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Abstract

Background The number of cardiologically relevant genetic findings will continue to increase. This is due to the use of
high-throughput sequencing techniques and the critical role of incidental findings in cardiac disease genes. Telemedicine
can be a useful diagnostic tool to monitor the heart rhythm of patients with inborn cardiac diseases.

Methods Patients were screened once they had been referred to our outpatient department for rare cardiac diseases between
January 2020 and May 2022. Those patients who underwent genetic testing and were consequently diagnosed with a genetic
disorder were included in this study. Their medical records were evaluated regarding implanted cardiac electronic devices
and findings in the telemedical monitoring.

Results 304 patients were seen in our outpatient department for rare cardiac diseases in the mentioned period. In 100 cases,
genetic testing was performed. 10 patients (10%) with an identified inborn cardiac disease were monitored via telemedicine
until the end of May 2022. 4 patients were monitored by implantable loop recorders (ILR), 4 patients were monitored by
Implantable Cardioverter Defibrillators (ICD), and 2 patients received both devices. Clinical relevant arrhythmias making
medical intervention necessary were identified in 4 cases. In two cases, data interpretation was hampered by sinus tachycardia
caused by physical exercise.

Discussion Telemonitoring of the heart rhythm by medical devices is beneficial for patients with monogenic heart diseases.
Especially, when the indication for an ICD is not clear, implantation of a telemonitored ILR can be a suitable choice. How-
ever, rhythm analysis can be challenging in young patients who are physically active.

Background

During the last years, molecular diagnostics experienced
a boost by the growing use of next-generation sequencing.
Exome sequencing enables the complete analysis of the
coding regions of the human DNA. The use of this tech-
nique has become a popular method to identify a grow-
ing number of disease genes. Eleven different genes have
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shown a definitive disease-causing association with non-
syndromic dilated cardiomyopathy (DCM) (Hershberger
and Jordan 1993), whilst variants in nine genes, partly
overlapping with the aforementioned, were proven to cause
non-syndromic hypertrophic cardiomyopathy (Cirino
and Ho 1993). The importance of cardiac disease genes
causing cardiomyopathies and/or primary arrhythmias is
strengthened by their role as so called “actionable genes”.
Even in asymptomatic individuals, pathogenic variants in
these genes should be reported as incidental findings which
can occur using high-throughput technologies (Green et al.
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2013). This list of genes was recently extended by TTN
(Miller et al. 2021) since certain truncating variants in this
gene are associated with an increased risk for the develop-
ment of a DCM phenotype (Haggerty et al. 2019). Hence,
the number of patients with rare and complex cardiac dis-
eases in need of a close follow-up by experienced cardi-
ologists will be further increasing. This in turn requires a
personalized risk assessment as well as individual prophy-
lactic and therapeutic interventions in order to reduce the
number of sudden cardiac deaths in the young caused by
preventable cardiac arrhythmias.

Telemedicine facilitates outpatient monitoring and heart
rhythm analysis. It can be combined with cardiac implant-
able devices such as the Implantable Cardioverter Defibril-
lators (ICD) that can terminate a life-threatening arrhythmia.
Another used device in telemedicine are implantable loop
recorders (ILR) that solely record the heart rhythm without
any possibility of intervention (Jamal et al. 2021). It was
shown that telemonitoring reduces hospitalization in patients
with heart failure (Winkler et al. 2021). Therefore, its use
is recommended in those patients by the guidelines of the
European Society of Cardiology (Theresa AM et al. 2022).
Especially during the COVID-19 pandemic, telemedicine
played a significant role in patient care (Monaghesh E, Haji-
zadeh A 2020). The use of telemedicine is not restricted to
the distant monitoring of biosignals. It was also shown that
patients referred for cardiogenetic visits benefited from the
use of telemedicine for genetic counselling (Liang LW et al.
2022).

In this study, we provide an overview of our experi-
ences with telemonitoring of patients with inherited cardiac
diseases in our tertiary centre. The aim is to point out the
advantages and limitations of telemonitoring in these rare
diseases.

Methods
Study design

Patients were screened once they had been referred to our
outpatient department for rare cardiac diseases (‘“Zentrum
fiir seltene Erkrankungen”, Department of Internal Medicine
I, Klinikum rechts der Isar, Technical University Munich,
Germany) between January 2020 and May 2022. Those
patients who underwent genetic testing and were conse-
quently diagnosed with a genetic disorder were included in
this study. Their medical records were evaluated regarding
implanted cardiac electronic devices and findings in the tel-
emedical monitoring. The study was performed according
to the declaration of Helsinki. Written consent was obtained
from all patients.
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Telemedical surveillance

Telemedically monitored devices were screened on a daily
basis by our telemedicine centre for one week. In cases of
automatically detected arrhythmias, all alerts were manu-
ally reviewed by medical experts. If an arrhythmia was con-
firmed, the respective patient was informed by telephone
or by video-visit and, if needed, invited to our outpatient
department or the cardiological ward, respectively, for fur-
ther evaluation.

Results

Most patients were affected by dilated
cardiomyopathy

304 patients were seen in our outpatient department for rare
cardiac diseases in the mentioned period of time. Genetic
testing was performed in 91 of these cases because of a sus-
pected monogenic disease. In nine additional cases, genetic
testing had already been performed.

The average age at presentation of these combined 100
patients was 47 years (minimum: 16 years, maximum:
80 years) with a 50:50 sex ratio. The most common referral
diagnosis of patients was “dilated cardiomyopathy” (DCM)
followed by “hypertrophic cardiomyopathy” (HCM). Four
patients were clinically unaffected relatives that were predic-
tively tested for a known familial variant (Fig. 1, overview
of all patients: Supplementary Table).

A genetic variant that was at least classified as a vari-
ant of an unknown significance (VUS) or (likely) patho-
genic according to the recommendations published by the
American College of Medical Genetics and Genomics and
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Fig. 1 Referral diagnosis of patients that received genetic testing
in our outpatient department or had already been diagnosed with a
genetic disease. ACM arrhythmogenic cardiomyopathy, BrS Brugada
syndrome, CTD connective tissue disorder, DCM dilated cardiomyo-
pathy, HCM hypertrophic cardiomyopathy
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the Association for Molecular Pathology (ACMG) (Rich-
ards S et al. 2015) was identified in a total of 31 patients.

Table 1 Number of identified variants in our patients

Identified variants Number of patients

(genetic testing in our

Number of patients
(external genetic

centre) testing)

Pathogenic 13 5
Likely pathogenic 9 3
Vvus 7 1
Likely patho- 1 none

genic+ VUS
Likely patho- 1 none

genic + likely

benign + benign
Likely benign +benign 1 none
No variant detected 59 none
> 91 9

VUS variant of unknown significance

Table 2 Telemonitored patients with identified genetic variants

Two (likely) benign variants were detected in a mother of a
deceased index case (patient ID 66, for case description see
Supplementary case reports). In 59 out of the 91 cases that
received genetic testing in our centre (57.1%), neither a dis-
ease-causing variant nor a VUS could be detected (Table 1).

Telemedical monitoring identified clinically relevant
arrhythmias in four out of ten cases

Ten patients (10%) with an inborn cardiac disease of known
genetic origin were monitored telemedically until the end of
May 2022 (Table 2, clinical description of all cases provided
as supplementary case reports). In a further case, inclusion
was planned (patient ID: 83). Implanted and monitored
devices were as follows: four patients were monitored by
an ILR, four patients were monitored by an Implantable
Cardioverter Defibrillator (ICD), and two patients received
both devices. In these cases, an ILR was used combined
with a subcutaneous ICD (sICD) since rhythm disturbances
with a cycle length out of the therapy zone such as slow

Patient ID Diagnosis Genetic variant

Implanted device Time period of Detected arrhythmia

telemonitoring

2 BrS ¢.934G > T, p.(Glu312%*), heterozy- sICD 21 months none
gous in SCN5A (NM_198056.3)
15 HCM ¢.3130C>T, p.(GIn1044*), heterozy- ILR 16 months sinus tachycardia due to physical
gous in MYBPC3 (NM_000256.3) exercising
282 ACM c.(1510+1_1511-1)_ sICD/ILR 2 months sinus bradycardia, nsVTs
(1688 + 1_1689-1)del, heterozygous
in PKP2 (NM_004572.3)
292 ACM c.(1510+1_1511-1)_ sICD 6 months none
(1688 + 1_1689-1)del, heterozygous
in PKP2 (NM_004572.3)
43 BrS c.2804A > T, p.(Glu935Val), heterozy- ICD 11 months none
gous in MYH7 (NM_000257.4),
incidental finding
63° DCM ¢.21304C>T, p.(Arg7102%), het- ILR/SICD 13 months nsVT
erozygous in TTN (NM_003319.4),
c.1673 A> G, p.(His558Arg),
heterozygous and ¢.1715 C> A,
p-(Ala572Asp), heterozygous in
SCN5A (NM_198056.3)
65° DCM c.21304C>T, p.(Arg7102%*), het- ILR 4 months none
erozygous in TTN (NM_003319.4)
92 Survived SCD ¢.433 T>C, p.(Phel45Leu), heterozy- ICD 3 months several nsVTs
gous in NKX2-5 (NM_004387.3)
97 ACM c.4789G > T, p.(Glul597%), heterozy- ILR 8 months sinus tachycardia due to physical
gous in DSP (NM_004415.4) exercising
100 FA 800+ 100 and 900+ 100 GAA repeats ILR 31 months sinus tachycardia, SVES, recurrent AF

in FXN (NM_000144.5)

ACM arrhythmogenic cardiomyopathy, AF atrial fibrillation, BrS Brugada Syndrome, FA Friedreich Ataxia, HCM hypertrophic cardiomyopa-
thy, ILR implantable loop recorder, sICD subcutaneous implantable cardioverter-defibrillator, nsVT non-sustained ventricular tachycardia, SVES
supraventricular extrasystole, PVC premature ventricular contraction, SCD sudden cardiac death

aMother and son, PFather and son
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ventricular tachycardias (slow VT) cannot be monitored with
the sICD-algorithm. On average, patients were monitored for
a period of 11.5 months [2-31 months]. Clinically relevant
arrhythmias with the necessity of medical intervention were
identified in four cases (patient IDs 28, 63, 92, 100).

In patient ID 28, a 20-year-old male diagnosed with
arrhythmogenic cardiomyopathy (ACM), sICD monitoring
identified an episode of VT with a heart rate between 249
and 251/min. An ILR was implanted subsequently for detec-
tion of arrhythmias beneath the monitor zone. The patient
contracted SARS-CoV-2 and a total of four VTs (cycle
length 245-265 ms) could be monitored at that time (Fig. 2).
He was admitted to a hospital until recovery and betablocker
therapy was intensified. Indication for ablation therapy will
be evaluated if intensification of pharmaceutical therapy is
insufficient to reduce the arrhythmic burden.

The brother of patient ID 65 died of sudden cardiac death
(SCD) at the age of 20 years. The patient himself showed
signs of DCM in cardiac MRI. Genetic workup identified
two proarrhythmic polymorphisms in SCN5A as well as the
heterozygous nonsense variant in 77N (NM_003319.4) in
the patient’s and the deceased brother’s DNA. A telemedi-
cally monitored ILR was implanted before genetic test-
ing. Two months later, a sSICD was implanted because of a
detected nsVT.

The 40-year-old female patient ID 92 was affected by
recurrent idiopathic ventricular fibrillation. An ICD was
implanted subsequently and shocked repeatedly because
of polymorphic VTs and VF. Previously performed genetic

analysis had identified the heterozygous polymorphism
c.433 T>C, p.(Phel45Leu) in NKX2-5 (NM_004387.3)
which is associated with an elevated odds ratio for VTs and
SCD next to structural heart defects (Sveinbjornsson G et al.
2018). Since recurrent VTs were detected in the monitoring
of the ICD (Fig. 3), a therapy of mexiletine was started.

Patient ID 100 was diagnosed with Friedreich’s ataxia
caused by biallelic GAA repeats in FXN. The patient was
affected by recurrent atrial fibrillation (AF) and flutter,
respectively, and received several ablations and cardiover-
sion therapies. An ILR was implanted at the age of 22 years.
From the age of 28 years, the patient noted episodes of tach-
ycardia which could be correlated with episodes of AF as
well as sinus tachycardia in the telemonitoring. Implantation
of a Cardiac Resynchronization Therapy (CRT) pacemaker
and ablation of the atrioventricular node was discussed with
the patient.

Sinus tachycardia induced by physical exercising
is monitored telemedically

In two further cases, data interpretation was hampered by
sinus tachycardia caused by physical exercising (patient
IDs 15, 97). Patient ID 15 is a 39-year-old male affected
by a HCM caused by a pathogenic heterozygous nonsense
variant in the MYBPC3 gene (NM_000256.3) Since the
HCM Risk-SCD (O’Mahony C et al. 2014) was below the
threshold of 5%, there was no clear indication for ICD
implantation according to the guideline of the European
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Fig.2 Episode of a ventricular tachycardia (VT) in the telemonitored implantable loop recorder. The arrow marks the beginning of the VT.
Right before the beginning, four ventricular extrasystoles occurred as bigeminus (asterisks)
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Fig.3 Telemedically detected ventricular tachycardia (VT). The detected VT was terminated by the ICD using six beats of antitachycardia pac-

ing. Arrow =start VT, Lightning =therapy with antitachycardiac pacing

Society of Cardiology (ESC) (Authors TF, M. et al. 2014).
An ILR was implanted instead. Sinus tachycardia caused
by regular physical exercising was repeatedly recorded.

Patient ID 97’s older sister was severely affected by
left ventricular ACM caused by a heterozygous nonsense
variant in DSP with multiple episodes of electrical storm,
resuscitation, and performed VT ablations (Westphal DS
et al. 2022). Patient ID 97 is her 25-year-old brother who
also inherited the variant in DSP. He is asymptomatic;
however, cardiac MRI revealed left ventricular LGE-
positive areas. Based on the positive family history, an
ILR was implanted. The patient was recommended to
reduce physical exercise because of his extensive train-
ing. Nevertheless, telemedical monitoring was overlaid
by episodes of sinus tachycardia caused by continuous
training (Fig. 4).

Discussion

From a total of 100 patients with suspected genetic dis-
eases, 10 patients (10%) with an inborn cardiac disease
of known origin were monitored via telemedicine in our
centre. Although the time period of monitoring was rela-
tively short with an average of 11.5 months [minimum:
2 months, maximum: 31 months], clinically relevant
arrhythmia could be detected in 40% of the cases (4/10
cases). In patient ID 28, nsVTs during a SARS-CoV-2
infection led to admission to hospital. Because the patient
did not intend to visit the hospital despite his infectious
disease, these nsVTs would not have been noticed until the
next control of the implanted devices in best case. Patient
ID 63 received a sICD after detection of an nsVT in the
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Fig.4 Monitored sinus tachycardia with 180 beats per minute (bpm). The implanted implantable loop recorder detected several episodes of
tachycardia. Analysis revealed episodes of sinus tachycardia is correlated with physical exercising

telemonitoring of the ILR, whilst monitored nsVTs in
patient ID 98 led to a prompt change in medication and the
start of mexiletine. AF could be differentiated from benign
sinus tachycardia which was repeatedly noted by patient
ID 100, diagnosed with Friedreich’s ataxia. These cases
illustrate the relevance of the monitored arrhythmias and
the direct consequence on the further therapy in patients
with diagnosed inborn arrhythmias or cardiomyopathies.
There are recommendations regarding implantation of an
ICD for different genetic diseases (O’Mahony C et al. 2014;
Towbin JA et al. 2019; Wilde AAM, Amin AS, Postema PG
2022). Despite recommendations, indication is not always
clear. In ACM, for example, detection of nsVTs is a major
criterion that can be decisive for the recommendation of an
ICD implantation (Towbin JA et al. 2019). These nsVTs can
escape Holter ECGs that only monitors a very limited period
of time. In these cases, implantation of a telemonitored ILR
may prevent losing precious time which could be vital for
the patient. Although all described patients in this study
were affected by known genetic diseases, telemonitoring in
patients with an unsolved disease origin can be useful too.
For example, implantation of an ILR can be a helpful tool if
an ICD is not indicated and genetic testing identified a VUS
in a proarrhythmic gene. The identification of a VUS can
have challenging impacts, not only on the clinical manage-
ment but also on the psychological outcome of the affected
patients (Mighton C, Shickh S, Uleryk E, Pechlivanoglou P,
Bombard Y 2021). Although an ILR is not able to intervene,
the knowledge of a monitored heart rhythm can give the feel-
ing of security to a certain degree (Leppert F et al. 2021).
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However, there are limitations that can hamper telem-
onitoring. In two of the reports (patient IDs 15 and 97),
analysis of the telemonitoring was disturbed by recurrent
sinus tachycardia that were caused by physical exercising.
Especially in patient 95, physical exercise is performed
despite the recommended restriction due to the genetic
predisposition for ACM. These episodes did not only make
the analysis a difficult task but also led to full storages of
the ILR. In principle, recordings of such benign arrhyth-
mias can be avoided by changing the programming. How-
ever, less slow ventricular arrhythmias are not recorded if
this is done. In addition, the monitoring of excessive sport-
ing activity is also useful in individual cases for advising
patients. These problems mostly arise in young patients
who regular participate in sport. Considering that the aver-
age age of the patients in our centre for rare cardiac dis-
eases is 47 years [16—80 years] which is lower than the age
of usual adult cardiological patients and that the accept-
ance for telemonitoring is decreasing with age (Siggemann
BG, C., Mensing, M., Classen, T., Hornberg, C. & Ter-
schuren, C. 2013), this problem might play an essential
role in using telemedicine in cardiogenetic patients. Apart
from that, there are also general ethical issues that should
be considered when implementing telemedicine such as
data privacy and the obligation to continue the patient care
despite the distance (Chaet D et al. 2017).
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Conclusion

Cardiac arrhythmias and technical problems can be diag-
nosed in a short time followed by appropriate therapy in
patients with a monogenic heart disease. Indication for
ICD therapy can be substantiated by documented arrhyth-
mias. Although sporting activity and sinus tachycardia
bedevil telemonitoring, it can be useful for advising
patients. Remote monitoring should be recommended not
only for patients with severe heart failure—as in the ESC
Guidelines—but also for patients with rare diseases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00335-022-09972-x.
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