
Herzschrittmachertherapie +
Elektrophysiologie

Original Contributions

Herzschr Elektrophys 2020 · 31:292–300
https://doi.org/10.1007/s00399-020-00709-4
Received: 1 June 2020
Accepted: 2 July 2020
Published online: 4 August 2020
© Springer Medizin Verlag GmbH, ein Teil von
Springer Nature 2020

Adnan Spahic1 · Ting-Hui Chen2 · J. Christoph Geller3 · Joerg Saenger4 ·
Marc-Alexander Ohlow5

1 Department of Cardiology, Zentralklinik, Bad Berka, Germany
2 Center for emergency medicine, University Hospital Jena, Jena, Germany
3Department of invasive and interventional Electrophysiology, Zentralklinik, Bad Berka, Germany
4 Institute of Pathology, Zentralklinik Bad Berka, Bad Berka, Germany
5Department of Cardiology, SRH Wald-Klinikum, Gera, Germany

Life in the fast lane: clinical and
immunohistological
characteristics of tachycardia-
induced cardiomyopathy—
a retrospective study in 684
patients

Introduction

Long-standing tachycardia is a well-rec-
ognized cause of heart failure (HF) and
leftventriculardysfunctionandhas led to
the nomenclature, tachycardia-induced
cardiomyopathy (TCM)[5]. TCMisgen-
erally partially or entirely reversible with
adequate treatment of the underlying ar-
rhythmia. Therapeutic options include
drug therapy, cardioversion, or interven-
tional/surgical ablation [5].

The diagnosis is usually made retro-
spectively after normalization of heart
rate and recovery of left ventricular func-
tion (LVEF). The first documented case
was described in 1913 in a young patient
with atrial fibrillation and symptoms of
HF [7]. However, knowledge of the un-
derlyingpathophysiologicalmechanisms
andhistopathological changes is still lim-
ited.

Various animal studies have described
the molecular pathophysiological fea-
tures of TCM [15, 20]. Induction of
cardiomyopathy through rapid pacing in
various animal models has provided in-
sight into the changes that occur within
the myocyte as well as the surround-
ing extracellular matrix [15, 20]. In
particular, sustained tachycardia causes

changes in calcium homeostasis, matrix
remodeling, and fibrosis, as well as neu-
rohormonal activationparameters [8, 21,
24]. A study by Mueller et al. showed
changes in cardiomyocyte and mito-
chondrial morphology accompanied by
macrophage-dominated inflammation
in TCM [12].

This study aimed to analyze endomy-
ocardial biopsy (EMB) samples from pa-
tients with TCM and compare themwith
samples from patients with dilated car-
diomyopathy (DCM) and inflammatory
cardiomyopathy (InCM).

Methods

A retrospective analysis was performed
in consecutive patients treated at the
authors’ institution with an LVEF ≤50%
presenting with new-onset non-is-
chemic HF. The definition of TCM
included: 1) heart rate on admission
>100 beats/min and evidence of pro-
longed elevated heart rate; 2) recovery
of LVEF after the restoration of sinus
rhythm or rate control (>5% absolute in-
crease in LVEF [22]); and 3) exclusion of
other causes of HF. The decision to per-
form EMB was based on clinical criteria
and indications, as previously described

[1, 2, 4, 10]. Cardiomyopathies were de-
fined according to classification criteria
from the American Heart Association
and the European Society of Cardiology
[1, 2, 11]. Coronary artery disease as
the cause of the reduced LVEF needed
to be excluded using coronary angiog-
raphy before a patient was eligible for
inclusion in the study. All patients were
medically treated according to current
guidelines, depending on the degree of
HF symptoms and LVEF development
[19].

LVEF was estimated by echocardiog-
raphy using the modified Simpson’s rule
with images obtained from apical four-
and two-chamber views. The study con-
formed to the principles outlined in the
Declaration of Helsinki, and the local
ethics committee approved the research
protocol.

Endomyocardial biopsy analysis

Biopsy specimenswere taken with a ded-
icated bioptome (B-18110-S; 4.5mm3,
Mannheim,Germany)advancedthrough
various 7-F or 8-F coronary guiding
catheters(JR4.0/AL1.0/JL4.0,Medtronic,
Danvers, MA, USA). At least four biopsy
specimens (median, n= 5) with a di-
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Fig. 18Absolute left ventricular ejection fraction (LVEF) changes during follow-up.TCM tachycar-
dia-induced cardiomyopathy, InCM inflammatory cardiomyopathy,DCM dilated cardiomyopathy;
*** p-value< 0.001 compared to TCM

ameter of 1–3mm were harvested un-
der strictly sterile conditions. Two to
three biopsy specimens were fixed in
4% buffered formaldehyde for hema-
toxylin and eosin, Masson’s trichrome,
and Giemsa staining and performance
of immunohistology. Another two to
three cardiac tissue samples were quick-
frozenor fixed inRNAlater (Ambion Inc,
Foster City, CA, USA) for polymerase
chain reaction (PCR) detection of viral
genomes without loss of sensitivity [16,
17]. Biopsy specimens were investigated
within 24h. Immunohistological stain-
ing and detection of viral genomes were
performed as previously described [16,
17].

Statistical analysis

Continuous variables are reported as
mean value± standard deviation or me-
dian and interquartile ranges (25th–
75th percentiles) if appropriate. The
normality of distribution was tested
with the D’Agostino-Pearson omnibus
normality test. Categorical variables are
presented as absolute (n) and relative
(%) frequencies. The one-way analy-
sis of variance (ANOVA) for multiple
comparisons or the Kruskal-Wallis tests
were used depending on the presence
or absence of normal distribution of
continuous variables. The Fisher’s exact
test was used for categorical variables.

The paired t-test was used to compare
baseline and follow-up continuous vari-
ables. A probability value of <0.05 was
considered to be statistically significant.
Statistical analysis was performed using
the GraphPad Prism version 6.02 for
Windows (GraphPad Software, La Jolla,
CA, USA).

Results

The authors studied a cohort of 684 con-
secutive patients with recent-onset HF
and reduced LVEF ≤50% not caused by
valvular or ischemic heart disease. In
total, 18 patients retrospectively fulfilled
the criteria for TCM. The clinical char-
acteristics of these patients were com-
pared to 496 patients with inflamma-
tory cardiomyopathy (InCM) and with
170patientswithdilatedcardiomyopathy
(DCM).

Baseline characteristics

In theTCMgroup, 83.3%ofpatientswere
men; the mean age of the study popu-
lation was 57± 13.0 years. Of these pa-
tients, 94.4% had HF symptoms of New
York Heart Association (NYHA) func-
tional class≥ II, being borderline signif-
icant compared to DCM and InCM pa-
tients (. Table 1). The prevalence of fever
was higher in the InCM group. Patients
with TCM presented with a mean heart

rate of 122± 25 beats/min. At baseline,
72.2% of patients had atrial fibrillation or
typical atrial flutter, while the remaining
patients presented with inadequate si-
nus tachycardia, atypical AV-node reen-
try tachycardia, or frequent premature
ventricular complexes (. Table 1).

ThemajorityofTCMpatients received
rhythm control therapy. Of these, 50.0%
underwent electrical cardioversion, and
38.9% also underwent ablation. Heart
rate at follow-upwas similar in all groups,
a finding indicating sufficient efficacy of
antiarrhythmic therapy in patients with
TCM(. Table 1). Onadmission, patients
with TCM had a left ventricular (LV)
end-diastolic diameter similar to those
of patients with DCM; however, LVEF
at baseline was significantly lower in the
TCM group (. Table 2). As expected,
the improvement of LVEF was signifi-
cantly greater in patientswithTCMcom-
pared with patients with InCM or DCM
(. Fig. 1).

Endomyocardial characteristics

The presence of viral genomes was com-
parable in the TCM and DCM groups,
as was the presence of biomarkers of my-
ocardial damage in all of the groups.

Histological findings

The authors compared histological find-
ings in TCM patients with findings in
patients that had InCM or DCM. They
found distinct differences in the presence
of T cells, whichwere strongly associated
with InCM (0.2 cells in high power field
[HPF] in TCM versus 1.1 cells in HPF in
InCM versus 0.27 cells in HPF in DCM;
overall p< 0.0001) (. Fig. 2a). The pres-
ence of CD68+macrophageswas not sig-
nificantly more frequent in patients with
TCM compared with DCM, but less fre-
quent comparedwithpatientswith InCM
(0.45cells inHPFinTCMversus0.47cells
in HPF in DCM versus 1.1 cells in HPF
in InCM; overall p< 0.0001) (. Fig. 2b).

In patients with TCM, anti-major his-
tocompatibility complex class II (MHC-
II) expression was similar to that in pa-
tients with InCM, but significantly en-
hanced compared with DCM (38.9% in
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Life in the fast lane: clinical and immunohistological characteristics of tachycardia-induced
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Abstract
Background. Tachycardia-induced car-
diomyopathy (TCM) has been known for
decades as a reversible form of non-ischemic
cardiomyopathy. However, its mechanism and
characteristics remain poorly understood.
Objectives. This retrospective study investi-
gated endomyocardial biopsy (EMB) samples
from consecutive patients with TCM and
compared them with samples from patients
with dilated cardiomyopathy (DCM) and
inflammatory cardiomyopathy (InCM).
Materials and methods. A total of 684
patients (18 TCM, 170 DCM, 496 InCM) with
recent-onset heart failure and reduced
ejection fraction unrelated to valvular or
ischemic heart disease were analyzed.

Results. In the TCM group, 81% were male,
the mean age was 60± 13 years, and 94% had
heart failure symptoms ≥2 New York Heart
Association (NYHA) class. At baseline (BL), 78%
had atrial fibrillation/flutter and 12% other
forms of tachycardia or frequent extrasystole.
The ventricular rate was higher compared
to DCM and InCM patients (122± 25 versus
78± 21; p< 0.001). Mean ejection fraction at
BL was lower compared to DCM and InCM
(27± 12% versus 39.0± 14.6%; p= 0.001),
but improved to a significantly greater
extent during follow-up (FU) (20% versus 6%;
p< 0.001). At FU, heart rate and presence of
sinus rhythm were similar in all groups; 69%
of TCM patients underwent cardioversion or
ablation. Compared with DCM patients, TCM

patients had stronger myocardial expression
of major histocompatibility complex (MHC)
class II and an equal amount of infiltrationwith
T-cells/macrophages. Compared with InCM
patients, the presence of T-cells/macrophages
was significantly lower in TCM. The marker
of apoptosis (caspase 3) was comparably
elevated in TCM/InCM patients.
Conclusion. Tachycardia-induced cardiomy-
opathy is characterized by immunohistological
changes comparable to DCM except for
caspase 3 levels, which were similar to those
in InCM.

Keywords
Atrial fibrillation · Cardiomyopathy · Histology ·
Endomyocardial biopsy · Heart failure

Leben auf der Überholspur: klinische und immunhistologische Eigenschaften der
tachykardieinduzierten Kardiomyopathie – eine retrospektive Studiemit 684 Patienten

Zusammenfassung
Hintergrund. Die tachykardieinduzierte
Kardiomyopathie (TCM) ist seit Jahrzehnten
als reversible Form einer nichtischämischen
Kardiomyopathie bekannt. Die zugrunde
liegenden Mechanismen sind jedoch
unzureichend verstanden.
Fragestellung. In dieser retrospektiven
Studie wurden Endomyokardbiopsien
(EMB) von konsekutiven Patientenmit TCM
analysiert und mit EMB von Patienten mit
dilatativer (DCM) und inflammatorischer
Kardiomyopathie (InCM) verglichen.
Material und Methoden. Untersucht wurden
684 Patienten (18 TCM, 170 DCM, 496 InCM)
mit kürzlich aufgetretener Herzinsuffizienz
und reduzierter linksventrikulärer Pumpfunk-
tion (LVEF), welche nicht durch Klappenvitien
oder myokardiale Ischämie hervorgerufen
wurde.

Ergebnisse. In der TCM-Gruppe waren
81% männlich, das mittlere Alter lag bei
60± 13 Jahren, 94% hatten Herzinsuf-
fizienzsymptome der New-York-Heart-
Association(NYHA)-Klasse ≥2. Zur Baseline
(BL) hatten 78% Vorhofflimmern/-flattern und
12% andere Formen der Tachykardie oder
häufige Extrasystolen; die Herzfrequenz war
höher im Vergleich zu Patienten mit DCM
und InCM (122± 25 vs. 78± 21; p< 0,001).
Die mittlere LVEF zur BL war geringer im
Vergleich zu DCM und InCM (27± 12% vs.
39,0± 14,6%; p= 0,001), besserte sich aber
signifikant stärker während des Follow-
ups (FU; 20% vs. 6%; p< 0,001). Zum FU
waren die Herzfrequenz und die Häufigkeit
eines Sinusrhythmus in allen Gruppen
vergleichbar. 69% der Patientenmit TCM
unterzogen sich einer Kardioversion oder
Ablationsbehandlung. Verglichen mit

DCM-Patienten hatten TCM-Patienten eine
ausgeprägtere myokardiale Expression des
Haupthistokompatibilitätskomplexes (MHC)
Klasse II und ein vergleichbares Ausmaß
an Infiltration mit T-Zellen/Makrophagen.
Verglichen mit InCM-Patienten war die
Infiltration mit T-Zellen/Makrophagen bei
TCM signifikant geringer. Der Apoptosemarker
Caspase 3 war bei Patientenmit TCM bzw.
InCM vergleichbar erhöht.
Schlussfolgerung. Die TCM ist charakterisiert
durch immunhistologische Veränderungen,
die mit denen einer DCM vergleichbar sind,
mit Ausnahme des Apoptoseparameters
Caspase 3, der mit der InCM vergleichbar ist.

Schlüsselwörter
Vorhofflimmern · Kardiomyopathie ·
Histologie · Myokardbiopsie · Herzinsuffizienz

TCM versus 54.4% in InCM versus 4.1%
in DCM; overall p< 0.0001) (. Fig. 3).

Patients with TCM had a moderately
increased degree of fibrosis, which was
slightly higher in patients with DCM and
InCM (fibrosis score [0–4]: 1.6 in TCM
versus 2.1 in InCM versus 1.9 in DCM;
severe fibrosis: 6.7% in TCMversus 8.9%

in InCM versus 17.6% in DCM; overall
p= 0.45) (. Fig. 2c).

Apoptosis and cell death are essential
issues in HF. The presence of cysteinyl
aspartate-specific protease 3 (caspase 3),
a specific indicator for apoptosis, was
lowest in DCM (48% cells in HPF in
TCM versus 50% cells in HPF in InCM

versus 42% cells in HPF in DCM; overall
p< 0.0001). Notably, despite theexcellent
recovery potential of TCM, the marker
of apoptosis in patients with TCM was
elevated to a similar degree compared to
those with InCM (. Fig. 2d).
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Table 1 Baseline characteristics

Clinical characteristics All patients (n= 684)
(100%)

TCM (n=18)
(2.6%)

InCM (n= 496)
(72.7%)

DCM (n=170)
(24.9%)

p-Value

Age (years); mean± SD 57± 13 60± 13 56± 14 58± 14 0.34

Sex (male) 495 (72.6%) 15 (83.3%) 356 (71.8%) 126 (75.9%) 0.62

Comorbidities

Coronary artery disease 28 (4.1%) 2 (11.1%) 21 (4.2%) 5 (2.9%) 0.58

Prior coronary artery bypass grafting 6 (0.8%) 0 (0.0%) 6 (1.2%) 0 (0.0%) 1.00

Prior percutaneous coronary interven-
tion

16 (2.3%) 2 (11.1%) 12 (2.4%) 2 (1.2%) 0.76

History of myocardial infarction 46 (6.7%) 0 (0.0%) 40 (8.1%) 6 (3.5%) 0.34

Arterial hypertension 448 (65.7%) 13 (72.2%) 318 (64.1%) 119 (70.0%) 0.37

Diabetesmellitus 179 (26.2%) 8 (44.4%) 130 (26.2%) 42 (24.7%) 0.25

Hyperlipidemia 282 (41.3%) 7 (38.9%) 203 (40.9%) 73 (42.9%) 0.71

Peripheral artery disease 18 (2.6%) 1 (5.6%) 11 (2.2%) 6 (3.5%) 1.00

Prior transient ischemic attack or stroke 32 (4.6%) 3 (16.7%) 22 (4.4%) 8 (4.7%) 0.37

Chronic obstructive pulmonary disease 79 (11.6%) 3 (16.7%) 58 (11.7%) 18 (10.6%) 1.00

Clinical presentation

Heart rhythm on admission

Sinus rhythm 554 (81.0%) 2 (11.1%) 404 (81.5%) 148 (87.0%) <0.0001

PVC 1 (0.2%) 1 (5.6%) 0 (0.0%) 0 (0.0%) –

Atrial fibrillation 119 (17.4%) 13 (72.2%) 87 (17.5%) 19 (11.2%) –

Atrial flutter 5 (0.7%) 1 (5.6%) 2 (0.4%) 2 (1.2%) –

SVT 2 (0.3%) 1 (5.6%) 1 (0.2%) 0 (0.0%) –

VT 3 (0.4%) 0 (0.0%) 2 (0.4%) 1 (0.6%) –

Heart rate (beats/min) 78± 21 122± 25 78± 21 76± 14 <0.0001

Duration of symptoms (days);
mean± SD

87± 162 21± 17 87± 169 88± 157 0.04

Fever 110 (16.1%) 1 (5.6%) 89 (17.9%) 20 (11.8%) 0.03

Acute coronary syndrome 166 (24.3%) 4 (22.2%) 122 (24.6%) 40 (23.5%) 1.00

CCS functional class ≥ II 297 (43.6%) 4 (22.2%) 224 (45.2%) 69 (40.6%) 0.19

NYHA functional class ≥ II 480 (70.4%) 17 (94.4%) 351 (70.8%) 114 (67.1%) 0.05

Fatigue 224 (32.8%) 6 (33.3%) 173 (34.9%) 47 (27.6%) 0.18

Pulmonary edema 76 (11.1%) 2 (11.1%) 60 (12.1%) 15 (8.8%) 0.41

Syncope 46 (6.7%) 2 (11.1%) 31 (6.3%) 13 (7.6%) 0.53

Body-mass index (kg/m2); mean± SD 28± 5.1 27± 3.4 28.6± 5.3 28± 4.9 0.68

Blood pressure (mmHg)

Systolic 134± 22 133± 22 133± 21.8 138± 23 0.02

Diastolic 80± 12 84± 17 80± 11.4 82± 13 0.15

Mean 97± 14 100± 19 96± 13.5 100± 15 0.004

Peripheral edema 133 (19.5%) 6 (33.3%) 95 (19.2%) 33 (19.4%) 0.30

Jugular venous distension 12 (1.8%) 0 (0.0%) 8 (1.6%) 4 (2.4%) 1.00

Rales 86 (12.6%) 3 (16.7%) 59 (12.1%) 24 (14.1%) 1.00

Histological findings in sinus
rhythm and atrial fibrillation

In order to further evaluate the impact
of atrial fibrillation or tachycardia it-
self on endomyocardial biopsy findings,
the authors compared patients in atrial

fibrillation (n= 112) on admission and
those in sinus rhythm (n= 553), irre-
spective of their admission heart rate.
In this comparison, it was not possi-
ble to demonstrate any significant differ-
ence between patients in sinus rhythm
and those in atrial fibrillation with re-

spect to CD3+ cells (0.84± 0.86 versus
0.82± 0.76 cells inHPF;p=0.88), CD68+
cells (0.93± 0.72 versus 0.97± 0.75 cells
in HPF; p= 0.58), MHC II (55.7% versus
60.4%positive biopsies; p= 0.75), fibrosis
score (2.0± 1.2 versus 2.2± 1.2; p= 0.14),
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Table 1 (Continued)

Clinical characteristics All patients (n= 684)
(100%)

TCM (n=18)
(2.6%)

InCM (n= 496)
(72.7%)

DCM (n=170)
(24.9%)

p-Value

Heart rhythm during follow-up

Sinus rhythm 556 (81.5%) 15 (83.3%) 397 (80.1%) 146 (85.9%) 0.24

Atrial fibrillation 118 (17.3%) 3 (16.7%) 91 (18.3%) 24 (14.1%) 0.30

Heart rate (beats/min) 71.6± 20.5 72.5± 9.2 71.6± 20.3 68.3± 21.2 0.45

Electrical cardioversion 80 (11.7%) 9 (50.0%) 52 (10.5%) 21 (12.4%) 0.0002

Ablation 35 (5.1%) 7 (38.9%) 15 (3.1%) 14 (8.2%) 0.0002

The numbers highlighted in boldface indicate statistically significant differences between groups
CCS Canadian Cardiovascular Society, COPD chronic obstructive pulmonary disease, DCM dilated cardiomyopathy, InCM inflammatory cardiomyopa-
thy, IQR interquartile range, LVEDD left ventricular end-diastolic diameter, NYHA New York Heart Association, PVC premature ventricular contraction,
SD standard deviation, SVT supraventricular tachycardia, TCM tachycardia-induced cardiomyopathy, VT ventricular tachycardia

Table 2 Biomarkers and echocardiographic characteristics

Variable All patients (n= 684)
(100%)

TCM (n= 18)
(2.6%)

InCM (n= 496)
(72.7%)

DCM (n= 170)
(24.9%)

p-Value

Laboratory on admission

Potassium (mmol/l) 4.2± 0.51 4.2± 0.75 4.2± 0.51 4.3± 0.55 0.71

Creatinine (mg/dl) 99± 59 113± 39 99± 57 96± 34 0.38

C-reactive protein (mg/dl) 13± 28 14± 13 13.2± 27 13.0± 29 0.96

Creatine kinase (x103 U/l) 4.4± 9.2 2.8± 2.0 4.6± 9.6 3.2± 3.2 0.48

NT pro-BNP (pg/ml); median
(IQR)

2595 (538–5672) 2665 (189–5141) 2595 (672–7042) 2630 (451–5131) 0.42

Hemoglobin (g/dl) 8.9± 1.1 8.9± 1.1 8.9± 1.1 9.0± 1.0 0.76

White blood cell (x103 /μl) 8.6± 2.9 11± 2.4 8.6± 2.9 8.6± 3.0 0.005

Troponin (ng/ml) 2.7± 9.4 0.89± 0.87 2.9± 9.4 1.7± 4.6 0.15

Echocardiography at BL

LVEF (%) 38± 14 26± 12 39.0± 14.6 38.4± 15 0.004

LA diameter (mm) 41± 7.6 42± 6.3 42± 22.4 42± 6.3 0.84

LVEDD (mm) 57± 8.9 58± 9.9 57± 8.8 56± 8.9 0.46

RV pressure (mmHg) 30± 11 31± 9.2 29.5± 10.6 30.3± 13 0.66

Echocardiography at FU

LVEF (%) 44.5± 13 47± 14* 44± 13 45± 13* 0.75

Absolute LVEF improvement (%) 6± 12 21± 13 6± 12 7± 14 0.002

LVEDD (mm) 55.9± 7.7 53± 6.5 55± 7.2 56± 8.7 0.46

The numbers highlighted in boldface indicate statistically significant differences between groups
FU follow-up, BL baseline, IQR interquartile range, LA left atrium, LVEDD left ventricular end-diastolic diameter, LVEF left ventricular ejection fraction, NT
pro-BNP N-terminal pro-brain natriuretic peptide, RV right ventricle
*p< 0.001 Baseline versus follow-up

and cleaved caspase 3 (46± 16% versus
45± 16%; p= 0.46) (. Fig. 4).

Recovery of LVEF in patients
with tachycardia-induced
cardiomyopathy

The absolute LVEF improvement of the
total TCM cohort after a median of
6months of FU was 21% (. Table 1).
The authors arbitrarily defined a group
of TCM patients with good LVEF recov-

ery (mean absolute LVEF improvement
>21%) and compared it to the remaining
TCM patients with an absolute LVEF
improvement of ≤ 21%. The echocardio-
graphic findings at baseline in the group
with LVEF recovery >21% were sig-
nificantly worse compared to the group
with LVEF recovery of ≤ 21% (. Table 3).
Otherwise, they were not able to demon-
strate any significant differences between
the two groups for baseline characteris-

tics, clinical presentation, rhythm at FU,
and immunohistochemical findings.

Discussion

This retrospective study was designed to
further elucidate EMB results in patients
with TCM.
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Fig. 28 Comparisonofbiopsies. aCD3+TcellsandbCD68+macrophages,aswellasc immunohistological scoreofmyocardial
fibrosis (trichrome staining), andd caspase 3 are compared inmyocardial biopsy samples frompatients with tachycardia-in-
duced cardiomyopathy (TCM), inflammatory cardiomyopathy (InCM), anddilated cardiomyopathy (DCM). ***p-Value<0.001
compared to TCM.HPFhigh power field, nsnot significant compared to TCM

Fig. 38Anti-major histocompatibility complex class II expression.TCM tachycardia-induced car-
diomyopathy, InCM inflammatory cardiomyopathy,DCM dilated cardiomyopathy; *** p-value<0.001
compared to TCM. nsNot significant

Definition and diagnosis

Arrhythmia characteristics contributing
to TCM include not only the heart rate
but also the arrhythmia type, duration,
irregularity, and persistence [6]. An ar-
rhythmia that is insidious, persistent, and
well-tolerated is more likely to result in
TCM [6]. Lack of persistent tachycardia

from autonomic influences and resultant
slower rates during sleep are likely to be
the reasons that TCM is rare with inap-
propriate sinus tachycardia and postural
orthostatic tachycardia syndrome. How-
ever, the average heart rate can be >100
beats/min. There is no specific heart rate
cutoff at which TCM develops; it seems
to be age-dependent, and a heart rate

two-times faster than the normal heart
rate can be considered as a threshold for
TCM [9].

Immunohistological findings

Myocardial infiltrationwithlargeamounts
of macrophages and T-cells is regularly
observed in InCM [12] and was also
present in InCM patients in this group.
Patients fulfilling the criteria of TCM
had a distinct pattern compared to InCM
patients. The presence of macrophages
and T-cells was significantly lower in
the TCM group and more comparable
to alterations seen in DCM patients.
These findings are in some contrast to
a study of EMB results in TCM pa-
tients, where the authors demonstrated
macrophage-dominated myocardial in-
flammation [12], which has also been
described in animal studies [13]. These
differences to the present results might
be explained, at least in part, by the
relatively short duration of tachycardia
in the authors’ cohort, which was 25%
shorter compared to the animal studies;
Mueller and colleagues did not report the
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Fig. 48 Immunohistochemical findings in patients with sinus rhythmversus atrial fibrillation.a CD3+T cells andCD68+

macrophages,b immunohistological score ofmyocardial fibrosis (trichrome staining), c anti–major histocompatibility
complex class II expression, andd caspase 3 are compared inmyocardial biopsy samples frompatients with tachycardia-in-
duced cardiomyopathy, inflammatory cardiomyopathy, and dilated cardiomyopathy.HPFhigh power field, nsnot significant
compared to TCM

duration of symptoms [12]. However,
the relationship between arrhythmia to
cardiomyopathy and the development of
symptoms is difficult to determine since
an arrhythmia could exist for a long time
before its recognition and before TCM
develops [6]. In a study of 24 patients
with TCMandHF, themedian time from
onset of arrhythmia to cardiomyopathy
and the development of HF was 4.2
years [14]. Also, in animal rapid atrial
pacing TCM models, there is a com-
pensatory phase whereby LV dilatation,
extracellular matrix remodeling, and
neurohumoral activation occurs, but
severe LV dysfunction does not. This
phase is followed by a phase in which
LV dysfunction becomes manifest and
associated with defects in excitation—
contraction coupling and LV myocyte
remodeling and dysfunction [6]. So, the
time point of EMB during the disease
course will most probably have a sig-
nificant impact on the results of the
immunohistochemical analysis.

Chicken or egg in tachycardia-
induced cardiomyopathy

It is intriguing to speculate in clinical set-
tings whether atrial fibrillation itself, the
resulting tachycardia (of any cause), or
the combination of both leads to severely
reducedLVEF.A studydemonstrated im-
pairedmyocardial energetics resulting in
subtle leftventriculardysfunctiondespite
successful catheter ablation in patients
with “lone” atrial fibrillation [22]. More-
over, although the majority of TCM pa-
tients usually have a substantial improve-
ment inmean ejection fraction, not all of
themhaveanormalizedLVEFatFU.Also,
in the current study, there was a group
of TCM patients with excellent recov-
ery (mean absolute LVEF improvement
34± 6.1%) and almost normalization of
LVEF to a mean of 52%, but 56% of
our TCM patients had significantly less
improvement of LVEF (8.1± 11%) with
amean LVEF of 41% after 6months. This
raises the possibility that underlying car-
diomyopathymay have been exacerbated
by uncontrolled tachycardia. Even if the

LVEF improves, it is unclear whether
this means cure [6] as the recovery of
LVEF may not imply normalization of
LV structure and function [6]. Notably,
the authors found a relevant amount of fi-
brosis in TCM and also elevatedmarkers
of cardiomyocyte apoptosis (caspase 3)
comparable to InCM patients in their
series. This was also demonstrated in
a study with 19 TCM patients [12] and
might contribute to incomplete LVEF re-
covery after a “point of no return” has
been passed.

To further address the chicken and
egg issue, the EMB results of patients
with atrial fibrillation on admission were
compared with those in sinus rhythm ir-
respective of admission heart rate. It was
not possible to demonstrate any signifi-
cant differences between the atrial fibril-
lation or sinus rhythm group, which is
supported by similar results reported by
Mueller et al. [12].

Humanactivatedpluripotent stemcell
cardiomyocytes (iPSC-CM) mainly me-
diate the contractile dysfunction in per-
sistent tachycardia [18]. Their potential
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Table 3 Characteristics of tachycardia-induced cardiomyopathy patients with improved left
ventricular ejection fraction during follow-up
Variable Improved LVEF during FU p-Value

Yes (n= 8)
(44.4%)

No (n= 10)
(55.6%)

Biomarkers on admission

C-reactive protein (mg/dl) 15± 15 13± 12 0.76

Creatine kinase (x103 U/l) 2.7± 2.1 3.0± 2.1 0.85

NT pro-BNP (pg/ml); median 5141 891 0.06

Troponin I (ng/ml) 0.06± 0.04 0.12± 0.11 0.28

Echocardiography at BL

LVEF (%) 18± 9.2 33± 9.9 0.004

LA diameter (mm) 41± 4.4 42± 7.9 0.79

LVEDD (mm) 63± 7.5 54± 9.2 0.04

RV pressure (mmHg) 37± 8 26± 7.6 0.03

Echocardiography at FU

LVEF (%) 52± 7.8* 41± 12* 0.04

Absolute EF improvement (%) 34± 6.1 8.1± 11 <0.0001

LVEDD (mm) 51.3± 3.0* 55± 7.9 0.30

The numbers highlighted in boldface indicate statistically significant differences between groups
BL baseline, FU follow up, EF ejection fraction, LA left atrium, LVEDD left ventricular end-diastolic
diameter, LVEF left ventricular ejection fraction, NT pro-BNP N-terminal pro-brain natriuretic
peptide, RV right ventricle
* p< 0.001 Baseline versus follow-up

role is currently being investigated [18].
The underlying functional electrophys-
iologic mechanisms will be assessed by
measuring the action potential and ion
currents, as well as by analyzing the cel-
lular ion homeostasis [18]. Next-gen-
eration sequencing and gene-expression
profiles will help to analyze the under-
lying targets of persistent tachycardia in
the myocardium and the type of regula-
tion [18, 24]. This is especially important
as defined subgroups, e.g., patients with
homozygous deletion polymorphism in
theangiotensin-convertingenzymegene,
have a higher probability of developing
TCM when faced with persistent tachy-
cardia, suggesting a potential genetic link
[3, 6, 23].

Limitations

The results of this study should be inter-
preted with some caution as it is based
on retrospective observational data from
a single academic center. However, since
the definition of TCM is usually based
on the exclusion of other causes of heart
failure, the diagnosis of TCM is, to some
extent, always “retrospective.” Another

limitation is the overall low number of
patients with TCM. Further prospective
studies are warranted for better char-
acterization of patients with TCM by
EMB, which could help identify patients
with TCM.Although viral genomes were
found in a few patients with TCM but
with no signs of viral myocarditis, it is
not possible to entirely exclude a patho-
logical role (including atrialmyocarditis)
of the detected viruses in these patients.

Practical conclusions

Themain results of our study are as
follows:
4 Compared to patients with DCM,

patients with TCM demonstrated
significantly stronger myocardial
expression of MHC-II molecule and
an equal amount of infiltration with
CD3+ T cells and CD68+ macrophages.

4 Compared to patientswith inflamma-
tory cardiomyopathy, the presence
of T cells and macrophages was
significantly lower in TCM.

4 Myocardial fibrosis was detected to
a lower degree in patients with TCM
compared to DCM and InCM.

4 The marker of apoptosis (caspase 3)
was comparably elevated in TCM and
InCM patients and significantly lower
in the DCM group.

4 On an immunohistological level,
there were no significant differences
either in TCMpatients in sinus rhythm
versus atrial fibrillation at baseline or
in TCM patients with LVEF improve-
ment larger than the mean of the
total cohort (21%) compared to TCM
patients with less LVEF improvement.
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