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Introduction

For children with single ventricle anatomy, palliative treat-
ment consists of surgically connecting the systemic venous
return directly to the pulmonary circulation. This circuit

relies on passive flow through the lung bed without an
additional driving force of a subpulmonary ventricle.1,2

Generally, the circuit is fashioned surgically in a stepwise
fashion across childhood and thefinal palliated state is called
the Fontan–Kreutzer circulation or total cavopulmonary
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Abstract Background A growing number of patients with a single ventricle anatomy, who had
a Fontan palliation as a child, are now reaching adulthood. Many need an epimyocardial
pacemaker system with an optional telemonitoring (TM) unit, which evaluates the
collected data and sends it via Internet to the patient’s physician. There are no data on
the reliability and clinical relevance of these systems in this patient group.
Methods We analyzed data in 48 consecutive patients (mean age 18 years, standard
deviation 9 years) with a Fontan or Fontan-like palliation who received a cardiac
implantable electronic device with a TM unit from Biotronik (Home Monitoring) or
Medtronic (CareLink) between 2005 and 2020 with regard to the reliability and clinical
relevance of the downloaded data.
Results The observation period was from 4 months to 14 years (mean 7 years,
standard deviation 3.9 years). A total of 2.9 event messages (EMs)/patient/month and
1.3 intracardiac electrogram recordings/patient/month were received. Two patients
died during follow-up. The combination of regularly arriving statistical data and 313
clinically relevant EMs led to the modification of antiarrhythmic or diuretic medication,
hospitalization with cardioversion or ablation, and cortisone therapy to avoid exit block
in 21 (44%) patients.
Conclusion TM is an instrument to receive functional and physiologic parameters of
our Fontan patients. It provides the ability to respond early for signs of system failure,
or arrhythmia, even if the patient is not experiencing any problems. It is a useful tool to
manage this difficult patient population without frequent hospital visits.
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circulation (TCPC). These circuits have evolved since the
original descriptions3 and have improved symptoms and
clinical outcome while reducing complications.4 The major-
ity of these patients now reach adult age.

As any form of arrhythmias is badly tolerated in Fontan
patients1,5 and may rapidly cause cardiac and circulatory
failure, the implantation of cardiovascular implantable elec-
tronic devices (CIEDs)maybe indicated tomonitor and direct
treatment in these patients.6 Since the blood flow of both
caval veins drains directly to the pulmonary arteries, this
patient group is predisposed to epimyocardial CIED.7 This
shortens the electric vector between lead tip and CIED and
turns it away from the intra- or transthoracic area toward the
thoracoabdominal segment (►Fig. 1b). Using single-finger
defibrillator leads with epimyocardial automated implant-
able cardioverter defibrillators (AICDs), the electric field is
turned upside down (►Fig. 1c). Very little is published about
the utility and performance of epimyocardial CIEDs in this
patient group.8

Modern telemonitoring (TM) systems collect and transmit
an increasing number of parameters, reflecting normal func-
tion of leads and CIED, underlying heart rate, physical
activity, arrhythmic episodes, thoracic impedance (TI) to
name a few. These data have the potential to recognize
potentially harmful changes within the CIED or the patients’
rhythm and circulation,9,10 but as yet are unstudied in
Fontan patients.

The purpose of this single-center retrospective data anal-
ysis was to determine whether the data regularly transmit-
ted by two TM systems can be reliably interpreted, are
clinically relevant, and be used for decision-making.

Methods

Patient Population
Between 2005 and 2020, a total of 48 patientswho had either
a TCPC (n¼40), a bidirectional anastomosis of the superior
vena cava to the pulmonary arteries (Glenn shunt) (n¼2), or
a “one andhalf” ventricle repair (Glenn shuntwith a pressure
reduced pulsed contribution from a hypoplastic ventricle11)

(n¼6) received an epimyocardial CIED implant in our clinic
(►Table 1).

Indications for a CIED
Eighteen patients had higher degree atrioventricular block
(AVB) as their primary indication for a CIED. Thirteen
patients had a sick sinus syndrome (SSS) (n¼10) or atrio-
ventricular (AV) dissociation (n¼3) with resulting atrial
bradycardia. Thirteen patients showed SSS plus AVB and
four patients had episodes of atrial tachycardia requiring
antiarrhythmic therapy causing clinically relevant bradycar-
dia. One event recorder (ER), 2 atrial (AAI) and 1 ventricular
(VVI) pacemakers, 29 double chamber (DDD), and 12 cardiac
resynchronization therapy (CRT) systems were implanted.
Additionally, three CRT-defibrillators (CRT-D) were used in
patients with known episodes of ventricular tachycardia and
reduced ejection fraction of less than 40% (►Table 2).

Implantation Procedure
Bipolar epimyocardial leads, the Greatbatch Myodex 1084-T
(GreatbatchMedical, Minneapolis, Minnesota, United States)
and the Medtronic 4968 CapSure Epi (Medtronic, Minneap-
olis, Minnesota, United States) were implanted. For the CRT-
D, the Medtronic finger lead 6996 Sub-Q Lead (Medtronic)

Fig. 1 Different electric vectors and defibrillator fields between transvenous pacemaker (P) and defibrillator (D) systems (a), compared with
epimyocardial systems (b, c).

Table 1 List of patient’s main diagnoses

Diagnoses n¼48

Unbalanced atrioventricular septal defect 7

Double inlet left ventricle 8

Double outlet left ventricle 2

Double outlet right ventricle 9

Hypoplastic left heart complex 1

Hypoplastic left heart syndrome 9

Hypoplastic right heart syndrome 1

Pulmonary valve atresia 1

Tricuspid valve atresia 9
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was used as the shock coil lead and implanted either high in
the thorax interpleural or subcutaneous behind the scapula.
The CIED was placed subdiaphragmatic behind the fascia
musculus rectus (►Fig. 1).

The apex of the dominant systemic ventricle was the
primary location to implant the right ventricular lead. In
the case that a second ventricular lead was required, it was
placed in the latest contracting region of the ventricle or on
the diaphragm side opposite the outflow tract.12 The atrial
lead was placed close to the sinus node. The two poles of the
4,968 lead were placed �10mm apart from each other.
Acceptable lead parameters were pacing threshold<2V,
impedance between 200 and 1,200 Ohm, atrial sensing
amplitude>1mV, andventricular sensing>5mV for bipolar
configuration. The equipment implanted was at the discre-
tion of the referring physician.

Data Collection
All systems were followed online using either the TM “Home
Monitoring” (Biotronik, Berlin, Germany) (TM-HM) or the
“CareLink” (Medtronic, Inc.) (TM-CL). The TM-HM automati-
cally uploads a dataset every night. The TM-CL requires the
patient to activate the monitor to upload data. It was
therefore agreed in advance with the patients that the
transmission should be performedweekly or more frequent-
ly if there were symptoms.

Data collected from daily measurements were considered
as statistical data (SD). Additionally, both TM systems were
able to evaluate the collected data and generate an event
message (EM) according to adjustable limits, so-called excep-
tions. These limits were programmed according to the age-
related standard values, so that small deviations above daily

individual variations would trigger such an EM. In case of an
atrial or ventricular tachyarrhythmia, an EM is sent and both
systems are able to isolate and send corresponding record-
ings of the intracardiac electrogram (IEGM).

From the SD set, 16 parameters (which both systemswere
able to generate and transmit) were evaluated for each of the
devices (►Table 3). One group consisted of 10 system-asso-
ciated parameters including lead impedance, pacing thresh-
old, and sensing amplitude for all connected leads. The other
group consisted of six patient-related parameters including
mean heart rate, mean atrial heart rate, mean heart rate at
rest, patient activity, mean premature ventricular contrac-
tions (PVCs) per hour, and the TI, which is supposed to reflect
intrathoracic fluid retention, which has the potential to be an
important factor in patients with a passive lung perfusion
(►Table 3).

Statistics
Standard statistics were used for mean, standard deviation,
and variances. Student’s t-test was applied to determine if
two parameter groups were significantly different with p �
0.05. All calculations, tables, and graphics were calculated in
Microsoft Excel 2016.

Results

In this study, 34 patients received a Biotronik CIED and 14
patents a Medtronic system (►Table 2). A total of 107 pacing
leads and 3 shock coil finger leads were implanted
(►Table 4). Follow-up time ranged from 4months to 14 years
(mean 7 years, standard deviation 3.9 years) with a cumula-
tive observation time of 340 patient years. The mean patient
age at the time of the latest cardiac surgery was 4 years
(standard deviation 3.3 years, minimum0.3 years,maximum
18 years). Themean age at the time of CIED implantationwas
9.6 years (standard deviation 8.6 years, minimum 0.05 years,
maximum 29 years). The mean age of all patients at latest
follow-up was 18 years (standard deviation 9 years).

Two patients died 2 and 4 years after their latest pace-
maker revision with a known history of frequent ventricular
extrasystoles and ventricular runs at the age of 21 and
22 years. Both had refused an upgrade to a CRT-D. A
postmortem interrogation either locally or online could
not be performed because both patients died in another
country, so the cause of death remains unknown.

A total of 313 clinically relevant EM, such as atrial
tachycardia, atrial flutter or fibrillation, ventricular tachycar-
dia, high rates of PVCs, elevatedmean heart rate, and high or
increasing TIwere received from 18 patients. Combinedwith
information obtained from the daily arriving SD followed
online, electrocardiogram (ECG), Holter ECG, and reported
clinical symptoms led to therapeutic changes initiated in 21
patients. These consisted of initiating or modifying the
antiarrhythmic therapy for atrial flutter (n¼2) (►Fig. 2),
atrial tachycardia (n¼5), and high rate of PVCs (n¼1).
Messages of high pacing thresholds led to cortisone therapy
in three patients. Ten patients showed signs of heart failure
with reduced patients’ activity, elevated mean heart rates,

Table 2 List of CIEDs

CIED n¼48

Biotronik Enitra 8 DR-T 3

Biotronik Enitra 8 HF-T 4

Biotronik Entovis DR-T 9

Biotronik Entovis HF-T 1

Biotronik Etrinsa 8 DR-T 7

Biotronik Etrinsa 8 HF-T 7

Biotronik Iforia 7 HF-T 1

Biotronik Intica 7 HF-T 1

Biotronik Itrevia 7 HF-T 1

Medtronic Adapta ADDR01 5

Medtronic Astra XT DR 2

Medtronic Astra XT SR 2

Medtronic Sensia SEDR01 2

Medtronic Sensia SESR01 1

Medtronic Versa VEDR01 1

Medtronic Reveal LINQ 1

Abbreviation: CIED, cardiovascular implantable electronic device.
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and increasing TI, which led to adaptation of the individual
diuretic medication (►Figs. 3 and 4). These changes were
also monitored via TM in the further course. Two Fontan
patients who live more than 1,000 km from the next pace-
maker control center were followed up online, directing
them to the center in case foreseeable problems occur or
reprogramming becomes necessary (lead failure in a CRT-P
in one patient).

For the TM-HM system, we received 3.9 (SD 3.3)
EM/patient/month and 1.4 (SD 1.7) recordings/patient/
month, and for the TM-CL system, 1.9 (SD 2.7) EM/patient/
month and 1.1 (SD 1.8) recordings/patient/month.

Shock efficacy of the three epimyocardial CRT-D sys-
tems was tested during the implantation procedure, but
so far none of the patients suffered from ventricular
tachycardia requiring a therapeutic shock. The shock
impedance is part of the SD and reported daily by the
TM-HM (►Table 3).

Comparing the two groups of cortisone-coated pacing
leads used, there is, in regard to the sensing amplitude and
the pacing threshold, a significant (p¼0.05) but small ad-
vantage for the Medtronic 4968 compared with the Great-
batch 1084-T lead (►Table 4) independent of the CIED they
are connected to.

Table 4 Mean and standard deviation for threshold and sensing amplitude, calculated for the different epimyocardial pacing leads

Lead quality Atrial lead (n¼46) RV lead (n¼ 45) LV lead (n¼ 16)

Threshold (n¼ 107) 1.01� 0.75 (V) 1.54� 0.88 (V) 1.54�0.55 (V)

Greatbatch 1084-T (n¼ 43) 1.33� 1.2 (V) 1.63� 1.06 (V) 1.68�0.67 (V)

Medtronic 4968 (n¼64) 0.86� 0.38 (V) 1.47� 0.73 (V) 1.35�0.27 (V)

Sensing (n¼ 107) 3.45� 2.32 (mV) 10.01�4.08 (mV) 10.17�4.53 (mV)

Greatbatch 1084-T (n¼ 43) 2.79� 1.86 (mV) 9.09� 2.57 (mV) 10.18�5.26 (mV)

Medtronic 4968 (n¼64) 3.74� 2.46 (mV) 10.68�4.84 (mV) 10.17�3.64 (mV)

Abbreviations: LV, left ventricle; RV, right ventricle.
Note: All 107 leads were bipolar by design.

Table 3 Mean parameter values� standard deviation for epimyocardial CIEDs in univentricular circulation

Medtronic epimyocardial CIED (n¼14) Biotronik epimyocardial CIED (n¼ 34)

Systemic parameters

A impedance (Ohm) 504� 52 524� 200

A threshold (V) (�) 0.9�0.2 1.0�0.4

A sensing (mV) 3.2�1.4 4.2�2.3

RV impedance (Ohm) 542� 43 481� 220

RV threshold (V) (�) 1.6�0.4 1.6�0.7

RV sensing (mV) 12.7�5.3 10.5�4.3

LV impedance (Ohm) 426� 218 (n¼ 15)

LV threshold (V) 1.5�0.7 (n¼ 15)

LV sensing (mV) 10.9�4.0 (n¼ 15)

Shock coil impedance (Ohm) 57.4�6.9 (n¼ 3)

Patient’s parameters

Mean PVCs (1/h) 22.0�52.0 17.8�62.0

Mean atrial HR (1/min) (�) 80.5�9.3 80.7�10.5

Mean HR (1/min) 81.1�8.6 80.1�9.6

Mean HR at rest (1/min) 67.7�10.2 66.1�8.7

Patient’s activity (h/d) 6.5�1.4 2.8�1.5

Thoracic impedance (Ohm) 54.6�15.9 50.3�18.8

Abbreviations: A, atrial; CIED, cardiovascular implantable electronic device; HR, heart rate; LV, left ventricle; PVC, premature ventricular contraction;
RV, right ventricle.
Notes: All parameters were collected online from telemonitoring systems. Empty fields mean that no such device was implemented. Student’s t-test
revealed all parameters were significantly different (p �0.05), except the ones marked with (�).
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Discussion

Longitudinal studies of Fontan patients show that this
group has a high complication rate with the need for early
and frequent interventions. With age, Fontan circulations
deteriorate, and rhythm disorders become more common,
occurring in more than one-third of the patients. Over
time, Fontan patients will develop irreversible heart fail-
ure ultimately needing cardiac transplantation.13 Between
23 and 55% of the Fontan patients receive a pacemaker and
2 and 10% experience ventricular tachycardia or sudden
death with the need of an AICD in 2%.1,14 Realizing these
systems with epimyocardial electrodes results in a differ-
ent orientation of the electric vectors and shorter range of
the electric field at least for unipolar pacing (►Fig. 1). With
the underlying single ventricle dominated morphology
and reduced myocardial mass, the electrical vector of

the heart may additionally vary in size and orientation.
From experience, most of the epimyocardial CIEDs are
working perfectly in this setting, if the lead positions are
carefully prepared and calibrations at implantation were
performed with adequate values close to the ones for
transvenous leads.

Low resistance in the pulmonary vascular bed is the most
important factor for every Fontan circulation, as this is
considered to be the bottleneck. Any elevation in pulmo-
nary vascular resistance, for example, through interstitial
pulmonary edema, will increase the central venous pres-
sure and reduce the preload of the systemic ventricle.15 This
affects compensatory physiological parameters of the heart
that can be recorded by modern CIEDs. One of the most
important parameters in this regard is the TI. The higher the
fluid content of the lungs, for example, due to congestion,
the better their electrical conductivity and the lower the

Fig. 2 A 32-year-old man with Fontan circulation on the basis of a tricuspid valve atresia and unclear syncope received a subcutaneous event
recorder. Antiarrhythmic therapy was initiated with bisoprolol and amiodaron. Being on holiday, he suffered from dyspnea and dizziness.
Telemonitoring revealed atrial flutter. Coming back from holiday 3 days later cardioversion was successful and the amiodaron dose was
increased. During the first follow-up days still some self-limiting flutter episodes occurred, but ceased later on.
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electrical resistance, which can be measured between two
poles around the lung tissue.

TI is a parameter measured unipolar between lead tip and
CIED cask. In epimyocardial CIEDs, there is only a small part
of the lungs between the measurement points, but the
absolute values are within the same range known from
transvenous systems (►Table 3). TI can be altered by diuretic
therapy, which in turn makes it appear suitable for therapy
control, to anticipate increasing fluid uptake and to manage
diuretic medication. The other parameters linked with pos-
sible heart failure, as an increase in mean heart rates and
reduced patient’s activity were used to confirm and under-
mine the relevance of TI changes.

Episodes of atrial tachycardia, atrial flutter or fibrilla-
tion,16were found inmore than 20% of Fontanpatientswith a
modern lateral tunnel and in 30% with atriopulmonary
connection.17 Any of these arrhythmias, if unnoticed and
untreated, may lead to ascites, pleural effusions, atrial
thrombosis, significant AV valve regurgitation, advanced
ventricular dysfunction, and heart failure.1 Even if these
episodes are short and self-limiting, their recurrence rate
signals if the antiarrhythmic treatment is effective or if
ablation must be considered. All parameters of the epimyo-
cardial systems are in the same numerical range as for
transvenous systems, the programmable limits in the TM
to start an EM work in Fontan patients identical to other
CIEDs. These tachycardic episodes are communicated in all

patients under investigation and allow early and controlled
treatment.

With the necessary epimyocardial CIED in Fontan
patients, an approach with multiple leads in selected loca-
tions around the heart is possible and can be easily per-
formed during one of the thoracotomies for Glenn or Fontan
repair18 even in our younger patients of 3 to 4 years. Even if
the leads are not immediately used, any later CIED implan-
tation will be a relatively small intervention if the leads are
already in place.With CRTsystems and two ventricular leads
at the apex and opposite the outflow tract, these systems
remain fully functional if one ventricular lead fails without
the need for surgery.19

Daily (TM-HM) or weekly TM (TM-CL) transmissions of
system and patient-related parameters markedly improve
the reaction time compared with noncommunicating
CIEDs, which are controlled every 3 or 6 months. It must
be emphasized that the received TM data must be inter-
preted as an indication, warning or development in a
certain direction, but absolutely require clinical verifica-
tion. This is especially relevant in a sensitive patient group
as Fontan patients, where small changes can lead to
decompensation.

Study Limitations
The diversity of the underlying cardiac malformations may
play a nonnegligible role in the measurements described,

Fig. 3 Thoracic impedance of a patient with an unbalanced atrioventricular channel with a dominant left ventricle and Fontan circulation. The
patient is 22 years of age and suffering from persistent ascites, low albumin, and recurrent edema of the lower limbs. Diuretic medication with
torasemide proved insufficient and was temporarily supplemented with an additional dose of tolvaptan, which lost its effect after weaning. As an
alternative, xipamide showed very effective and was maintained in low dose.

Thoracic and Cardiovascular Surgeon Vol. 69 No. S3/2021 © 2021. The Author(s).

Telemonitoring in TCPC Zartner et al.e58



but the study group is too small to characterize single
diagnoses. The evaluation concentrated on the automated
measurements of the CIEDs and the transmitted data.
Independent clinical data or symptoms were not included.
The observation’s time frame lasts up to 15 years and
covers at least two technological generations of CIEDs, so
not all parameters were monitored over the whole period.
The lead material remained unchanged throughout the
observation.

Conclusion

Patients with a single ventricle anatomy and a Fontan or
comparable circulation are a high-risk group for circulatory
failure even under ideal preconditions. Despite the hardware
arrangement is completely different to transvenous systems,
modern CIED systems collect an increasing number of
parameters, which can trigger further diagnostics in the
clinic and to follow the therapeutic measures in this patient
group. It provides the ability to respond early if there are
signs of system failure or arrhythmia, even if the patient is
not experiencing any problems.
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