imaging in patients with left ventricular non-compaction
cardiomyopathy (P4) and dilated cardiomyopathy with an extensive late gadolinium enhancement (P2).
(A,B): Four chamber and short axis views of left ventricular non-compaction cardiomyopathy in P4.
(C,D): Two chamber long axis and four chamber views of an extensive late gadolinium enhancement in
the ventricular septum and left ventricular anterior wall mimicking inflammatory cardiomyopathy
in P2.
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3.3. Morphology of Desminopathy in Myocardial and Skeletal Muscle Samples

An immunohistochemical examination of myocardial samples in P1–P3 and P6 showed a diffuse
alteration of desmin distribution in cardiomyocytes with a formation of desmin aggregates revealing
strong immunoreactivity in the cytoplasm (shown in P1, P3; Figure 4A,E). Electron microscopy of
cardiomyocytes in P1, P2, and P6 revealed myofibrillar disruption, streaming Z bands, and deposits
of dense, amorphous granulofilamentous material of variable size and shape (shown in P1, P2;
Figure 4B,C). In addition, we constructed a set of expression plasmids for the six DES missense variants
and transfected HT1080 as a cell model without endogenous desmin expression and iPSC-derived
cardiomyocytes. These experiments revealed a severe intermediate filament formation defect for
DES-p.(K43E) and DES-p.(R406W) underlining their pathogenicity. Furthermore, electron microscopy
of cardiac tissue demonstrated in P2, P4, and P6 focally increased the number of mitochondria, often
in clusters, with loss of mitochondrial spatial organization (P2; Figure 4D). Importantly, desmin
aggregates were absent in myocardial samples of P4 both at immunohistochemical and ultrastructural
analysis. An expression of desmin in myocardium (P2, P4, and P6) was also assessed by Western blot
analysis. There was an obvious reduction of the signal in P4 (Figure 1B).

Samples of the skeletal muscle (P4–P5 m. soleus, P4 intercostal muscle, P6 m. deltoideus) showed
different findings in P4 and P6 as compared with P5. The morphological analysis in P4 and P6 detected
only mild myopathic changes. The light microscopy with hematoxylin-eosin staining showed a marked
variability in fiber size and increased number of internal nuclei (P4; Figure 4F). No inclusions were
observed by light microscopy. Similarly, desmin immunohistochemistry did not reveal any protein
aggregates in the sarcoplasma of P4 and P6 (P4; Figure 4G). In the NADH and SDH reactions, many
fibers did not possess the characteristic checkerboard pattern, and in a proportion of fibers there
was increased oxidative activity at the periphery of the muscle fibers, indicating the pathological
accumulation of mitochondria (P4; Figure 4H). However, no typical ragged red fibers were observed.
The distribution of COX reactivity was altered similarly to a NADH/SDH pattern with very few
COX-negative fibers present (P4; Figure 4I). On the other hand, the muscle biopsy in P5 showed severe
myopathic changes with a large amount of fibro-fatty tissue in the interstitium of the muscle. Desmin
immunohistochemistry confirmed in P5 a diffuse alteration of desmin distribution with a formation of
desmin aggregates in the cytoplasm of muscle fibers.

An ultrastructural analysis of skeletal muscle biopsies revealed a focally increased number of
mitochondria, often in clusters, with an altered distribution in P4 and P6 (P4; Figure 4J) however, no
ultrastructural abnormality in mitochondria morphology was observed. Typical deposits of dense
granulofilamentous material were absent in P4 and were not observed in P6 at the first reading. Thus
the first description of the skeletal muscle biopsy in P6 led to the diagnosis of mitochondrial myopathy.
Nevertheless, the second reading of the skeletal muscle biopsy performed with the knowledge of the
results of genetic tests and abnormal immunostaining of desmin in myocardium discovered a focus of
dense amorphous material in a single fiber at electron microscopy (not shown).
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Figure 4. Illustration of histopathology, immunohistochemistry, and electron microscopy in individuals
with the novel desmin variants. (A): Desmin immunohistochemistry (left ventricular myocardium,
explanted heart, P1) documenting a diffuse alteration of desmin distribution with a formation of desmin
aggregates revealing strong immunoreactivity in the cytoplasm. Original magnification ×400. (B): Electron
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microscopy (left ventricular myocardium, explanted heart, P1) detects amorphous granulofilamentous
material in the cytoplasm of cardiomyocytes compatible with desmin aggregates. Original magnification
×10,000. (C,D): Electron microscopy (left ventricular myocardium, explanted heart, P2). (C):
Pathological dense granulofilamentous inclusions in the cytoplasm of cardiomyocyte. Original
magnification ×12,000. (D): Increased number of mitochondria in cardiomyocyte, often in clusters,
with altered distribution. Original magnification ×8000. (E): Desmin immunohistochemistry (right
ventricular myocardium, endomyocardial biopsy, P3) revealed an abnormal staining of cardiomyocytes
with a formation of desmin positive aggregates. Original magnification ×400. (F–J) Diagnostic skeletal
muscle biopsy specimens, Soleus muscle, P4, original magnification ×400. (F): By light microscopy
with hematoxyllin-eosin, there was a marked variability in fiber size, absent inclusions, and increased
number of internal nuclei. (G): Desmin immunohistochemistry did not reveal any protein aggregates
in the sarcoplasma. (H): Nicotinamide adenine dinucleotide (NADH) and succinate dehydrogenase
(SDH) immunohistochemistry identified few muscle fibers with increased oxidative activity at their
periphery, indicating the pathological accumulation of mitochondria. However, no typical ragged red
fibers were observed. (I): Very few COX-negative fibers were also present. (J): Electron-microscopic
analysis revealed increased number of mitochondria, often in clusters, with altered distribution. No
accumulation of intermediate filaments was observed. Original magnification ×6000.

3.4. Indications for the Pathogenicity of the Novel Desmin Variants

A typical myocardial histopathology and ultrastructure with pathological desmin-immunoreactive
aggregates strongly supported the pathogenicity of desmin variants p.(K43E), p.(S57L), and p.(A210D).
In addition, the desmin filament formation experiments in transfected HT1080 and in iPSC-derived
cardiomyocytes revealed an abnormal cytoplasmic aggregation of DES-p.(K43E). On the other hand,
the pathogenicity of the novel desmin variant p.(Q364H) is supported mainly by decreased myocardial
desmin expression and co-segregation of the above desmin variant in the family in the absence of other
segregating cardiomyopathy-related genes as assessed by WES in the proband.

3.5. Mitochondrial Function and Content in Skeletal Muscle and Heart

An analysis of mitochondrial respiratory enzymes in skeletal muscle homogenates (Table 1)
revealed a decreased activity of citrate synthase in P5, the activity of respiratory chain complex IV, and
the quantity of mitochondrial respiratory chain proteins were decreased (Figure 5A). An oxygraphy
analysis of P6 skeletal muscle fibers further showed a decrease in coupled (state 3-ADP) oxidation of
NADH-dependent substrates (pyruvate +malate) to 35% of the mean of the controls (Table 1). More
consistent data were provided by the analysis of isolated mitochondria from skeletal muscles of P4–P6.
Specific activities of respiratory chain complexes I + III (NADH: Cytochrome c reductase), complex IV
(cytochrome c oxidase), and citrate synthase were decreased to 30%–50% of the mean of the controls.
Both P5 and P6 had a decreased content of coenzyme Q (Table 1). A low specific content of respiratory
chain enzymes, citrate synthase, and porin was further apparent in isolated muscle mitochondria of
P4–P6, with the most pronounced decrease observed in P5 (Figure 5A).
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Table 1. Activities of respiratory chain enzymes in skeletal muscle homogenates (A), muscle fibers
(B), and isolated mitochondria (C) of proband P4–P6. For analysis samples of m. tibialis (P4, P5) or
m. deltoideus sin. (P6) were used. Enzyme activities and Coenzyme Q10 content are expressed per
mg protein.

(A)

Enzyme Activity of Muscle
Homogenates

(nmol/min/mg protein)
P4 P5 P6 Controls

n = 30

Complex IV 130.1 38.1 81.8 68–213
Citrate synthase (CS) 109.5 41.4 97.8 48–128

Complex IV/CS 1.19 0.92 0.84 080–160
Coenzyme Q10 content

(pmol/mg) 282.9 140.5 112.5 180–460

(B)

Respiratory Activity of Permeabilized
Muscle Fibers

(pmol O2/s/mg protein)
P6 Controls

n = 9

ADP-stimulated oxidation of
NADH-dependent substrates 7.4 16–26

ADP-stimulated oxidation of succinate 10.7 9–18
Cytochrome c oxidase respiration 63 43–83

(C)

Enzyme Activity of Isolated
Mitochondria

(nmol/min/mg protein)
P4 P5 P6 Controls

n = 30

Complex I 328.5 230.8 131.2 110–290
Complex I+III 94.1 18.7 53.2 126–316

Complex II 69.7 50.5 49.5 21–93
Complex II+III 174.2 92.9 146.7 82–251

Complex III 303.0 342.7 535.0 200–600
Complex IV 578.4 311.6 236.6 658–1552

Citrate synthase 372.5 240.4 384.2 435–1234

Complex I/CS 0.88 0.96 0.34 0.17–0.41
Complex I+III/CS 0.25 0.07 0.13 0.07–0.27

Complex II/CS 0.19 0.21 0.13 0.04–0.12
Complex II+III/CS 0.47 0.39 0.38 0.35–0.36

Complex III/CS 0.81 1.43 1.39 0.56–1.46
Complex IV/CS 1.55 1.30 0.62 0.82–1.88

Abbreviations: ADP–adenosine diphosphate, ATP–adenosine triphosphate, and NADH–reduced form of
nicotinamide adenine dinucleotide.

Myocardium of two patients with desminopathy (P2, P6) (Table 2) revealed a general decrease
in respiratory chain enzyme activities. An oxidation of NADH and succinate and cytochrome c
oxidase respiration decreased to 20%–55% of the controls and activities of respiratory complexes I+III,
II+III, and IV decreased to 15%–81%, respectively, indicating more extensive impairment in P2 heart
ventricles (Table 2). The impairment of succinate respiration was the most profound with a mean of
277 pmol O2/s/mg. This was much lower than in our historical controls from donor hearts unsuitable
for transplantation (653 ± 244 pmol O2/s/mg, n = 38) and even myocardium explanted during heart
transplantation or ventricular assist device implantation (508 ± 211 pmol O2/s/mg, n = 91) [25]. Western
blot quantification of mitochondrial proteins showed a decrease in specific content of respiratory
chain complexes, also more pronounced in P2, where a very low content of complexes IV and I was
associated with the upregulation of complex II (Figure 5B). Other mitochondrial proteins, as porin
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(shown in Figure 5A) and adenine nucleotide translocator (not shown) were less affected. Analysis of
native forms of respiratory chain complexes by BlueNative electrophoresis (Figure 5C) confirmed a
marked reduction of complexes I and IV in P2 heart and further showed that it led to a pronounced
decrease of high molecular weight respiratory supercomplexes consisting of complexes I, III, and IV.
Similar, yet a smaller decrease of supercomplexes was observed in soleus of R349P desmin knock-in
mouse [15] or heart of desmin knockout mouse [27]. The content of mitochondrial DNA (relative to
nuclear DNA, D-loop/GAPDH, and 16S RNA/GAPDH) was slightly decreased in P6 heart ventricles
(60%–90% of the average value of the controls) but was unchanged in P2 heart. These data indicate mild
to pronounced attenuation of the energetic function of mitochondria due to a decreased content and
activity of respiratory complexes and supercomplexes in failing hearts of patients with desminopathy.
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Figure 5. Western blot detection of mitochondrial proteins in skeletal muscle and heart. Analysis
of SDS-PAGE resolved proteins from (A) muscle homogenates (6 µg protein aliquots) and isolated
muscle mitochondria (2 µg protein aliquots) demonstrated a pronounced decrease of respiratory chain
complexes (CI-CV), citrate synthase (CS), and porin in skeletal muscle of P5 compared to controls
(C), P4 and P6 were less affected. Analysis of (B) heart homogenates (4 µg protein aliquots) from left
and right heart ventricles (LV, RV) demonstrated a marked decrease of respiratory chain enzymes in
P2 and a mild decrease in P6 compared to controls (C). CS and porin were less affected. BlueNative
electrophoresis (C) further showed a marked decrease of native respiratory supercomplexes consisting
of CI + CIII + CIV in P2 heart ventricles (12 µg protein aliquots).
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Table 2. Activities of respiratory chain enzymes and mtDNA content in hearts of proband 2 and 6.

Respiratory/Enzyme
Activity

P2
Left

Ventricle

P2
Right

Ventricle

P6
Left

Ventricle

P6
Right

Ventricle

Controls
n = 38

(pmol O2/s/mg)
NADH respiration 245 203 448 229 235–2356

Succinate respiration 295 242 254 319 365–1529
Cytochrome c

oxidase respiration 766 991 1003 1047 561–4120

(nmol/min/mg)
Complex I+III 26.1 30.3 145.1 83.9 44–386

Complex II+III 88.0 71.3 59.5 56.7 27–195
Complex IV 262.6 432.4 430.5 276.8 389–1989

Citrate synthase (CS) 915.9 975.2 562.2 483.6 446–1207

(activity ratio)
Complex I+III/CS 0.03 0.03 0.26 0.17 0.09–0.63
Complex II+III/CS 0.10 0.07 0.11 0.12 0.04–0.37

Complex IV/CS 0.29 0.44 0.77 0.57 0.54–2.60

mtDNA content
(2−∆Ct)

D-loop/GAPDH 4980 5499 2863 3592 2052–10519
16S RNA/GAPDH 11629 10914 8017 7299 3715–15843

Enzyme activities are expressed per mg protein, mtDNA content is expressed as 2−∆Ct value indicating the number
of mtDNA copies per a haploid genome. Abbreviation: GADPH–glyceraldehyde 3-phosphate dehydrogenase.

As changes in mitochondria energetic function can affect a generation of reactive oxygen species,
the content of antioxidative enzymes was analyzed by Western blot analysis in skeletal muscle and
heart samples from patients with desminopathy (Figure 6). Both P4 and P5 muscle homogenates
revealed highly increased glutathione reductase (GR) and superoxide dismutase 1 (SOD1) as well as
a variable increase of catalase (CAT) and superoxide dismutase 2 (SOD2). Higher CAT was found
in P5 isolated mitochondria, while the most increased SOD1 was of extra-mitochondrial origin (also
apparent from the SOD1/SOD2 ratio). An increased content of GR and SOD1 was also found in heart
ventricles of P6.
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Figure 6. Western blot detection of antioxidative enzymes in skeletal muscle and heart. Both P4 and P5
muscle homogenates revealed variable increase in antioxidative enzymes glutathione reductase (GR),
catalase (CAT), and superoxide dismutases 1 and 2 (SOD1, SOD2). Increased content of CAT, GR, and
SOD1 was also found in heart ventricles of P6. Protein aliquots–muscle homogenate 30 µg, muscle
mitochondria 15 µg, and heart homogenate 20 µg. For comparison, citrate synthase signal (CS) from
Figure 5 is shown.
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4. Discussion

Firstly, the prevalence of desminopathy in a large cohort of patients with an unexplained
etiology of cardiomyopathy assessed with WES was 1.8%. Secondly, the presence of pathological
desmin aggregates in myocardial/skeletal muscle samples of P1–P3 and decreased myocardial desmin
expression in P4 suggested a pathogenicity of two novel DES variants and two DES variants previously
classified as of uncertain significance. Thirdly, a pathogenicity of one variant of uncertain significance
(DES-p.(K43E)) was supported also by abnormal desmin filament formation and its cytoplasmic
aggregation in transfected HT1080 cells and in iPSC-derived cardiomyocytes. Fourthly, we provided
further evidence for LVNC as a novel phenotype of desminopathy. Fifthly, we described secondary
mitochondrial dysfunction in skeletal muscle and in myocardium, which was in case of myocardial
succinate respiration more profound than in end-stage heart failure of other etiology. To the best of
our knowledge, this seems to be the first comprehensive description of mitochondrial dysfunction in
human myocardium affected by desminopathy. Finally, secondary mitochondrial dysfunction and/or
an extensive left ventricular late gadolinium enhancement in desminopathy may imitate a primary
mitochondrial disease or an inflammatory cardiomyopathy.

4.1. Clinical and Histopathological Correlates of Desminopathy

The majority of 68 pathogenic desmin variants that were reported so far are missense or small
in-frame deletion variants localized in the helical rod domain [26,28]. A phenotype-genotype correlation
meta-analyses revealed that pathogenic variants in the rod 2B domain of DES are common among
patients with both skeletal and cardiac muscle phenotype, whereas head and tail domain pathogenic
variants result mainly in clinically isolated cardiac phenotype [1,29,30]. In agreement with these
findings, we found that two DES variants in head region (p.(K43E), p.(S57L)) and one novel DES
variant (p.(A210D)) in the 1B helical domain had in probands isolated cardiac involvement. On the
other hand, the novel DES mutation located in the 2B helical domain (p.(Q364H)) and two known DES
variants (p.(R406W), p.(R454W)) affected both the cardiac and skeletal muscle.

Immunohistochemistry revealed pathological desmin aggregates in skeletal or cardiac myocytes
in five probands from our study group. Importantly, desmin aggregates were absent in the deltoid
muscle of proband 6 (DES-p.(R454W)), but present in her myocardial samples. Desmin aggregates were
completely absent in proband 4 (DES-p.(Q364H)). Immunohistochemistry and electron microscopy of
diagnostic muscle soleus biopsy and post-mortem myocardial and intercostal muscle samples failed
to detect any pathological protein aggregates. Interestingly, Western blot analysis of the myocardial
sample showed a decreased expression of desmin suggesting decreased protein synthesis. This is in
agreement with the experience of pathologists that myopathological findings in genetically proven
desminopathies may range from no overt pathology over subtle myopathic changes with sporadic
protein aggregates to the picture of a vacuolar myopathy [31]. An absence of desmin aggregates has
been recently documented both in autosomal dominant [32] and autosomal recessive [33] desminopathy.

4.2. Novel Cardiac Phenotypes of Desminopathy

In addition to known cardiac phenotypes of desminopathy like DCM, RCM HCM, and
ACM [1,28,29], we observed LVNC as a relatively novel phenotype. So far, DES variants have
been associated with LVNC just in a few individuals [34–37]. The first report from Arbustini et al. [34]
described a family with a segregation of DES variant p.(G84S) with non-obstructive hypertrophic
cardiomyopathy and one case of LVNC. Another group [35] reported one sporadic case of LVNC in
a child with a DES variant p.(L398P). An occurrence of two cases of LVNC in one family has been
recently associated with an in-frame mutation of desmin p.(Q113_L115del) affecting the α–helical
rod domain [36] with a formation of typical desmin-immunoreactive aggregates. We expanded the
available evidence by a description of another familial occurrence of two cases of LVNC associated
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with the desmin variant p.(Q364H) with a decreased myocardial expression of desmin and absent
desmin aggregates in myocardial/skeletal biopsy.

Recently, a novel phenotype of desminopathy describing left ventricular arrhythmogenic
cardiomyopathy was reported to have a significant amount of subepicardial fibrosis [32]. A similar
phenotype had our P2, which mimicked inflammatory cardiomyopathy by an extensive late gadolinium
enhancement in the left ventricle and persistent elevation of cardiac troponins. However, ventricular
ectopy and an inversion of T waves in inferior and precordial leads were absent. Taken together, the
presence of desminopathy should be considered also in unexplained cases of LVNC and non-ischemic
left ventricular systolic dysfunction with an extensive subepicardial or intramural fibrosis.

4.3. Mitochondrial Dysfunction in Desminopathy

Desminopathy may also imitate a mitochondrial disease, as was shown by Mc Cormic et al. [16].
The presence of SDH positive/COX negative muscle fibers, decreased activities of mitochondrial
respiratory chain enzymes, and reduced mitochondrial DNA content in skeletal muscle biopsy lead
to the suspicion of mitochondrial disease. We observed similar findings in our patient (P6) with an
absence of desmin aggregates and signs of mitochondrial dysfunction in deltoid muscle biopsy. The
correct diagnosis in our case provided genetic testing and immunostaining of myocardial samples.

Studies in desmin null mice and patients with recessive desmin-null muscular dystrophy
revealed abnormalities in nuclear and mitochondrial localization and morphology, as well as impaired
mitochondrial respiratory capacity [13,14]. Secondary mitochondrial dysfunction was also confirmed
by Schröder et al. [38] and Vincent et al. [39] in skeletal muscle biopsies of heterozygous patients with
desminopathy. Furthermore, Vincent et al. [39] reported a deficiency of respiratory chain complex I
and IV compared to age matched controls and a low mitochondrial mass compared to controls. Our
morphological and functional data from skeletal muscle samples are in agreement with the above
mentioned studies and further evidence [40,41]. We observed a variable mitochondrial dysfunction
characterized by a decreased expression of mitochondrial respiratory chain components and other
mitochondrial proteins, as well as decreased enzyme activities, suggesting secondary changes in
mitochondrial energetic function. The upregulation of several anti-oxidative enzymes, in particular
that of superoxide dismutase 1 in homogenates, but not in isolated mitochondria, indicated increased
antioxidative defense outside mitochondria.

Novel findings provided our analysis of myocardial energetic function in the explanted failing
hearts of two probands with desminopathy. In one case harboring p.(R454W) desmin tail mutation
we found a mild decrease in the content and activities of respiratory chain complexes while in the
other case with p.(S57L) mutation in the desmin head region was present a very pronounced decrease
in mitochondria proteins and an alteration of the bioenergetics function. Interestingly, changes in
respiratory chain enzymes thus also caused a downregulation of respiratory supercomplexes that
are expected to modulate the catalytic function as well as reactive oxygen species production by the
respiratory chain [42]. This was associated with a decrease in several marker proteins of different
mitochondrial compartments suggesting a complex mitochondrial dysfunction. The most pronounced
was the impairment of myocardial succinate respiration, which was in our patients with desminopathy
more profound than in end-stage heart failure of other etiologies.

4.4. Study Limitations

There are several limitations to our study. First, the small study group size reflects the rare
occurrence of desminopathy and may limit the general applicability of the study results. Secondly, the
small size of affected families limited the segregation studies. However, WES enabled us to exclude
the presence of other pathogenic variants in cardiomyopathy- and skeletal myopathy-related genes,
including genes coding mitochondrial proteins. Thirdly, an assessment of the mitochondrial function
in tissues was possible only in a subgroup of patients with a clinical indication to biopsy or undergoing
cardiac surgery. Finally, decreased desmin expression in P4 with a missense variant of DES might be
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related to replacement fibrosis of the myocardium or epigenetic factors. Unfortunately, we cannot
provide data supporting any of these hypotheses.

5. Conclusions

Desminopathy is a rare cause of cardiomyopathy and/or skeletal muscle myopathy with a
pleomorphic clinical presentation and poor prognosis. This diagnosis should also be considered
in individuals with LVNC. Differential diagnosis also includes mitochondrial and inflammatory
myocardial diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/9/4/937/s1,
Table S1 Primers for PCR Amplification of DES for segregation analysis in families, Table S2 Main clinical
characteristics of probands, Table S3 Additional clinical, electrocardiographic, laboratory and echocardiographic
data of probands, Table S4 Rare variants of non-desmin genes in probands, frequency in Exac database less than
0.00001.
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Abbreviations and Acronyms

ACM arrhythmogenic cardiomyopathy
CAT catalase
COX cytochrome c oxidase
DCM dilated cardiomyopathy
DES desmin gene
GADPH glyceraldehyde 3-phosphate dehydrogenase
GR glutathione reductase
HCM hypertrophic cardiomyopathy
LVNC left ventricular non-compaction cardiomyopathy
NADH reduced form of nicotinamide adenine dinucleotide
MPS massively parallel sequencing
RCM restrictive cardiomyopathy
SDH succinate dehydrogenase
SOD superoxide dismutase
WES whole exome sequencing
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Abstract: The COVID-19 pandemic presents several challenges for managing patients with acute
coronary syndrome (ACS). Modified treatment algorithms have been proposed for the pandemic.
We assessed new algorithms proposed by The European Association of Percutaneous Cardiovascular
Interventions (EAPCI) and the Acute Cardiovascular Care Association (ACCA) on patients with
ACS admitted to the hospital during the COVID-19 pandemic. The COVID-19 period group (CPG)
consisted of patients admitted into a high-volume centre in Prague between 1 February 2020 and
30 May 2020 (n = 181). The reference group (RG) included patients who had been admitted between
1 October 2018 and 31 January 2020 (n = 834). The proportions of patients with different types of ACS
admitted before and during the pandemic did not differ significantly: in all ACS patients, KILLIP III-
IV class was present in 13.9% in RG and in 9.4% of patients in CPG (p = 0.082). In NSTE-ACS patients,
the ejection fraction was lower in the CPG than in the RG (44.7% vs. 50.7%, respectively; p < 0.001).
The time from symptom onset to first medical contact did not differ between CPG and RG patients in
the respective NSTE-ACS and STEMI groups. The time to early invasive treatment in NSTE-ACS
patients and the time to reperfusion in STEMI patients were not significantly different between the
RG and the CPG. In-hospital mortality did not differ between the groups in NSTE-ACS patients
(odds ratio in the CPG 0.853, 95% confidence interval (CI) 0.247 to 2.951; p = 0.960) nor in STEMI
patients (odds ratio in CPG 1.248, 95% CI 0.566 to 2.749; p = 0.735). Modified treatment strategies
for ACS during the COVID-19 pandemic did not cause treatment delays. Hospital mortality did
not differ.

Keywords: acute coronary syndrome; COVID-19; modified treatment; delays; outcome

1. Introduction

The global threat of COVID-19 and strict epidemiological containment measures have
a significant impact on patients with acute coronary syndrome (ACS) in terms of contact
with healthcare providers and treatment logistics after the first medical contact (FMC).
The European Association of Percutaneous Cardiovascular Interventions (EAPCI) and the
Acute Cardiovascular Care Association (ACCA) have proposed modified diagnostic and
treatment algorithms for the COVID-19 outbreak [1].

The Czech Republic recorded some of the lowest numbers of confirmed COVID-
19 cases and the lowest mortality rate in Europe during the first wave of the pandemic
in spring 2020 [2]. Although the hospital system was partially re-organised, in general,
there were no admission restrictions for patients with ACS.

We investigated the secondary impact of the COVID-19 pandemic on patients with
ACS who were admitted to a high-volume centre in a country that was not severely affected
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by the initial COVID-19 wave but that implemented the algorithms proposed by the EAPCI
and ACCA.

2. Methods

We created a prospective registry of patients with ACS admitted to the University
Hospital Královské Vinohrady Cardiocentre, Prague, Czech Republic, in September 2018
(supported by the EU project INTERCARDIS–INTERventional treatment of life-threatening
CARdiovascular DISeases with the cooperation of project partner Medtronic). Consecu-
tive patients admitted with confirmed ACS were entered in the registry from 1 October
2018. ACS types were defined according to the European guidelines for acute myocar-
dial infarction with ST elevation (STEMI) and guidelines for ACS without ST elevation
(NSTE-ACS) [3,4]. Data concerning 214 parameters including clinical characteristics, angio-
graphic, laboratory and therapeutic findings, and financial costs and hospital outcomes
were obtained for all patients. The registry was approved by the local ethics committee.

Patients admitted to hospital between 1 February and 30 May 2020 were included
in the COVID-19 period group (CPG). The first social media reports of COVID-19 in
other countries appeared in February, and the first case of COVID-19 disease in the Czech
Republic was identified on 1 March 2020, followed by strict government restrictions and
school closures on 10 March 2020. Major easing of restrictions was approved by the
government on 25 May 2020. During the COVID-19 period, our centre used the diagnostic
and treatment strategy algorithms recommended by the EAPCI and ACCA for patients
with ACS [1].

Diagnostic and therapeutic procedures for patients with stable coronary syndromes
were postponed or managed according to risk stratification, which was usually conducted
by phone contact. All acutely admitted patients were tested for SARS-CoV-2 immediately
after admission, and the test results were received within 4–6 h (laboratory testing was
performed three times daily). All patients were managed as possible COVID-19-positive
until negative test results were confirmed, with healthcare workers using appropriate
personal protective equipment. However, the use of invasive management was guided by
clinical presentation. Patients with ongoing ischemia, STEMI, and very high-risk NSTE-
ACS patients underwent immediate invasive management, and SARS-CoV-2 testing was
performed afterwards. A strategy for complete revascularisation within one hospital stay
was established.

The reference group (RG) included all patients entered into the registry between
1 October 2018 and 31 January 2020. The RG was divided into four four-month peri-
ods to compare the number and type of ACS within the four-month COVID-19 period.
Additionally, the clinical characteristics, times to FMC and treatment, length of stay in
the intensive care unit (ICU) and total hospital stay (calculated only in patients who were
not transferred back to regional hospitals after the initial treatment), hospital outcomes
(in-hospital patient mortality and major adverse clinical events during hospitalisation
including death, re-infarction, stroke and significant bleeding (Bleeding Academic Re-
search Consortium class > 2) and financial costs were compared between the CPG and RG.
The calculation of financial costs was based on a model used nationally for diagnosis-related
group costing and, for the needs of this project, was approved for the catheterisation labora-
tory. With the exception of expensive materials (e.g., coronary stents) and expensive drugs,
which were directly registered for the patient, all expenses, including the costs of medical
staff, were calculated using the cost drivers of the cost centres that provided health services,
such as length of stay in bed, duration of surgery and points of procedure. The price unit
calculation was based on the annual cost value of the cost centre. The costs were calculated
in Czech crowns and then converted to euros according the exchange rate of the Czech
National Bank on 2 July 2020.
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Statistical Analyses

The Kolmogorov–Smirnov test or Shapiro–Wilk test was used to test for normality of
the data set distribution. Continuous variables with non-normal (log-normal) distributions
are expressed as box plots where the central line indicates the median. Continuous variables
with normal distributions are expressed as means ± standard deviations (SDs). Between-
group differences were assessed using the Mann–Whitney U-test or Kruskal–Wallis test
for non-normally distributed variables and Student’s t-tests for normally distributed data.
The chi-square test or Fisher’s exact test was used to assess the difference between cate-
gorical variables. We also compared risk of mortality between groups expressed as odds
ratio with a confidence interval (OR, CI). p-values < 0.05 were considered to indicate
statistical significance. All statistical analyses were performed using SPSS version 26
(IBM Corp., Armonk, NY, USA). Graphical analysis was performed in Sigmaplot version
14 (Systat Software Inc., San Jose, CA, USA).

3. Results
3.1. ACS Types

The CPG consisted of 181 patients, and 834 patients were included in the RG.
The proportion of acute myocardial infarction without ST-segment elevation (NSTEMI)
and STEMI cases admitted in the months prior to the outbreak of COVID-19 and during
the COVID-19 period were not significantly different (Figure 1). Although the number of
patients with unstable angina admitted during the COVID-19 period (n = 23) was lower
than that admitted in the previous 4-month blocks (39, 40, 37 and 46 patients, respectively),
the difference was not statistically significant (p = 0.138).
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Figure 1. Number and types of acute coronary syndrome admitted during the four reference peri-
ods and the COVID-19 period (NAP—non-stable/unstable angina pectoris, NSTEMI—myocardial
infarction with persistent ST elevation), STEMI—myocardial infarction with ST elevation).

3.2. Patient Characteristics

Table 1 shows the demographic and clinical characteristics of the CPG and RG pa-
tients according to ACS type (NSTE-ASC and STEMI). Age and medical history were not
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significantly different between groups; however, some clinical aspects were worse in CPG
patients than in those in the RG. Among patients with NSTE-ACS, the ejection fraction was
lower in the CPG patients than in those in the RG (44.7% vs. 50.7%, respectively; p < 0.001).
In all ACS patients, a non-significant, higher percentage of CPG patients presented with
KILLIP III-IV class at admission (13.9% vs. 9.4%; p = 0.082).

3.3. Time Intervals and Treatment Strategies
3.3.1. NSTE-ACS Patients

The time from symptom onset to FMC and electrocardiogram (ECG) was less than
24 h in 49% of the CPG and in 46% of the RG (p = 0.588). Coronary angiography was
performed in 99% of the patients in the CPG and in 99.8% of those in the RG. Of those,
the procedure was performed within 24 h of admission in 49% of patients in the CPG and
in 44.5% of those in the RG (p = 0.462).

3.3.2. STEMI Patients

The time from symptom onset to FMC did not differ between the CPG and RG patients
admitted to the hospital within 24 h of symptom onset (Figure 2); however, 30% of the CPG
patients and 33% of the RG patients presented with subacute STEMI (time from symptom
onset to FMC longer than 24 h; p = 0.728). The time from FMC to vessel recanalization did
not differ between the RG and CPG (Figure 2).
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The treatment strategies for NSTE-ACS and STEMI did not differ for the CPG and RG
patients in the respective diagnostic groups (Figure 3).
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Table 1. Patient’s demographic and clinical characteristics

NSTE-ACS STEMI

RG CPG p-Value RG CPG p-Value

Age, mean (SD) 69.5 ± 11.6 70.4 ± 10.6 0.503 65.8 ± 13.1 65.2 ± 12.4 0.9
Male sex. N (%) 381 (73.1%) 81 (78.6%) 0.270 203 (64.9%) 55 (70.5%) 0.423
History of MI, n (%) 165 (31.9%) 24 (24.2%) 0.153 38 (12.3%) 16 (21.1%) 0.05
History of stroke, n (%) 69 (13.3%) 11 (10.8%) 0.628 17 (5.5%) 7 (9.2%) 0.286
Diabetes mellitus, n (%) Diet 31 (6.0%) 4 (3.9%) 0.38 19 (6.1%) 4 (5.2%) 0.366

PAD 115 (22.1%) 17 (16.5%) 55 (17.7%) 11 (14.3%)
Insulin therapy 50 (9.6%) 10 (9.7%) 28 (9.0%) 3 (3.9%)

Hypertension, n (%) 408 (78.6%) 79 (77.5%) 0.793 182 (58.9%) 46 (60.5%) 0.896
Hyperlipidaemia, n (%) 244 (47.1%) 40 (39.2%) 0.304 92 (29.8%) 29 (38.2%) 0.158
Peripheral artery disease, n (%) 73 (14.1%) 13 (12.7%) 0.875 24 (7.8%) 7 (9.2%) 0.642
History of CABG 71 (13.7%) 11 (10.8%) 0.523 8 (2.6%) 4 (5.3%) 0.265
History of PCI 152 (29.4%) 28 (27.5%) 0.722 35 (11.4%) 15 (20.0%) 0.057
ECG rhythm Sinus 434 (83.5%) 87 (84.5%) 0.135 268 (87.6%) 67 (87%) 0.876

Atrial fibrillation/flutter 56 (10.8%) 10 (9.7%) 30 (9.8%) 7 (9.1%)
Pacemaker 24 (4.6%) 2 (1.9%) 4 (1.3%) 1 (1.3%)
Other 6 (1.2%) 4 (3.9%) 4 (1.3%) 2 (2.6%)

KILLIP classification KILLIP I 437 (84.4%) 84 (82.4%) 0.652 244 (78.2%) 55 (71.4%) 0.324
KILLIP II 43 (8.3%) 7 (6.9%) 28 (9.0%) 8 (10.4%)
KILLIP III 19 (3.7%) 6 (5.9%) 8 (2.6%) 5 (6.5%)
KILLIP IV 19 (3.7%) 5 (4.9%) 32 (10.3%) 9 (11.7%)

Mechanical ventilation at admission 23(4.4%) 8 (7.7%) 0.271 21 (6.7%) 7 (9%) 0.69
Out-of-hospital cardiac arrest 18 (3.5%) 6 (5.8%) 0.416 25 (8%) 8(10.3%) 0.72
Coronary angiography Single vessel disease 129 (25%) 24 (24%) 0.481 99 (32%) 23 (29.5%) 0.665

Multivessel disease 379 (73.6%) 76 (76%) 210 (68%) 55 (70.5%)
Left main disease 71 (13.9%) 16 (15.7%) 0.641 22 (7.1%) 9 (11.5%) 0.241

Ejection fraction 50.7 ± 11.1 44.7 ± 16.2 0.001 43.1 ± 10.8 42.5 ± 12.3 0.994

NSTE-ACS—acute coronary syndromes without ST elevation, STEMI—myocardial infarction with ST elevation, RG—reference group, CPG—COVID-19 reference group, MI—myocardial infarction, PAD—peroral
antidiabetic treatment, CABG—coronary artery bypass graft, PCI—percutaneous coronary intervention.
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3.4. Length of Hospital Stay

The length of stay in the ICU for patients not transferred to regional hospitals after
initial treatment and the length of the total hospital stay were calculated for the patients
with NSTE-ACS (Figure 4) and STEMI (Figure 5). In the NSTE-ACS patients, the ICU
stay was 6.2 ± 6.6 days for the CPG and 4.7 ± 6.2 days for the RG (p = 0.024). The ICU
stay for the STEMI patients was 4.6 ± 5.4 days for the CPG and 4.3 ± 4.3 days for the RG
(p = 0.751). The total hospital stay for the NSTE–ACS patients was 11.1 ± 8.0 days for the
CPG and 9.4 ± 9.2 days for the RG (p = 0.016). The total hospital stay for STEMI patients
was 8.5 ± 7.0 days for the CPG and 8.0 ± 5.4 days for the RG (p = 0.491).
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3.5. Hospital Outcomes

The in-hospital mortality rate for patients with NSTE-ACS was 3% in the CPG and
3.3% in the RG (odds ratio (OR) in the CPG 0.853, 95% confidence interval (CI) 0.247
to 2.951; p = 0.960). The in-hospital mortality rate for STEMI patients was 11.8% in the
CPG and 9.6% in the RG (OR in CPG 1.248, 95% CI 0.566 to 2.749; p = 0.735). The major ad-
verse event rates were not significantly different between the CPG and RG NSTE-ACS patients
(8.7% vs. 6.3%, respectively; p = 0.389) or STEMI patients (17.9% vs. 15%, respectively; p = 0.491).

3.6. Financial Costs

The mean total hospital cost for NSTE-ACS patients was 8099 ± 6003 euros for the CPG
(p = 0.078) and 7366 ± 6741 euros for the RG. In the STEMI patients, the total mean hospital
cost was 6972 ± 5687 euros for the CPG and 6540 ± 5692 euros for the RG (p = 0.262).

4. Discussion

We reviewed an all-comers single-centre ACS registry of patient characteristics,
treatment strategies, outcomes and financial costs before and during the COVID-19 pan-
demic when patients were managed using the EAPCI algorithms.

4.1. ACS Patient Characteristics

The COVID-19 outbreak was associated with a significant decline in the number of
patients hospitalised for ACS in several countries, which may be explained by several
patient- and system-related factors [5–9]. The fact that our centre did not experience a
decrease in hospital admissions for patients with ACS (NSTEMI and STEMI) may be due
to the relatively low involvement of the Czech Republic in the pandemic and good cen-
tre organisational protocols for ACS patients. The impact of low-intensity pandemic on
hospital admissions is supported by the fact that we did not observe any patient with
ACS and concomitant COVID-19 disease. Nevertheless, 8 out of the 34 patients (23.5%)
admitted to the hospital with COVID-19 had slightly elevated high sensitive troponin I
(less than five times higher of upper limit of range). These patients did not have other clini-
cal symptoms of myocardial ischemia, and the troponin elevation was probably connected
with myocardial injury during the inflammatory process.

4.2. Time Delays

In the STEMI group, the rates of primary percutaneous coronary intervention (PCI)
did not differ between the CPG and RG patients and were similar to the findings of
our previous large multicentre registries conducted in the Czech Republic over the last

  rejstřík



J. Clin. Med. 2021, 10, 24 8 of 10

two decades [10–12]. The COVID-19 pandemic did not cause system-related delays in
time-to-treatment intervals. Surprisingly, no differences in patient-related time delays
(from symptom onset to FMC) were found between the CPG and the RG. The higher
number of patients in the KILLIP III-IV class can be partially explained by the hesitation
in seeking medical attention in the very early phase of ACS after the onset of symptoms.
An alternative explanation may be the inability of other hospitals to provide appropriate
care for critically ill patients.

The majority of NSTE-ACS patients underwent invasive procedures, and coronary
angiography was performed in approximately three-quarters of the patients within the first
24 h. This is relevant because, in most cases, SARS-CoV-2 testing was performed before
coronary angiography. However, patients confirmed as COVID-19 negative immediately
underwent coronary angiography, which was possible because a significant reduction in
elective procedures increased catheterisation laboratory availability.

Our experience differs from those reported in an EAPCI survey, which assessed
the impact of the COVID-19 pandemic on interventional cardiology practice [13]. In the
EAPCI survey, approximately half of the 636 respondents reported delays in reperfusion in
STEMI patients (48%) and delays in early invasive treatment for NSTE-ACS patients (57%).
The authors concluded that, overall, it was not possible to test patients suspected of
carrying COVID-19 systematically, and the availability of personal protective equipment
in the catheterisation lab was suboptimal. We did not face these limitations at our centre.
Thus, it is clear that testing availability and an adequate supply of protective equipment
are essential for rapid treatment of patients with ACS during the pandemic. The crucial
roles of testing and organising ACS patients during the COVID-19 pandemic was also
established in Lombardy for effective treatment in spring 2020. A similar algorithm for
ACS patients compared to the EAPCI algorithm was developed together with centralizing
cardiovascular emergencies in a regional hub-and-spokes system [14–16].

4.3. Duration of Hospital Stay and Costs

We found that among NSTE-ACS patients, the ICU stay and total hospital stay were
significantly longer in the CPG than in the RG, and the total financial cost was higher in
the CPG than in the RG; however, the duration of ICU and total hospital stay and total
financial cost were not significantly different between the CPG and RG in STEMI patients.
The differences in the patients with NSTE-ACS cannot be explained by treatment delays or
different treatment strategies (the PCI and coronary artery bypass graft rates were similar
in both groups). Furthermore, this cannot be explained by the second PCI performed
during hospital stay to achieve complete revascularisation, which was increased during
the COVID-19 period in NSTE-ACS patients as well as in STEMI patients (4% in the RG vs.
8% in the CPG between NSTE-ACS and 10 vs. 15% in STEMI patients). The most likely
explanation is that the clinical condition of the NSTE-ACS patients was worse (significantly
lower ejection fraction, numerically higher rate of mechanical ventilation), and NSTE-ACS
patients remained in the ICU longer to stabilise their condition. Furthermore, the longer
mean total hospital stay in the NSTE-ACS CPG may have been skewed by deaths of
three patients after a long hospital stay (mean time from admission to death was 19 days)
compared with 12 deaths in the RG (mean time from admission to death was 8 days). As a
consequence, the total hospital costs were higher in the NSTE-ACS CG. These observations
were not seen in the patients with STEMI.

Regarding the in-hospital mortality rate of STEMI patients, we observed higher rates
of mortality than expected with respect to randomised control trials or some registries [17].
However, our in-hospital mortality rate is very similar to those of large national registries
collecting data from unselected STEMI population [18,19]. Secondly, it has to be put into
context with the high number of patients who died after resuscitation (in CPG, 10.3% died
following out-of-hospital cardiac arrest, and 12.8% died following resuscitation but before
starting PCI). The mortality rate of resuscitated patients is ten times higher than that of
STEMI patients who do not require resuscitation [20]. Our registry has the highest number

  rejstřík



J. Clin. Med. 2021, 10, 24 9 of 10

of resuscitated patients from all registries found in the literature. The prevalence of OHCA
between STEMI patients is between 5 and 6% [21]. The in-hospital mortality rate of STEMI
patients would decrease to 5.6% if OHCA STEMI patients were not included in the registry.

4.4. Limitations

Our study has several limitations. First, because it was a single-centre experience, our
findings cannot be generalised to other European high-volume centres given that health-
care organisational strategies and local epidemiological situations differ. Second, the CPG
sample was relatively small; a larger sample drawn from multiple centres would have
greater statistical power. However, our aim was to conduct a quick but detailed analysis
of the relevance of the proposed EAPCI algorithms for ACS management because the
epidemiological situation could worsen in the future, requiring the use of this management
strategy again. Collecting a large amount of data from multiple centres with sufficient qual-
ity control would take significantly longer. Third, patients admitted for ACS in February
were assigned to the CPG even though the first positive case in the Czech Republic was
not confirmed until 1 March 2020. However, by that time the media focus on the pandemic
may have altered patient attitudes towards seeking treatment; moreover, the first steps
to reorganise hospital management were taken in February. Finally, the EAPCI position
statement was published online on 14 May 2020, when the epidemiological situation had
stabilised. Nevertheless, our centre’s strategy, which had been established before the
EAPCI publication, included all of the key EAPCI recommendations.

5. Conclusions

According to our centre’s experience, the COVID-19 outbreak is not associated with
a decrease in the number of patients admitted with ACS when the community spread
of the virus is not severe. Nevertheless, more patients were admitted to our centre with
serious clinical conditions. Modified treatment strategies for patients with ACS during the
first four months of the COVID-19 pandemic were not associated with treatment delays
when adequate SARS-CoV-2 testing and personal protective equipment were available.
Moreover, the COVID-19 situation did not have an impact on treatment strategies and
hospital outcomes at our centre. However, this conclusion must be put into the context of
rates of viral spread. Further detailed analyses from multicentre registries are needed to
reveal more accurately the secondary impact of COVID-19 on patients with ACS.
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Background:According to European guidelines, alcohol septal ablation (ASA) for hypertrophic obstructive cardio-
myopathy (HOCM)may be less effective in patientswith extensive septal scarring on cardiacmagnetic resonance
(CMR). This study aimed to analyze the impact of late gadolinium enhancement (LGE) on CMR on the effective-
ness of ASA.
Method: We conducted an observational retrospective study involving adult patients with symptomatic drug-
refractory HOCM who underwent CMR before ASA at two European centres from May 2010 through June
2019. Patients were compared in binary format based on LGE presence. Moreover, a subanalysis focused on pa-
tients with septal fibrosis was performed. The effectiveness of ASAwas evaluated by echocardiographic, ECG and
clinical findings.
Results:Of the 113 study patients, 54 (48%) had LGE on CMR. The LGE quantification performed in 29 patients re-
vealed septal fibrosis in 17. The mean follow-up was 4.4 ± 2.6 years. Baseline parameters were similar between
groups except for basal septal thickness that was greater in LGE+ group (21.1± 3.9mm for LGE+vs. 19.2± 3.2
mm for LGE-: p = .005). ASA improved symptoms in all groups and reduced left ventricular outflow tract ob-
struction (LVOTO) (delta gradient reduction: LGE+: 62 ± 37.3%; septal LGE+: 75.6 ± 20.8%; LGE-: 72.5 ±
21.0%). However, 13% of the LGE+ and 2% of the LGE- group had residual LVOTO above 30 mmHg (p = .027).
Conclusion: ASAwas effective in all patients with HOCM,whether they had LGE on CMR or not andwhether they
had septal fibrosis or not.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a common inherited cardio-
vascular disease characterized by thickened left ventricular (LV) wall in
the absence of abnormal loading conditions [1]. The expression of dis-
ease varies widely among HCM patients, ranging from asymptomatic

patients expected to live a normal lifespan to severely symptomatic pa-
tients with poor prognosis. The treatment focuses on management of
symptoms, prevention of complications and sudden cardiac death
[1–4]. In symptomatic drug-refractory patients with significant left ven-
tricular outflow tract obstruction (LVOTO) the therapy of choice is inva-
sive septal reduction aiming to provide haemodynamic and clinical
improvement. Although both surgical myectomy and alcohol septal ab-
lation (ASA) have gained acceptance over the past decades, uncertainty
over efficacy in subgroups of patients persists. According to the
European Society of Cardiology (ESC) guidelines, ASAmay be less effec-
tive in patients with extensive septal scarring on cardiacmagnetic reso-
nance (CMR) [1]. This statement is based on the assumption that fibrotic
tissue stays unchanged after ASA, but sufficient evidence is lacking.
[5–7] CMR provides accurate, non-invasive assessment of regionalmyo-
cardialfibrosis using LGE [8,9]. [10]We therefore analyzed the impact of
fibrosis assessed by LGE on CMR on the effectiveness of ASA. Moreover,
we performed a subanalysis focused on patients with septal fibrosis.
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2. Material and methods

2.1. Study design

We conducted an observational retrospective study involving adult
patients with hypertrophic obstructive cardiomyopathy (HOCM) who
underwent CMR imaging before ASA. CMR studies and ASA procedures
were performed at two European tertiary HCM care centres (the
Netherlands-Nieuwegein; Czech Republic-Prague). Patients were di-
vided into two groups based on LGE presence. The effectiveness of
ASA was evaluated by echocardiographic, electrocardiographic (ECG)
and clinical findings. Data were collected at each outpatient visit. A ded-
icated ASA database was kept at the 2 centres. Subsequently, we per-
formed a subanalysis to compare patients with septal fibrosis based
on LGE quantification to LGE negative patients. The study was con-
ducted in accordance with the principles of the Declaration of Helsinki.

2.2. Study population

We conducted a search in our ASA registries and identified patients
who had undergone CMR before ASA. All patients had been previously
enrolled in institutional registries and provided informed written con-
sent before participation. Some of the patients were included in previ-
ous reports. [11–13] The diagnosis of HOCM was made by experienced
cardiologists based on established criteria [1]. ASA was offered to pa-
tients with left ventricular outflow tract (LVOT) gradient ≥30 mmHg
at rest or ≥ 50 mmHg after provocation who were symptomatic in
spite of maximally tolerated drug therapy, or had experienced syncope.
The need for ASAwas established after consensus betweenHCMexperts
at individual sites. All procedureswere performedby experienced inter-
ventional cardiologists. Details of the ASA technique have been pub-
lished previously [14–17].

2.3. Cardiac magnetic resonance

2.3.1. CMR examination
CMR examinations were performed as previously described [18]. In

both centres imaging was performed on a 1.5 T magnetic resonance
scanners (Magnetom Avanto Siemens Medical System, Erlangen,

Germany) with dedicated cardiac coil. Details of image acquisition are
discussed in the Appendix. The image evaluation was made indepen-
dently at each site, however, the same protocol was followed. In the
subanalysis using LGE quantification, LGE volume and LV myocardial
volume were measured by the software Segment (Medviso, Lund,
Sweden) using viability automatic EWA method (Expectation Maximi-
zation, weighted intensity, a priori information) after manual delinea-
tion of the endocardial and epicardial contours (Fig. 1) [19]. Areas
identified as LGE by software but visually assessed as artefact were
manually excluded.

2.4. Statistical analysis

Data are presented as mean ± standard deviations for continuous
variables and counts and proportions for categorical variables. The
Shapiro-Wilk normality test was used to check for skewness and
based on its outcome either the Student's t-test or Mann-Whitney test
was used to assess equality of means between continuous variables.
The difference between the categorical variables was evaluated using
the Fisher's exact test.

To establish the impact of LGE presence on the effectiveness of ASA,
we evaluated the variables in a univariatemodel (Table 1). P-value b.05
was considered statistically significant. All reported p-values are two-
sided. The software Prism (release 6.05, GraphPad Software Inc., La
Jolla, CA, USA) was used for statistical analysis.

3. Results

3.1. Baseline characteristics

From May 2010 through June 2019, a total of 113 patients with
HOCM underwent ASA with prior CMR evaluation: 34 patients at the
Czech centre, 79 at the Dutch centre. In this cohort, 54 patients (48%)
had LGE on visual assessment (LGE+ group) and were compared to
59 patients without any LGE (LGE- group). Clinical, echocardiographic
and ECG characteristics at baseline and at the last medical contact are
summarized in Table 1.

Fig. 1. 65-years old female with HOCM. ASA with 3,5 ml alcohol resulted in decrease of LVOT gradient from 107mmHg to 10mmHg. A) Example of MRI T1 PSIR image in basal short axis
with LGEmainly at the anteroseptal region. The EWAmethod has been used formyocardial scar quantification aftermanual delineation of the endocardium (red) and epicardium (green).
The yellow line denotes the complete affected area, and the pink line a graphical representation of the corresponding weighted area. B) Bullseye 17 AHA model shows area based scar
transmurality. The most affected basal anteroseptal region with about 50% scar. Segments without LGE are blue.
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3.2. Alcohol septal ablation procedure

The volumes of injected alcohol during ASA were almost identical in
both groups, themean volumewas 2.1 ml in the LGE+group and in the
LGE- group and it ranged from 1ml to 3.5 ml and from 1ml to 3 ml, re-
spectively. The amount of alcohol injected was dependent at discretion
of each operator. The correlation between the amount of injected alco-
hol, LGE presence and LVOT gradient is described in the Supplementary
Fig. 1 and Supplementary Fig. 2.

None of the patients died during the procedure or in thefirst 30 days
thereafter. The complication rate was very low with no significant dif-
ferences between the groups (Table 2). The complete heart block re-
quiring pacemaker implantation was present in 7.4% of the LGE+
group, 17.4% in the septal LGE+ group and 10.2% in the LGE- group
(NS).

3.3. Outcome data

Themean follow-up after ASAwas 4.4± 2.6 years in all patients, 3.9
± 2.9 years in LGE+ group and 4.9± 2.3 years in LGE- group. At the last
check-up, after ASA was performed, the symptoms improved in both
groups almost equally (Table 1). ASA reduced basal septum thickness
by 7.2 mm in LGE+ group and by 7.4 mm in LGE- group. Overall left
ventricular outflow tract obstruction (LVOTO) decreased considerably
in all patients (see Supplementary Fig. 3. However, 13% of the LGE+
group had residual LVOTO higher than 30 mmHg compared to only 2%
of the LGE- group (p = .027).

A total of 5 deaths occurred during follow-up: 1 sudden cardiac
death in the LGE+ group, 3 non-cardiovascular deaths in the LGE+
group, and 1 unknown death in the LGE- group. Further, 6 patients re-
quired electrical cardioversion for VT/VF or experienced appropriate
implantable cardioverter-defibrillator (ICD) discharge (2 in the LGE+
group and 4 in the LGE- group). A total of 10 patients underwent 12 re-
peated septal reduction procedures with no significant difference be-
tween the groups.

3.4. Subanalysis

We intended to perform LGE quantification in all Czech patients
(n = 34). Five of them were excluded from the analysis due to insuffi-
cient image quality that did not allow LGE quantification. Out of the
29 patients, 23 (79%) were classified as LGE+. The amount of LGE
ranged between 1% to 14% of LVmass. In two cases the LGE was of isch-
aemic origin due to previous myocardial infarction. We selected pa-
tients (n = 17) with any LGE in basal and midventricular septal
segments (basal anteroseptal, basal inferoseptal, midventricular
anteroseptal, midventricular inferoseptal) and compared them with
the LGE- group (n=59). The results are shown in Table 1. The percent-
age of LGE in basal and midventricular septal segments against reduc-
tion of LVOT gradient is shown in Fig. 2.

Table 1
Clinical, ECG and echocardiographic characteristics at baseline and at the last check-up.

A B C A vs
C

B vs
C

LGE
+Group
N = 54

Septal LGE
+Group
N = 17

LGE-Group
N = 59

P
value

P
value

Age of ASA, years 58.6 ±
11.4

59.0 ± 10.8 59.7 ± 12.5 0.482 0.672

Age of MR, years 58.3 ±
11.5

58.3 ± 11.1 59.4 ± 12.6 0.482 0.594

Females, n (%) 21 (39) 8 (47) 32 (54) 0.132 0.784
Alcohol, ml 2.1 ±

0.5
2.1 ± 0.5 2.1 ± 0.6 0.576 0.746

Dyspnea, NYHA class
Baseline 2.8 ±

0.5
2.7 ± 0.6 2.8 ± 0.5 0.345 0.308

Last clinical check-up 1.3 ±
0.5

1.3 ± 0.5 1.5 ± 0.6 0.261 0.345

NYHA class III/IV
Baseline, n (%) 38 (70) 11 (65) 49 (83) 0.123 0.173
Last clinical check-up, n
(%)

1 (2) 0 4 (7) 0.366 0.569

Angina, CCS class
Baseline 0.7 ±

1.0
1.1 ± 1.2 0.5 ± 1.0 0.218 0.061

Last clinical check-up 0.1 ±
0.4

0.1 ± 0.3 0.1 ± 0.4 0.980 0.611

Maximal LV outflow
gradient at rest, mmHg
Baseline 62.7 ±

40.9
67.4 ± 34.8 57.6 ± 37.3 0.411 0.146

Last clinical check-up 18.2 ±
15.4

12.8 ± 9.1 12.3 ± 7.8 0.065 0.928

N 30 mmHg, n (%) 7 (13) 1 (6) 1 (2) 0.027 0.400
Delta gradient, % 62.4 ±

37.3
75.6 ± 20.8 72.5 ± 21.0 0.395 0.349

LV diameter, mm
Baseline 40.9 ±

5.8
42.4 ± 5.0 39.4 ± 5.6 0.190 0.065

Last clinical check-up 43.7 ±
5.3

45.4 ± 4.5 41.9 ± 6.1 0.084 0.025

LV ejection fraction, %
Baseline 70 ± 7 70 ± 8 71 ± 8 0.360 0.607
Last clinical check-up 68 ± 7 69 ± 7 68 ± 8 0.931 0.559

Basal septum thickness, mm
Baseline 21.1 ±

3.9
22.7 ± 4.7 19.2 ± 3.2 0.005 0.003

Last clinical check-up 14.0 ±
4.4

13.6 ± 3.7 12.3 ± 3.6 0.021 0.148

Delta septum thickness, mm 7.2 ±
4.1

9.1 ± 3.9 7.4 ± 4.7 0.921 0.169

BBB
Baseline, n (%) 4 (7) 2 (12) 3 (5) 0.708 0.310
Last clinical check-up, n
(%)

31 (57) 11 (65) 35 (59) 0.851 0.783

Complete heart block
Last clinical check-up, n
(%)

11 (20) 5 (29) 19 (32) 0.202 1.000

Table 2
Cardiovascular adverse events in the first 30 days after ASA.

Event A B C A vs C B vs C

LGE +
Group N = 54

Septal LGE +
Group N = 17

LGE -
Group N = 59

P-value P-value

Transient complete heart block (%) 8 (14.8) 3 (17.6) 13 (22.0) 0.346 1.000
Pacemaker implantation, n (%) 4 (7.4) 3 (17.4) 6 (10.2) 0.745 0.410
Cardiovascular death, n (%) 0 0 0 1.000 1.000
Electrical cardioversion for VT/VF or ICD discharge, n (%) 1 (1.9) 0 2 (3.4) 1.000 1.000
Cardiac tamponade, n (%) 0 0 0 1.000 1.000

103E. Polaková et al. / International Journal of Cardiology 319 (2020) 101–105

  rejstřík



4. Discussion

We assessed the impact of fibrosis, defined as LGE presence on CMR,
onASAoutcomes in adult symptomatic patientswithHOCM. Our results
suggest that from haemodynamic and clinical point of view ASA was
highly effective among all study groups whether they had LGE or not
(LGE+, septal LGE+, LGE-).

In our cohort, the LGE+group is associatedwith amore severe HCM
phenotype and hence it is logical that the effectiveness of ASA in such a
population might be slightly lower. We should emphasize that the LGE
+ group had greater IVS thickness not only at baseline but also at
follow-up. In fact, in the LGE+ group the LVOTO after ASA persisted
more likely above 30 mmHg (13% LGE+ vs 2% LGE-), which might
imply a worse prognosis as described in previous studies [11]. [20]
However, based on the results of Euro-ASA registry [12] the rate of re-
sidual LVOT gradient above 30mmHgwas 12% in the groupwith severe
hypertrophy (IVS N 16mm) and 7% in the groupwithmild hypertrophy
(IVS b 16 mm). In this study, we demostrated that ASA was effective in
LGE+group, decreasing the LVOTObelow30mmHg in 87% of LGE+pa-
tients and improving NYHA class by ≥1. Moreover, even in the LGE+
and septal LGE+ groups ASA significantly reduced the basal septum
thickness, while the differences in reduction did not vary among all
study groups.

Occurance of complications did not differ significantly among the
study groups. The rate of pacemaker implantations corresponds to the
known rate in Euro-ASA registry [11] which revealed the rate of 12%,
and Nationwide Inpatient Sample [21] which demonstrated complete
heart block requiring pacemaker insertion in 8.7% patients.

Our results suggest that ASA can be performed independently of LGE
presence and the choice of septal reduction therapy (ASA or surgical
septal reduction) should not be directed by it. Based on the above find-
ings we could challenge the ESC HCM guidelines –while ASA is not rec-
ommended in patients with septal fibrosis, our data show excellent
outcome even in this population.

4.1. Limitations

As for the limitations of our study, the main drawback of our design
is its retrospective character. Therefore, the selection and referral of pa-
tientswhounderwent CMR is not randomized and could possibly be de-
termined by severity of illness. On the other hand, patients with CMR
non-conditional implantable cardioverter defibrillator or pacemaker
were excluded from the analysis by its design. In addition, our cohort
was rather small and could potentially give biased results, especially
in the septal LGE+ group. Our results may not be generalizable on
non-tertiary care centres with less experience with ASA.

Another limitation is that only a small number of our patients
underwent LGE quantification. We suggest that for the further studies
LGE should not be assessed in binary format due to a wide spectrum
of disease severity associated with LGE extent.

Moreover, as a novel technique LGE quantification method is not
standardized and has a burden of huge variability. A CMR core lab was
not established - the CMR evaluation was performed at each centre in-
dependently, and therefore inter-observer variability in our study is
not excluded.

5. Conclusion

Our data suggest that ASA is effective in all patients with HOCM,
whether they had LGE on CMRor not andwhether they had septalfibro-
sis or not.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2020.06.049.
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Appendix A. Appendix

A.1. CMR

A.1.1. CMR examination:
The examination was performed using 1.5 Tesla systems

(Magnetom Avanto Siemens Medical System, Erlangen, Germany)
with dedicated cardiac coil. Study protocol included cine steady-state
free precession pulse sequence images, 3 cine images in LV long axis
(LVLA, LV 3Ch, 4ch) and short axis stack of consecutive cine images
through whole ventricles. SA cine images parameters were: 25 phases,
slice thickness 8 with 2 mm gap, FOV 35–40 cm, acquisition matrix
192 × 156, flip angle 74°, TR 70.8, TE 1.4.

LGE images acquisition was started 10 min after the administration
of Gd-DTPA with a dosage of 0.15–0.2 mmol/kg in short-axis views
with T1-weighted phase-sensitive inversion recovery (PSIR) sequence
with appropriate setting of inversion time to null normal myocardium
signal using a TI-scout, slice thickness 8 with 2 mm gap, FOV 35–40
cm, acquisition matrix 256 × 156, flip angle 25°, TR 650, TE 3.3.

A.1.2. CMR assessment:
LGE volume and LVmyocardialmassweremeasured in the software

Segment (Medviso, Lund, Sweden) using viability automatic EWA
method (Expectation maximization, weighted intensity, a priori infor-
mation) after manual delineation of endocardial and epicardial contour.
Papillary muscles and trabeculae were excluded from LV myocardial
mass. [19]
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Long-term outcome of repeated septal reduction 
therapy after alcohol septal ablation for hypertrophic 
obstructive cardiomyopathy: insight from the Euro-ASA 
registry

Josef Veselka1, Lothar Faber2, Max Liebregts3, Robert Cooper4, Jaroslav Januska5, Jan Krejci6,  
Maciej Dabrowski7, Peter Riis Hansen8, Hubert Seggewiss2,9, Dieter Horstkotte2, Eva Hansvenclova1, 
Henning Bundgaard10, Jurriën ten Berg3, Morten Kvistholm Jensen10

Two-thirds of patients with hypertrophic cardiomyopathy (HCM) have 
a significant left ventricular outflow tract (LVOT) obstruction that may be 
treated with alcohol septal ablation (ASA) dependent on symptoms [1]. 
However, some degree of obstruction may remain after ASA and if the 
patient remains symptomatic repeated septal reduction therapy (RSRT) 
may be indicated [1–5]. The outcome of RSRT remains unknown. In this 
study, we sought to determine the long-term outcomes of patients treat-
ed with ASA or myectomy after previous ASA.

A total of 1385 consecutive patients (48% women, mean age: 58 ±14 
years) from nine European centres (Euro-ASA registry) who had been 
treated once with ASA as first time septal reduction therapy were en-
rolled in the study. We identified 145 (10%) patients who subsequently 
underwent RSRT, including 99 (68%) who underwent re-ASA, 31 (21%) 
who underwent myectomy, 12 (8%) who underwent re-ASA and myecto-
my, and 3 (2%) who underwent two further ASA procedures.

Patients were divided into those who had undergone only the initial 
ASA (group A, 1240 patients) and those who had undergone RSRT (group B,  
145 patients). The primary end-point was major adverse cardiovascu-
lar events (MACE), defined as death related to any cardiovascular dis-
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Table I. Clinical and echocardiographic characteristics at baseline and at the last check-up

Parameter Group A
(n = 1240)

Group B
(n = 145)

P-value

Age at baseline [years] 58.7 ±13.4 55.1 ±14.0 0.005

Females, n (%) 597 (48) 70 (48) 1.000

Dyspnoea, NYHA class:

Baseline 2.9 ±0.5 2.9 ±0.4 0.760

Last clinical follow-up 1.7 ±0.7 2.0 ±0.8 < 0.001

NYHA class III/IV, n (%):  

Baseline 1041 (84) 124 (86) 0.628

Last clinical follow-up 142 (11) 38 (26) < 0.001

Angina, CCS class:

Baseline 1.2 ±1.2 1.1 ±1.1 0.339

Last clinical follow-up 0.7 ±0.8 0.5 ±0.8 < 0.001

LV outflow gradient at rest [mm Hg]:

Baseline 69 ±38.9 78.3 ±37.1 < 0.001

Last clinical follow-up 15.4 ±20.8 21.5 ±26.6 < 0.001

> 30 mm Hg, n (%) 170 (14) 30 (21) 0.033

Delta gradient, % reduction 74.6 ±30.3 71.2 ±28.8 0.143

LV systolic diameter [mm]:

Baseline 43.0 ±6.3 42.3 ±6.0 0.271

Last clinical check-up 45.4 ±6.2 45.7 ±6.2 0.639

LV ejection fraction (%):

Baseline 70 ±9 69 ±9 0.061

Last clinical follow-up 66 ±10 65 ±8 0.054

Basal interventricular septum thickness [mm]:

Baseline 20.5 ±4.2 21.4 ±4.2 0.004

Last clinical check-up 15.3 ±4.5 16 ±4.1 0.022

Left atrium diameter [mm]:

Baseline 47.4 ±6.8 47.6 ±5.7 0.702

Last clinical check-up 45.8 ±7.2 46.1 ±6.5 0.499

Alcohol [ml] 2.1 ±0.9 3 ±1.5 < 0.001

Pacemaker, n (%):

Baseline 51 (4.1) 6 (4.1) 1.000

Last clinical check-up 198 (16.0) 37 (25.5) 0.007

Implantable cardioverter-defibrillator, n (%):

Baseline 63 (5.1) 6 (4.1) 0.840

Last clinical check-up 110 (8.9) 19 (13.1) 0.098

Mean follow-up duration [years] 5.4 ±4.2 6.5 ±4.1

LV – left ventricular, NYHA – New York Heart Association, CCS – Canadian Cardiovascular Society.
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ease, sudden death, an appropriate implantable 
cardioverter-defibrillator discharge, resuscitation 
for ventricular fibrillation or death due to an un-
known cause. Secondary endpoints were clinical 
symptoms and echocardiographic variables and 
number of implanted pacemakers at the last clin-
ical check-up.

The septal reduction procedure was performed 
as described previously [1–6]. The indication for 
RSRT was at the discretion of each participating 
centre. Most patients underwent a routine clinical 
examination 3–6 months after ASA and then once 
per year including echocardiography [7–9]. All 
adverse events were confirmed by reviewing the 
medical records and/or national death registries.

Student’s t-test, c2 test and Kaplan-Meier anal-
ysis were used as appropriate. The long-term oc-
currence of MACE was estimated using the Ka-
plan-Meier method, with the curves of groups A and 
B adjusted for age at ASA (60 years), baseline LVOT 
gradient (70 mm Hg), baseline septum thickness 
(20 mm) and baseline NYHA class (2.5). A p-value 
of < 0.05 was considered statistically significant. 

A  total of 1385 consecutive patients under-
went ASA. A total of 12 (0.9%) patients died within  
30 days after the first ASA and none died early af-
ter RSRT. In group B, the first RSRT was performed  
1.9 ±1.9 years (range: 0.04–10.77 years) after the 
first ASA. The mean follow-up period was 6.5 ±4.1 
years and none of the patients were lost to fol-
low-up. The baseline (before first ASA) and long-
term results are summarised in Table I. At the most 
recent clinical follow-up, group B patients were 
more symptomatic, had a higher residual LVOT gra-
dient, and a larger proportion of the patients had 
a pacemaker implanted compared to group A pa-
tients (Table I). A total of 24 (24%) patients treated 
with ASA and re-ASA and 6 (19%) patients treated 
with ASA and myectomy underwent pacemaker 
implantation (p = 0.81). The percentage reduction 
of LVOT gradient was similar in patients who under-
went ASA and re-ASA versus ASA and myectomy  
(71 ±29% vs. 70 ±29%; p = 0.84).

Survival free from MACE is presented in Figure 1. 
The major findings in this study were as fol-

lows: 1) the incidence of MACE was similar among 
both groups of patients; 2) patients who required 
RSRT were younger, had a  higher LVOT gradient 
and had a thicker interventricular septum at base-
line; 3) RSRT is safe; 4) despite RSRT the patients 
had a  higher residual LVOT gradient and worse 
dyspnoea and chest pain at the most recent fol-
low-up; 5) repeated procedures were associated 
with an increased cumulative need for pacemaker 
implantation.

Currently, patients with only mild basal hyper-
trophy and redundant mitral apparatus, marked 
papillary muscle abnormalities, and mid-cavity 

obstruction are considered good candidates for 
myectomy. On the other hand, patients with less 
complex pathology might be treated with ASA. 
A  growing body of evidence suggests that pa-
tients with HCM and a high LVOT gradient should 
be treated aggressively in order to eliminate or re-
duce the gradient to < 30 mm Hg [2, 3, 7]. Howev-
er, it has not yet been established whether these 
patients should be submitted to the risk of under-
going RSRT or whether a conservative treatment 
approach would be more beneficial. Although this 
was an observational study only, our results sug-
gest that the risk of MACE after repeated proce-
dures is not increased compared to patients with 
a clinically satisfactory result after the first ASA.

In conclusion, repeated septal reduction ther-
apy after ASA is not associated with a higher risk 
of major cardiovascular events over a  long-term 
follow-up period but patients more often require 
pacemaker implantation.
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Patients with hypertrophic obstructive cardiomyopathy after 
alcohol septal ablation have favorable long-term outcome 
irrespective of their genetic background
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Background: The genetic background of patients with hypertrophic cardiomyopathy (HCM) treated with 
alcohol septal ablation (ASA) and its relationship to the outcomes are not known. We aimed to investigate 
whether the outcome of genotype positive (G+) patients differs from genotype negative (G−) patients treated 
with ASA.
Methods: We included 129 HCM patients (mean age 54±13 years) treated with ASA in a tertiary 
cardiovascular center and performed next generation sequencing (NGS) based genomic testing. All patients 
were followed-up three months after the procedure and yearly thereafter. 
Results: A total of 30 (23%) HCM patients were G+ patients. At the 3-months follow-up, both groups 
of patients had similar left ventricular outflow tract PG (16.9±15.7 mmHg in G+ vs. 16.3±18.8 mmHg 
in G−, P=0.73) and symptoms (follow-up NYHA class 1.40±0.62 vs. 1.37±0.53, P=0.99, follow-up CCS 
class 0.23±0.52 vs. 0.36±0.65, P=0.36). The independent predictors of all-cause mortality were baseline 
interventricular septum (IVS) thickness (HR 1.12, 95% CI: 1.00–1.26, P=0.049) and age at the time of ASA 
(HR 1.11, 95% CI: 1.06–1.17, P<0.01). The adjusted all-cause mortality rate did not differ significantly 
between G+ and G− patients (P=0.52). The adjusted combined mortality event rate did not differ between 
both groups (P=0.78).
Conclusions: Despite more severe phenotype in G+ HCM patients, ASA is an equally effective treatment 
for LVOTO in G+ patients as it is for treating LVOTO in G− patients. The long-term outcome after ASA is 
similar in G+ and G− patients.

Keywords: Cardiomyopathy; hypertrophic cardiomyopathy (HCM); hypertrophic obstructive cardiomyopathy; 

alcohol septal ablation (ASA); genetics
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Introduction
 

Hypertrophic cardiomyopathy (HCM) is a heterogeneous 
condition in both its genetic origin and phenotypic  
features (1). Two-thirds of HCM patients have left 
ventricular (LV) outflow tract obstruction (LVOTO) 
(2,3). Alcohol septal ablation (ASA) is a safe and effective 
method of treating LVOTO (4,5). The genetic background 
of patients treated by ASA and its possible relationship 
with the outcomes of the procedure are not known. The 
aim of this study was to investigate whether the outcome 
of genotype positive (G+) patients differs from genotype 
negative (G−) patients in a highly symptomatic group of 
HCM patients treated with ASA.

Methods 

Study population 

We included 129 consecutive unrelated patients with a 
clinical diagnosis of HCM in a single tertiary cardiovascular 
center. The patients were treated with ASA between 
1998 and 2017. An HCM diagnosis was established by 
experienced cardiologists based on a clinical examination, 
electrocardiography (ECG), and findings of LV hypertrophy 
≥15 mm on echocardiography and/or magnetic resonance 
imaging (2,3). Secondary hypertrophy attributable to 
aortic valve stenosis or amyloidosis was excluded. When 
patients presented with mild concomitant systemic 
hypertension, the HCM echocardiography specialists had 
to claim the hypertension to be either controlled or the 
severity insufficient to cause the degree of LV hypertrophy. 
Symptomatic patients [New York Heart Association 
(NYHA) class III–IV or syncope on exertion] with 
significant LVOTO (maximal gradient at rest or during 
physiological provocation ≥50 mmHg), despite maximal 
tolerated pharmacotherapy, were offered septal reduction 
therapy. ASA was indicated after a careful assessment by a 
multidisciplinary heart team, in addition to local experience 
with ASA, and the patient’s preference. All ASA procedures 
were performed by a single operator as previously described 
(6-8), and all procedures were guided by myocardial 
contrast echocardiography. A temporary pacemaker lead was 
placed in the right ventricle in all patients without previous 
permanent pacemaker implantation. Patients were observed 
in the coronary care unit for at least 48 hours, and the 
temporary pacemaker lead was then removed if no episode 
of high-degree atrioventricular block occurred. All the 
patients remained on continuous ECG monitoring for up 

to seven days until discharge. Basic demographic, clinical, 
and echocardiographic data were collected at baseline, 
and the patients were followed up three months after the 
ASA procedure and yearly thereafter. The study protocol 
conforms to the ethical guidelines of the Declaration of 
Helsinki (2000, Fifth revision) and was approved by the 
institutional ethical committee. Written informed consent 
was obtained from all patients.

Genetic testing

The DNA samples for next generation sequencing (NGS) 
testing were obtained between 2005 and 2017. Genetic 
testing was performed in all patients treated with ASA 
who provided written informed consent. Genomic DNA 
was isolated from whole blood of all included patients. 
Our targeted NGS enrichment panel and methods of 
variant identification, prioritization, and classification were 
described in detail in our previous paper (9). All identified 
variants were classified according to the American College 
of Medical Genetics and Genomics (ACMG) and the 
Association for Molecular Pathology (AMP) guidelines (10). 
Patients, whose variants were classified as pathogenic or 
likely pathogenic (P/LP), were marked as genotype positive 
(G+ patients). The rest of the cohort, including patients 
with variants of unknown significance, was considered 
genotype negative (G− patients).

Statistical analysis

Data are presented as mean ± standard deviation (SD) 
for continuous variables and proportions for categorical 
variables. The Student’s t-test, Mann-Whitney test, and 
Fisher’s exact test were used where appropriate. Cox 
proportional hazards regression was used to identify 
predictors of mortality events. The following clinical and 
echocardiographic variables with potential impact on 
mortality events were first evaluated in a univariate model: 
age at the time of ASA, sex, LVOTO, interventricular 
septum (IVS) thickness, and left atrial diameter. Variables 
with P values <0.15 were then entered into a multivariable 
analysis, which was performed using backward stepwise 
Cox regression. The long-term occurrence of mortality was 
estimated using the Kaplan-Meier method, and differences 
between groups were assessed by the log-rank test. Kaplan-
Meier curves of G+ and G− patients were adjusted for age 
at the time of ASA and baseline IVS. The level of statistical 
significance was set to 0.05. The Prism v.8.1.1 (GraphPad 
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Software Inc., USA) statistical software was used for 
statistical analysis.

Results

The baseline characteristics of all 129 patients are shown 

in Table 1. In 53 (41%) HCM patients, we identified 68 
genetic variants in 25 different genes. The complete list of 
genes is shown in Table S1. Thirty of these variants (localized 
in 8 genes) identified in 30 (23%) HCM patients were 
classified as P/LP. The distribution of genetic variants is 
shown in Figure 1, and patients sorted by classified variants 
are shown in Table 2. Variants were identified in two major 
genes, MYBPC3 and MYH7, wherein the dominant role 
of MYBPC3 was even more apparent in the group of P/LP 
genetic variants (62% of identified variants). 

Compared to G− patients, G+ patients were treated 
with ASA at a younger age (47.3±12.3 vs. 58.8±11.3 years, 
P<0.01), had greater hypertrophy of the IVS (23.9±5.0 
vs. 20.3±3.6 mm, P<0.01), and a smaller LV end-diastolic 
diameter (40.1±4.9 vs. 43.6±4.6 mm, P<0.01).

At baseline, both groups had similar maximal LVOT 
pressure gradients (PG) (63.6±31.4 vs. 63.5±40.2 mmHg, 
P=0.50) and symptoms (NYHA class 2.77±0.57 vs. 
2.81±0.49, P=0.81; Canadian Cardiovascular Society (CCS) 
class 1.93±1.17 vs. 1.83±1.04, P=0.45). 

At the three-month follow-up, both groups of patients 
had similar maximal LVOT PG (16.9±15.7 mmHg in 
the G+ group vs. 16.3±18.8 mmHg in the G− group, 
P=0.73) and symptoms (follow-up NYHA class 1.40±0.62 
vs. 1.37±0.53, P=0.99, follow-up CCS class 0.23±0.52 vs. 
0.36±0.65, P=0.36).

Early adverse events

None of the patients died or suffered a stroke within 30 
days after the procedure. Sustained ventricular tachycardia/
ventricular fibrillation requiring urgent electrical 
cardioversion during the hospital stay occurred in 5 patients 
(4%). Either transient or persistent complete heart block 
was documented in 22 patients (17%), and a new permanent 
pacemaker was implanted in 9 patients (7%) during the 
hospital stay. Access site complication occurred in 2 patients 
(2%). There were no significant differences in complication 
rate within 30 days between G+ and G− patients (Table 3). 

Long-term survival

The median (interquartile range) follow-up in the survival 
analysis was 9.1 (6.3–12.9) years. The mean follow-up in 
the survival analysis was 9.9±4.8 years. A total of 21 patients 
(16.3%) died during 1,211 patient-years of follow-up, 
which resulted in an all-cause mortality rate of 1.7 deaths 
per 100 patient-years. In the G+ group, 2 (6.7%) of 30 

Table 1 Clinical and echocardiographic data at baseline and during 
follow-up in G+ compared to G− patients

Genotype+ 
(n=30)

Genotype– 
(n=99)

P value

Male sex [%] 19 [63] 46 [46] 0.10

Age at ASA, years 47.3±12.3 58.8±11.3 <0.01

LVEF baseline, % 78.7±5.6 79.4±5.7 0.48

LVEF follow-up, % 70.3±9.3 72.5±7.3 0.34

LVEDD baseline, mm 40.1±4.9 43.6±4.6 <0.01

LVEDD follow-up, mm 45.6±4.8 47.2±4.7 0.11

Angina, CCS class 
baseline

1.9±1.2 1.3±1.0 0.46

Angina, CCS class 
follow-up

0.2±0.5 0.4±0.7 0.36

Dyspnoea, NYHA class 
baseline

2.8±0.6 2.8±0.5 0.81

Dyspnoea, NYHA class 
follow-up

1.4±0.6 1.4±0.5 0.99

Episodes of syncope 
baseline [%]

4 [13] 14 [14] 0.99

Episodes of syncope 
follow-up [%]

1 [3] 13 [13] 0.19

IVS thickness baseline, 
mm

23.9±5.0 20.3±3.6 <0.01

IVS thickness follow-up, 
mm

15.5±4.0 13.0±4.0 <0.01

LVOTO baseline, mmHg 63.6±31.4 63.5±40.2 0.50

LVOTO follow-up, mmHg 16.9±15.7 16.3±18.8 0.73

Pacemaker implanted 
before ASA

2 [7] 4 [4] 0.62

ICD implanted before 
ASA

2 [7] 3 [3] 0.33

LVEF, left ventricular ejection fraction; LVEDD, left ventricular 
enddiastolic diameter; NYHA, New York Heart Association; CCS, 
Canadian Cardiovascular Society; IVS, interventricular septum; 
LVOTO, left ventricular outflow tract obstruction.
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patients died during follow-up. In the G− group during 
follow-up, 19 (19.2%) of 99 patients died. The unadjusted 
all-cause mortality rate did not differ significantly between 
G+ and G− patients (P=0.087), as shown in Figure 2. The 
independent predictors of all-cause mortality were baseline 
IVS thickness (HR 1.12, 95% CI: 1.00–1.26, P=0.049) 
and age at the time of ASA (HR 1.11, 95% CI: 1.06–1.17, 
P<0.001). The all-cause mortality rate adjusted for age at 
the time of ASA and baseline IVS thickness did not differ 
significantly between the G+ and G− patients (P=0.288), as 
shown in Figure 3. Combined mortality event endpoint [all-
cause mortality and appropriate implantable cardioverter-
defibrillator (ICD) discharge] occurred in 24 patients 
(18.6%) during 1,211 patient-years of follow-up, resulting 
in an event rate of 2.0 per 100 patient-years. The unadjusted 
combined mortality event rate did not differ significantly 
between the G+ and the G− groups (P=0.518), as shown 
in Figure 4. The independent predictors of combined 
mortality event rate were IVS thickness (HR 1.14, 95% CI: 

1.03–1.26, P=0.011) and age at the time of ASA (HR 1.07, 
95% CI: 1.03–1.12, P<0.001). The combined mortality 
event rate adjusted for age at the time of ASA and baseline 
IVS thickness did not differ significantly between G+ and 
G− patients (P=0.777), as shown in Figure 5. 

Discussion

Our study suggests that ASA is an equally effective 
treatment of LVOTO in G+ HCM patients as in G− 

Table 2 Patients sorted by identified variant class (N=129)

Variant classification Number of patients [%]

Pathogenic or likely pathogenic 30 [23]

Unknown significance 23 [18]

No significant findings* 76 [59]

*, includes benign and likely benign variants.

Table 3 Incidence of complications within 30 days after ASA in G+ 
and G− patients

Adverse event
Genotype+ 

(n=30)
Genotype− 

(n=99)
P value

Death (%) 0 (0) 0 (0) NA

Stroke (%) 0 (0) 0 (0) NA

Ventricular tachycardia/
fibrillation (%)

1 [3] 4 [4] 0.99

Complete heart block (%) 2 [7] 20 [20] 0.10

Permanent pacemaker 
implantation (%)

1 [3] 8 [8] 0.68

Cardiopulmonary resusci-
tation (%)

1 [3] 4 [4] 0.99

Vascular access compli-
cation (%)

0 2 [2] 0.99

Figure 1 The distribution of genetic variants in HCM patients treated with ASA. HCM, hypertrophic cardiomyopathy; ASA, alcohol septal 
ablation.
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patients. This finding is important, regarding the fact, that 
G+ patients are considered to have more severe phenotype 
and worse outcome than G− patients (11,12). To date, the 
reported data about G+ patients included a presentation 
at an earlier age, greater hypertrophy of IVS and smaller 
LV enddiastolic diameter (13-15). Increased risk for the 
combined endpoints of cardiovascular death, nonfatal 
stroke, or progression to NYHA functional class III or IV 
compared to G− HCM patients was also reported (16). 
Recent data from a large Portuguese registry of HCM 

patients suggest a higher risk of sudden cardiac death in 
G+ patients (12). Our patients’ baseline characteristics are 
in line with the previously reported data; G + patients are 
younger at the time of diagnosis, have greater hypertrophy 
of IVS and smaller LV enddiastolic diameter. Surprisingly, 
the severity of the LVOTO was similar between both 
groups in our study. Furthermore, the symptoms (angina 
CCS class, dyspnea NYHA class, syncope) were not 
significantly different at baseline. In both groups, the 
symptoms improved after ASA procedures. This finding 

Figure 2 All-cause mortality rate (unadjusted) of genotype positive 
and genotype negative patients.

Figure 3 All-cause mortality rate adjusted for age at the time 
of ASA and baseline IVS thickness of genotype positive and 
genotype negative patients. ASA, alcohol septal ablation; IVS, 
interventricular septum.

Figure 4 Combined mortality event rate (unadjusted) of genotype 
positive and genotype negative patients.

Figure 5 Combined mortality event rate adjusted for age at the 
time of ASA and baseline IVS thickness of genotype positive and 
genotype negative patients. ASA, alcohol septal ablation; IVS, 
interventricular septum.
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further supports the previously reported data from the 
Euro-ASA registry showing comparable outcomes among 
various subgroups of HCM patients treated with ASA (4).  
Since the residual LVOTO after ASA is known to be 
associated with worse prognosis (17), the favorable results 
in G+ patients are of great importance.

We included highly symptomatic HCM patients with 
significant LVOTO. After ASA, their symptoms greatly 
improved, as it has been already demonstrated by several 
studies (4,5,16,17). It is also known, that more pronounced 
reduction of LVOTO is associated with a lower NYHA 
class during the follow-up (4). This was confirmed by the 
current study, where both groups of patients had very low 
LVOT PG and only mild symptoms during the follow up. 
Severe LVOTO is known to be an independent predictor of 
adverse clinical outcome (18,19). Taking this into account, 
the clinical consequence of ASA is largely important. 
Resulting lower LVOT gradient is associated not only 
with better functional class, but also with better survival 
(18,20,21). The important finding of our current study 
is that HCM patients after ASA gained all these benefits 
irrespective of their genetic background. The possible 
explanation of relatively higher number of syncopes after 
ASA in G− patients could be the fact, that the G− patients 
were on average 11.5 years older than G+ patients and 
had higher incidence of complete heart block after ASA, 
as shown in Table 3. Nevertheless, most of the complete 
heart blocks were transient and did not require permanent 
pacemaker implantation.

The long-term survival was not statistically different 
between G+ and G− patients. Neither differed the 
occurrence of combined mortality endpoint (all-cause 
mortality and appropriate ICD discharge). Despite the 
long follow-up, the number of endpoints is relatively low, 
emphasizing the favorable prognosis of post-ASA patients. 
Prediction of post-ASA clinical outcome is challenging 
because of the marked heterogeneity of the treated HCM 
cohort. In our study, the independent predictors of all-
cause mortality were baseline IVS thickness and age at the 
time of ASA. Patients in the G+ group were on average 11.5 
years younger than G− patients. Despite their greater IVS 
thickness at baseline, their mortality rate was lower than in 
G− patients, that is probably attributed to lower age. The 
genotype positivity was not found to be independent of 
these two main predictors. Nevertheless, the low number of 
endpoints in the G + group compromised the multivariate 
analysis.

Another  important  f inding i s  that  the genet ic 

background of HCM patients did not influence the safety 
of the procedure. None of our study patients died or 
suffered a stroke within 30 days after ASA. Despite the 
greater hypertrophy of IVS, the occurrence of malignant 
arrhythmias and cardiopulmonary resuscitation in G+ 
patients were similar to G− patients. The G− patients 
inclined towards higher rates of a complete heart block 
after ASA, but the difference was not statistically significant. 
Neither the rates of permanent pacemaker implantation 
differed between our two groups.

Marked genetic heterogeneity of HCM, including 
incomplete penetrance, variable expressivity and existence 
of HCM phenocopies, makes the genotype results 
interpretation complicated. It is likely, that factors other 
than the sarcomere mutation itself influence clinical 
course and outcomes. These genetic, epigenetic, and 
environmental modifiers play an important role but are not 
yet fully characterized or understood. All of these aspects 
of heterogeneity in HCM have prevented identifying clear 
correlations between genotype and phenotype to date.

In our study, we present the largest ASA cohort evaluated 
with NGS. We identified genetic variants in 41% of 
patients. Only 23% of identified variants were classified 
as pathogenic or likely pathogenic (P/LP). This relatively 
low yield of genetic testing is in line with our recent 
findings (9). Advances in contemporary DNA-sequencing 
methodology make gene-based diagnosis faster and cheaper 
in clinical practice. Screening large numbers of genes 
results in the identification of many genetic variants of 
unknown significance (VUS) (18,19) which are not clinically 
actionable. In our study, we used a strict classification 
ACMG guidelines criteria (10), that explains the lower 
number of patients with P/LP variants than described in the 
past (13,14) but in line with the most recent works (12,20). 
Even with analysis of up to 229 genes, 59% of our patients 
do not carry any genetic variant susceptible of causing 
HCM. Together with a known low yield of genetic testing 
in patients with sigmoid septal morphology (13), these 
findings suggest, that some of the patients, despite having 
significant LVOTO treated with ASA, may not suffer from 
a true monogenic disorder. 

While historically viewed as an autosomal dominant 
inherited heart condition, in patients with negative genetic 
tests, the inheritance pattern and utility of family screening 
are unclear. Recent studies have shown that expanded 
panel for genetic testing offers limited additional sensitivity 
for most patients with HCM (21-23). Also, in our study 
of ASA patients, almost all P/LP variants were found in 
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sarcomeric genes, with only two exceptions. It is clear, that 
a large proportion of individuals with a clinical diagnosis of 
HCM but without sarcomere gene mutations may exhibit 
a distinct disease process that has a more complex, non-
Mendelian inheritance pattern (24). Their phenotype fulfils 
the clinical criteria for the diagnosis of HCM (2,3) and 
they commonly suffer from typical features of the disease, 
including LVOTO. The results of our study revealed that 
both these groups of patients can be treated effectively with 
ASA resulting in similar clinical outcomes. Therefore, the 
decision about ASA procedure should not be influenced by 
genetic background in clinical practice.

Our study has several limitations. It is a retrospective 
analysis of prospectively collected data. The study is 
underpowered in terms of mortality, since our study groups 
are relatively small. We cannot be confident that these 
data are generalizable for non-tertiary referral centers with 
less experience with HCM patients and ASA. Institutional 
experience is a key determinant of successful outcomes 
and lower complication rates of ASA (25). This fact 
results in another selection bias—patients were carefully 
selected for ASA, considering the presence of septal and 
mitral apparatus anatomy appropriate for the procedure. 
Moreover, the results are only applicable to the adult HCM 
population, since no pediatric patients were included in our 
study. 

Conclusions

Despite a more severe phenotype in G+ HCM patients, 
ASA is an equally effective treatment for LVOTO in G+ 
patients as it is for treating LVOTO in G− patients. The 
long-term outcome after ASA is similar in G+ and G− 
patients.
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Table S1 The complete list of genes and identified variants

Gene Pathogenic Likely pathogenic VUS

MYBPC3 20 1 6

MYH7 1 5 6

PTPN11 1 0 0

RAF1 1 0 0

MYL3 0 2 0

TNNT2 0 1 1

TNNI3 0 1 0

TPM1 0 1 0

CSRP3 0 0 3

ACTN2 0 0 2

DSP 0 0 2

CACNA1C 0 0 1

DES 0 0 1

DMD 0 0 1

DSG2 0 0 1

FHL2 0 0 1

LDB3 0 0 1

MYH6 0 0 1

MYL2 0 0 1

MYOZ2 0 0 1

NEXN 0 0 1

PKP2 0 0 1

SCN10A 0 0 1

SOS1 0 0 1

SCN2B 0 0 1

VUS, variants of unknown significance.
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