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Wearables might be a powerful tool for remote diagnosing and

managing cardiac disease. This thesis focuses on the question whether

introducing digital remote patient monitoring by a dedicated program

in the routine care management of adult congenital heart disease

patients improves care for these patients.

This research project was funded by a successful crowdfunding

campaign. The crowdfunding campaign has met the needs of donors,

leading to enforcing of the public engagement.

Appropriate patient selection for participation in telemonitoring

contributes to an efficient use of these wearables.

A higher rate of arrhythmia and bradycardia detection by wearables,

leading to clinical impactful management changes, has been

demonstrated.

Future directions and key points for digital remote patient monitoring

are given.
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INTRODUCTION

Themobile internet revolution

In the traditional health setting patients had to visit clinicians for diagnosis and treatment of

their diseases. Nowadays, we see a shift from outpatient visits to online health care, accelerated

by the recent COVID-19 pandemic [1]. This is made possible by tremendous development of

technological innovations becoming available last decades. Internet has become an easily

accessible source of knowledge and communication for almost everyone. Apps on mobile

smartphones connected to homemonitoring devices for measuring health parameters made it

possible tomonitor thehealth statusof theowner continuously [2].The internet andwide-spread

availability of these mobile apps can facilitate self-empowerment of patients by education,

and thereby supporting shared decision making with their clinicians about their health issues

[3,4]. Hereby improving therapy compliance leading to better outcomes [5]. Not only these

innovations has an effect on our health status but also have the potential to reduce health care

costs by minimizing the frequency of clinic visits and reducing the travel costs for patient and

their accompanying relatives. The potential of digital health care in an era of increasing health

care costs resulted in stimulating clinicians by the stakeholders to implement these innovative

new digital technologies as soon as possible in their work process [6,7].
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Remote patient monitoring in cardiology
Before the mobile internet revolution clinicians get an insight into blood pressure and heart

rhythm of a selected patient over a longer period of time in their daily live by equipping this

patient with an ambulant 24 hour blood pressure or Holter monitoring device. The patients has

to visit the clinic to pick up the measuring device and return the device the other day. After

the returning of the device the obtained data could be analyzed and a new appointment with

the patient was made to discuss the results. Nowadays, it is also possible to connect patient’s

wearables and biosensors for measuring vital parameters as weight, blood pressure, physical

activity and heart rhythm online with their digital electronical health record. Sharing of these

data enables health care providers to online optimizing health care management of these

patients [8].

In 2013 Margolis et al concluded, as a result of their randomized clinical trial, that home blood

pressure remote patient monitoring (RPM) and pharmacist case management achieved better

blood pressure control compared with usual care during 12 months of intervention that

persisted during 6 months of post intervention follow-up [9].

The REHEARSE-AF Studywas published in 2017which showed that screeningwith twice-weekly

single-lead iECGwith remote interpretation in ambulatory patients ≥65 years of age at increased

risk of stroke is significantly more likely to identify incident atrial fibrillation than routine care

over a 12-month period. This approach is also highly acceptable to this group of patients and

supporting further evaluation in an appropriately powered, event-driven clinical trial [10].

Results on RPM in treatment of acquired heart failure (HF) patients are becoming less conflicting.

A large study, published in 2010, in the NEJM showed failure of a RPM strategy to improve

outcomesoverusual care inpatients recentlyhospitalized forHF [11].TheTIM-HF2 trial suggested

in 2018 that a structured RPM intervention, when used in a well-defined HF population, could

reduce the percentage of days lost due to unplanned cardiovascular hospital admissions and

all-cause mortality [12]. In 2023, a meta-analysis for RPM for HF showed that the use of RPM

compared to standard care reduced all-causemortality by 16%, first HF hospitalizations by 19%,

and total HF hospitalizations by 15% [13]. The methods of RPM are diverse in this meta-analysis

which limits the ability of clinicians to make general conclusions.
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AlthoughRPMoffers an innovative approach to improveHFcare that expandsbeyond traditional

management strategies, the use of RPM in HF is infrequent. This is because of several obstacles:

mixed evidence, logistical challenges to broad-scale implementation because of an inadequate

understanding of how to translate RPM into practice efficiently, and difficulties in funding of the

appropriate infrastructure out of existing resources, so, often a new different payment structure

is needed [7,14,15].

In 2014 a Dutch steering committee consisting of hospital directors; cardiologists, nurses

specialized in heart failure, heart failure patients, home care organizations, health insurance

companies, an independent research agency and renowned supplier of health care technology

concluded in a report that if RPM was fully integrated in health care in the Netherlands this will

reduce hospital admissions for acute heart failure. Moreover, if half of the Dutch heart failure

patients are participating in RPM it could save the community annual 82 million euro [16].

Clinicians could be reluctant to use telemonitoring because of fear of data overload and liability

issues. Possibility of data leakages and privacy issues are to be addressed. Devices have to

be certified. Last but not least, if the data generated by these new devices will lead to better

outcome for patients in terms ofmortality, morbidity and quality of life at acceptable health care

costs has to be validated [4,7,15].

HartWacht
In 2016 Cardiologie Centra Nederland introduced the HartWacht program: an innovative

RPM program for detecting arrhythmia, monitoring blood pressure at home for optimizing

hypertension treatment and as part of care for patients with acquired heart failure. The program

is innovative in organizational and technical aspects because of integration with the electronic

patient record, secure data connections protecting privacy data, and involvement of physicians

from the beginning of the project. Incoming data are, after selection by computer algorithms,

evaluated by specialized nurses at a dedicated data center. HartWacht has reimbursement by

almost all Dutch insurance companies. Moreover, from a user perspective there is a user-friendly

interface on smartphone which is available for multiple operating systems [17,18].
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Adult Congenital Heart Disease patients
Congenital heart disease (CHD) is one of the most common birth defects [19-21]. During the

past decades, the life expectancy of children born with a CHD has increased dramatically. At

present, 95% of children with CHD reach adulthood [19]. However, many of the adults with

congenital heart disease patients (ACHD) are chronically affected by residual sequelae leading

to unpredictable arrhythmias, heart failure and a reduced quality of life [22-26]. In general,

ACHD patients have a high utilization of emergency resources; with emergency care utilization

increasing as age progresses [22]. As the population of ACHD patients is increasing in number

and age, total emergency care utilization of this population is expected to increase [27].

Patients with ACHD are particularly attractive for RPM because of their relatively young age,

affinity with mobile devices, chronic condition necessitating lifelong surveillance, and the high

burden of disease [28]. ACHD patients commonly experience fears and insecurities [29] and RPM

might reduce emergency visits for reassurance or hospital admissions.

THESIS OUTLINE

Implementing RPM in routine care for ACHD patients as a specific new technology needs proof

of concept to become part of evidence-basedmedicine. The aim of the studies in this thesis is to

contribute to this proof of concept.

However, funding for a new research project could be a challenge. In Chapter 2 we performed

a study to investigate if crowdfunding by using social media can contribute to the funding of a

clinical research project.

To understandwhich ACHD patients have high emergency care utilization and are willing to use

remote monitoring we retrospectively approached ACHD patients who visited the emergency

care three or more times in 5 year with a questionnaire. Results can be found in Chapter 3.

After we identified these patients we enrolled them in the HartWacht program to evaluate RPM.

Our first experiences are described in Chapter 4. Results of their participation are shared in

Chapter 5, and illustrated by a case report in Chapter 6.
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In Chapter 7we compared Implantable Loop Recorder (ILR) and smartphone based single-lead

electrocardiogram for heart rhythm monitoring in ACHD patients. Chapter 8 reviews the value

of extended arrhythmia monitoring in ACHD patients as found in recent scientific literature.

Finally, RPM as a part of management of ACHD patients and future directions are discussed in

chapter 9. The thesis is summarized in chapter 10.
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ABSTRACT

Background
Scarce data on crowdfunding report a maximal funding of €10.000,-, and state that research is

needed to attract attention of larger granting organizations. The aims of this project were 1) to

fund an eHealth study in grown-up congenital heart disease (GUCH) patients 2) to contemplate

on critical success factors.

Methods
After peer review of theDutchHeart Foundation a project was published at a donation platform,

which was open for donations during a predetermined period of two months. Copywriters

were hired to create an easy-to-understand message to donors. A video teaser was created

with a motivated patient, and rewards were available. The crowdfunding targeted €25.000 and

the Dutch Heart Foundation doubled the donations to €50.000, and return of donations were

guaranteed in case this was notmet.

Results
Initially, donations came from the investigators’private inner circle. In total, 44 potential donors

were contacted, but refused to donate originally. Multiple (social) media campaigns were

published to promote the project, and an offline mailing was sent to contributors to the Dutch

Heart Foundation. During the project support emerged, resulting in extra donations and public

awareness. In the lasts three weeks, after sufficient private donations, fivemajor donors decided

to support theproject.Theproject becameabig success: thepredetermined targetwas exceeded

and a total of €74.450,- was raised.

Conclusion
Innovative crowdfunding gave the opportunity to start eHealth research in GUCH patients.

Critical success factors include support of a professional organization, support of stakeholders,

and easy-to-understand messages.
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1 INTRODUCTION

Many grown up congenital heart disease (GUCH) patient are lifelong affected by cardiac events,

particularly arrhythmias and heart failure [1-5]. Despite lifelong surveillance these patients

often deteriorate, which we often notice too late, leading to emergency care presentations,

hospitalizations and death. Research is therefore urgently needed in order to investigate new

strategies in an attempt to improve clinical outcome.

The last decade novel techniques as eHealth were introduced to obtain patients data. Particularly

mobile health (mHealth) seems an appealing eHealth technique to monitor patients. mHealth is the

provision of care facilitated by mobile devices, such as smartphones. mHealth gave patients the

opportunity tomonitor their vital signs ondemandand share their data instantly with their health

care providers in order to timely respond so this could improve their outcome. Particularly GUCH

patients seemed tobeamodelgroup tousemHealthbecauseof their relatively young age, affinity

with mobile devices, chronic condition necessitating lifelong surveillance, and the need to reduce

the burden of disease. A questionnaire study was performed amongst GUCH patients in order

to determine whether these patients were using mHealth, and whether they were interested

in starting to use mHealth. Interestingly, only a small minority of GUCH patients used mHealth, and

the large majority was willing to start using it [1]. Because of this urgent need to improve clinical

outcome, the appealing technique of mHealth, and proven motivation of patients a research

study on application of mHealth in GUCHpatientswaswarranted.

Several attempts to fund our eHealth study failed, including academic-corporate partnerships,

funding by national health institutes and by grants of insurance companies. Unfortunately, all

these attempts failed. Difficulty to obtain funding for research is a global problem, with research

councils reported to reject up to 70% of the grant applications [6]. Over the last years an increase

in competition for public research grants has been observed [7]. Particularly it is reported that

junior researchers without a track record have difficulties in fundraising for research projects.

Projects of rare and neglected diseases are also suffering from difficulties of funding [8]. So we

were not an exception in finding it hard finance our study and therefore we took the challenge to

fund our study by performing a crowdfunding project.

Crowdfunding, a funding method of pooling together donations to support a specific initiative

by using social media has been demonstrated to have significant success outside the medical
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field [9,10]. Its use in the medical field is relatively new [11], and data on its potential success are

scarce [7,12]. Existing data suggested that more than half of the crowdfunding campaigns for

cardiovascular research are unsuccessful [7]. Crowdfunding gives, however, the opportunity of

engagement of the public by social media, and to meet needs of donors [13]. Needs of donors

include direct contact with cardiovascular investigators, opportunity to support a project they

prefer, and personal benefit as expressed by rewards. We also contemplate on critical success

factors of crowdfunding. Literature reports an average amount of raised of funding between

€5000 and €10.000 [7]. Literature also state that research isneededfirst toattractattentionof larger

granting organizations [7].

2 MATERIALS ANDMETHODS

2.1 Project design
A project proposal was send to the Dutch Heart Foundation, and was selected after peer

review. The commission social impact of the Dutch Heart Foundation also reviewed the

proposal. Thereafter, the project was published at an online donation platform, see Figure

1 for a screenshot. The campaign ended. The project is accessible for review purpose only at

https://steunmijnonderzoek.hartstichting.nl/project/schuuring.TheDutchHeart Foundation

hiredprofessional copywriters to convert crucial elementsof the researchproposal to aneasy-

to-understand message to potential donors. Figure 1 demonstrates the easy-to-understand

message. This message was only written in Dutch, because of Dutch audience. The Dutch

Heart Foundation facilitated this service, and the investigators are unaware of the costs. The

project was open for donations during a predetermined period of two months. A video

teaser was created, with aid of a very motivated patient. The Dutch Heart Foundation

also facilitated this service, without additional cost for the investigators. Collaboration

with this motivated patient represented an important value of valorization of the project.

The urgency to donate was evident because of her help, because the patient, and not the

doctor, emphasized the importance of the project. The patient reported a personal story to

demonstrate limitations in current health care, and outlined the need to change this. The

crowdfunding targeted €25.000 and the Dutch Heart Foundation doubled the donations to

€50.000,- and return of all donations to the donors were guaranteed in case this target was

not met.
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Figure 1 A screenshot of the online donation platform.

2.2 Rewards
Several rewards were available for private donors including a personal message, cycling

opportunity with a team member, resuscitation training, tickets to a Shakespeare play, a

bottle of the principal investigator’s favorite wine, and cruising the Amsterdam canals by

boat. Virtually all rewards for the private donors were organized and executed by volunteers,

without expensesmade (except a time investment). The tickets to a Shakespeareplaywere a

gift, and the principal investigator paid the bottles of the principal investigator’s favorite wine.

Major donors could be rewarded by a logo on the online platform, a workshop or promise

to be mentioned at the kick-off symposium.

2.3 Campaigns and social media posts
Multiple (social) media campaigns and posts were used to promote the project. Three popular

network sites were used, namely LinkedIn, Facebook and Twitter. These media campaigns and

posts were initiated by all team members and people who supported the project, and were

shared online by people who supported the project. The content of the social media messages

was diverse, some containing only a link to the donation platform, some containing the video
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teaser, and others reporting a status update or a word of thanks. In total 21 posts were done in

twomonths at these three network sites. No fees were paid for posts.

3 RESULTS

3.1 Donations
The investigators started with a significant investment of time and effort. Before submission to

the peer review process, the principal investigator investigated 30 h to design the study and to

write the proposal. After peer review, the principal investigator investigated 10 h to improve

the proposal. Before the campaign started, the investigator visited the Dutch Heart Foundation

twice, andworkedon the video teaserwith thepatient for 5 h. All letters to potential donorswere

written by the principal investigator, which took 10 additional hours. The first month only family

and friends of the principal investigator donated. In total, 44 potential donors were contacted.

These donors were pharmaceutical companies, technology companies, care institutions, and

charity clubs. All these donors refused to donate initially, without disclosing an explanation.

Multiple online and social media campaigns were published to promote the project, and a large

offline mailing was sent to previous contributors to the Dutch Heart Foundation in week 6. The

Dutch Heart Foundation facilitated the large offline mailing, without additional cost for the

investigators. During the project support of physicians and public people emerged, resulting in

extra donations and public awareness. In the lasts threeweeks, after sufficient private donations,

five major donors became convinced by the prosperity of the research project and decided to

support, seeTable 1.Major donorsweredonorswhogavemore than€1000,-.Thesemajor donors

were companies only. Finally, the success of the projectwas so big that the predetermined target

of €50.000,- was exceeded and a total of €74.450,- was raised, see Table 1. A total of 138 private

donors and five major donors supported the project. Finally, 73 rewards were given, namely 33

personal messages, 4 cycling opportunities with a team member, 1 resuscitation training with

9 volunteers, 2 tickets to a Shakespeare play, 24 bottles of the principal investigator’s favorite

wine, and 1 Amsterdam canal cruise. Despite several offers, the 4 donors who chose the cycling

opportunities decided not to use this reward.
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3.2 Presumed critical success factors
Because this report is based on observations we can only contemplate on presumed critical

success factors of this project. However, the authors experienced that the following factors most

significantly influenced the project outcome. Support of a professional organization like the

Dutch Heart Foundation resulted in peer review of the research proposal, creation of the online

donation platform, production of a teaser video, involvementofprofessional copywriters creating

aneasy to understandmessage for the public, doubling of each donation and send a largeoffline

mailing to previous contributors. Other factors the authors experienced as critical success factors

include appealing (social) media campaigns, aid of one or more very motivated patients, and

rewards which were interesting for donors.

Table 1 Donations per week.

Week Number of donors Amount

1 23 €1.018,00

2 23 €789,00

3 16 €752,00

4 8 €998,00

5 10 €289,00

6 34 €15.624,00

7 5 €97,00

8 19 €17.658,00

Total 138 €37.225,00

Total after doubling €74.450,00

4 DISCUSSION

Inthispresenteraofdifficultytoobtainfundingforcardiovascularresearch,wereportanewpossibility

to finance research by crowdfunding and contemplate on presumed critical success factors for

future usage. Our result of €74.450,- is a high as compared to literature reports of an average

amount of raised of funding between €5000 and €10.000. Interestingly, not onlyminor donations

were received, but also substantial donations from major donors were obtained. A substantial



Chapter 2

26

number of rewards was given to private donors and major donors. To our knowledge, it is also

the first time that funding of research onGUCHpatients is published.

Research to improve clinical outcome of GUCH patients is urgently needed. The majority faces

lifelong problems including arrhythmias, heart failure, hypertension, vascular complications

and one or more re-operations [14]. eHealth is a promising technique, particularly mHealth, and

clinical research study are needed to evaluate efficacy. After several unsuccessful attempts to

obtain funding, crowdfunding was an interesting opportunity to obtain funding for our project.

The authors postulate that the following factors have lead to a success of this crowdfunding

project. Support of a professional organization, selection after peer review, support of motivated

patient, involvements of motivated physicians, interesting rewards, a funding goal, and strong

(social)media campaignshave contributed to a success. Furthermore, the crowdfunding campaign

could have met the needs of donors, leading to enforcing of the public engagement. This gave

young researchers like our team the opportunity to fund research, and increases funding

opportunities in advantage of treatment of rare and neglected diseases.

In the scarce literature available a main determinant of failure of crowdfunding is absence of an

easy-to-understandmessage to potential donors [15]. Unsuccessful campaigns are characterized

by project descriptions were difficult to understand because of too many technical terms or no

graphical/video presentations. In our project the Dutch Heart Foundation hired professional

copywriters to convert crucial elements of the research proposal to an easy-to-understand

message to potential donors. The literature reports an average amount of raised of funding

between €5000 and €10.000 [7]. Our result was substantially higher, likely because of cooperation

with the Dutch Heart Foundation who doubled the profit and well connections of the principal

investigator with major donors. Importantly, significant investment of time and effort is required

which has been reported in the literature and has been experience by our team [16]. Therewas a

small fiscal incentive for private donors. In theNetherlands, the threshold amount for donations is

1% of a donors threshold income with a minimum of €60,-. These donorsmay deduct what they

havepaidmore than this threshold amount. However, donationsof privatedonors never exceeded

€1000,-.
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Concerns of crowdfunding are, however, also raised in the literature, particularly for project

related to patient care instead of research [8,11,17]. Potential abuse fromcrowdfunding includes

fraudulently creation of fake campaigns and those raising money for unproven interventions.

Another concern includes ethical issues. Crowdfunding for instance could have an impact on

patient privacy, Moreover, investigators with large social networks and sympathetic stories to tell

aremost likely to be successful. Regarding our project, theDutchHeart Foundationwas involved

as a large organization, and our supporting patient involved exposed her medical condition in

editorials longbefore our project.

5 LIMITATIONS

This article is a description of one successful project only. However, because this is the first project

with such a result the authors decided to share their experience. Furthermore, the project was

only open for donation during a limited time of two months. Whether prolonged acquisition

could have led to increased donations is unclear and is a subject of debate. Unfortunately, the

investigators have no information about the total number of hits of posts, number of sharings, and

number of likes. Because posts were done by multiple social media accounts summaries are

unavailable.

6 CONCLUSION

Crowdfunding is a novel opportunity to fund cardiovascular research, and finally gave us the

opportunity to start our eHealth project. Critical success factors include support of a professional

organization, supportofpatients andphysicians, and interesting rewards.Ourproject can serve as a

model for other researchers to start similar programs.
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ABSTRACT

Purpose
Mobile health (mHealth) could improve outcome and reduce emergency care utilization

of grown-up patients with congenital heart disease (GUCH). Inappropriate use of mHealth,

however, can lead to data overload for professionals and unnecessary measurements for

patients, increasing burden for both. We aimed to determine the clinical characteristics of

patients with high emergency care utilization and to test whether these patients were willing to

start using mHealth.

Methods
Clinical characteristics and emergency care utilization of consecutive GUCHpatients who visited

one of the two participating cardiologists at the outpatient clinic of the Academic Medical

Center in Amsterdam were studied retrospectively. All patients were approached to fill in an

mHealth questionnaire. A frequency of three or more emergency visits in 5 years was defined as

high emergency care utilization.

Results
In total, 202 consecutive GUCH patients who visited one of the two participating cardiologists

were studied. Median age was 41 years, 47%weremale, and 51%were symptomatic. In the past

five years, 134 emergency visits were identified. Of all patients, 8% had high emergency care

utilization. High emergency care utilization was associated with patients being symptomatic,

using anti-arrhythmic drug therapy or diuretics. In total, 75%of all patientswith high emergency

care utilization were willing to start using mHealth.

Conclusion
GUCH patients who are symptomatic, those on anti-arrhythmic drug therapy and those on

diuretics are suitable candidates to enroll in futuremHealth initiatives because of both high care

utilization and high motivation to start using mHealth.
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INTRODUCTION

Congenital heart disease (CHD) is one of the most common birth defects [1-3]. During the past

decades, the life expectancy of children born with a CHD has increased dramatically. At present,

95%of childrenwith CHD reach adulthood [1]. However,many of the grown-upswith congenital

heart disease (GUCH) are chronically affected by residual sequelae leading to unpredictable

arrhythmias, heart failure anda reducedquality of life [4-8]. In general, GUCHpatients have ahigh

utilisation of emergency resources, with emergency care utilisation increasing as age progresses

[4]. As the population of GUCH patients is increasing in number and age, total emergency care

utilisation of this population is expected to increase [9].

Mobile health (mHealth) is the provision of medical care by mobile technologies capable of

delivering health information, monitoring clinical signs and enabling direct care and patient

education [10]. Using mobile technology, vital signs can be collected and sent immediately

to a treating cardiologist. E-visits enable immediate and remote contact between doctor and

patient [11]. Therefore, potential benefits of mHealth include: rapid delivery of round-the-

clock care; enhanced daily monitoring and hence timely response and more convenience

for patients; and improved access for patients [12]. In order to improve outcome and reduce

emergency care utilisation, careful selection of patients that are most likely to benefit from an

mHealth intervention is warranted. If used in an inappropriate patient population, mHealth can

lead to data overload for healthcare professionals and unnecessary data collection for patients,

increasing the burden for both [13]. Patients with a high emergency care utilisation and high

motivation to start using mHealth are suitable candidates to include in newmHealth initiatives.

It is therefore the primary objective of this study to determine the clinical characteristics of

GUCH patients with high emergency care utilisation. It is the secondary objective to combine

these findings with the results of anmHealth questionnaire, to test whether GUCH patients with

high emergency care utilisation are willing to start using mHealth.
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METHODS

Population and data collection
For this study, two cardiologists specialised in GUCH (B.B. and B.M.) approached consecutive

patients who had an appointment at the outpatient clinic with them to fill in an mHealth

questionnaire. These patients visited the outpatient clinic at the Academic Medical Centre in

Amsterdam between April 2016 and September 2016. Clinical characteristics and emergency

care utilisation of these GUCH patients were studied retrospectively. Clinical characteristics

noted were: severity of the CHD (in accordance with the Bethesda conference) [14], history of

cardiac surgery, history of pacemaker or implantable cardioverter defibrillator (ICD) implantation

and the use of diuretics or any antiarrhythmic drug therapy. In patients receiving antiarrhythmic

drug therapy, the indicationwas noted aswell. Beta-blockerswere considered an antiarrhythmic

drug therapy if the drug was initiated or the dose was altered for symptoms of palpitations or

treatment for arrhythmia control. Cardiac-related symptoms were rated in accordance with the

New York Heart Association (NYHA) Functional Classification. GUCH patients with a NYHA class

II or higher were considered symptomatic. Emergency care utilization was defined as visits to

the emergency room, cardiac care unit or unplanned outpatient clinic visits. Outpatient clinic

visits were counted if they included a visit to a cardiologist, cardiologist in training, heart failure

nurse or dedicated CHD nurse at the Department of Cardiology of the AcademicMedical Centre.

An outpatient clinic visit was considered ‘unplanned’ if the electronic medical record explicitly

stated that the patient was seen without a scheduled appointment in case of symptoms.

Interventions noted following an emergency care visit were any type of open-heart surgery,

aneurysm surgery, pacemaker or ICD implantation or replacement, diagnostic catheterisations,

electrical cardioversions (ECV), catheter-based interventions and bronchoscopy in case of

haemoptysis. High care utilisation was defined as a score of three or more emergency visits

between 1 June 2011 and 31 December 2016.

All patients were approached to fill in an mHealth questionnaire on paper. Details of the

questionnaire have been described previously [15]. Exclusion criteria were being mentally

impaired (at physician’s discretion), having no knowledge of the Dutch language or being

younger than 18 years of age.
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Datamanagement and statistics
SPSS 22 (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. IBM Corp.,

Armonk, NY, USA) was used for statistical analysis. To identify GUCH patients who would most

likely benefit from mHealth, determinants were set off against an emergency care utilisation

of three or more emergency visits and/or interventions in the previous 5 years. Variables were

compared with a chi-squared test. A p-value ≤0.05 was considered statistically significant.

RESULTS

Population characteristics
In total, 202 consecutive patients who visited the outpatient clinic and had an appointment

with one of the two participating cardiologists (B.B. and B.M.) at the Academic Medical Centre

in Amsterdam between April 2016 and September 2016 were studied. Median age was 41 years

(interquartile range 32–50, range 18–78 years), 47% were male and 51% were symptomatic. Of

all patients, 19% had mild CHD, 61% moderate CHD and 20% severe CHD. A total of 83% had a

history of cardiac surgery and 8% had had a pacemaker or ICD implanted. Thirty-one per cent

received antiarrhythmic drug therapy and 9% used diuretics (Table 1). Only 5% were in NYHA

class IV. All patients filled in the mHealth questionnaire.

Emergency visits
In the previous 5 years, 202 patients accounted for 134 emergency visits, 59 (29%) of whom

had one or more emergency visit. Sixteen (8%) of the 202 patients had high care utilisation and

186 (92%) low care utilisation. No significant differences in gender, history of cardiac surgery

or severity of CHD were found between patients with high and low care utilisation. Significant

differences were found in NYHA class (87% vs 49%, p<0.001), use of diuretics (44% vs 7%,

p<0.001) and antiarrhythmic drug therapy (69% vs 27%, p=0.001) (Table 1).

Table 2 and Figure 1 show all of the symptoms with which patients presented, the subsequent

diagnoses made, and the treatment administered. Most patients presented with either

palpitations (41%) or chest pain (24%). In 46% of all cases, no diagnosis of a cardiac nature was

made. In 37%, a patient was diagnosed with an arrhythmia (Figure 1).
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Emergency visits resulted in a variety of different actions. In 44% of all cases the therapeutic

regimen was not changed. Drug therapy was changed in 52 (39%) cases. In 8 (15%) out of 55

cases of palpitations, the therapeutic regimen was not changed. Therapeutic regimen changes

included 16 (29%) cases of ECV, 13 (24%) cases of adjusting antiarrhythmic drug therapy after

ECV, 7 (13%) cases of adjusting antiarrhythmic drug therapy only, 10 (18%) cases of initiating

antiarrhythmic drug therapy and 1 (2%) case of radiofrequency ablation. In 29 (91%) of the 32

cases of chest pain no action was taken. Therapeutic regimen changes included 3 (9%) cases of

initiating antibiotic treatment for the suspicion of endocarditis.

Table 1 Comparison of high and low care utilisation. PM Pacemaker, ICD implantable cardio-
verter-defibrillator.

All patients
(n=202)

Low care utilization
(n=186 (92%))

High care utilization
(n=16 (8%))

p

Median Age, years 41 (18–78) 40 (18–78) 42 (23–77)

Male, (%) 94 (47) 87 (46) 7 (43) 0.816

Congenital heart disease

Mild, (%)

Moderate, (%)

Severe, (%)

39 (19)

123 (61)

40 (20)

35 (19)

115 (62)

36 (19)

4 (25)

8 (50)

4 (25)

0.548

0.352

0.548

New York Heart Association Class

Class I, (%)

Class ≥II, (%)

97 (48)

105 (52)

95 (51)

91 (49)

2 (13)

14 (87)

<0.001

<0.001

Event history

Cardiac surgery, (%)

PM/ICD implantation, (%)

168 (83)

17 (8)

156 (83)

14 (8)

12 (75)

3 (19)

0.363

0.121

Medication

Diuretics, (%)

Anti-arrhythmic, (%)

19 (9)

62 (31)

12 (6)

51 (27)

7 (44)

11 (69)

<0.001

0.001

mHealth

Smartphone utilization (%) 186 (92) 172 (92) 14 (87) 0.369

Willing to use mHealth (%) 143 (71) 131 (70) 12 (75) 0.70
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Figure 1 Frequency of emergency care visits, reasons and subsequent diagnoses.
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Table 2 Information on emergency visits.

Symptoms n (%)

Palpitations 55 (41%)

Chest pain 32 (24%)

Fever 16 (12%)

Fatigue 13 (10%)

Shortness of breath 7 (5%)

Haemoptysis 6 (4%)

Neurological symptoms 5 (4%)

Diagnoses

No diagnosis of cardiac nature 62 (46%)

Arrhythmia 50 (37%)

Endocarditis 6 (5%)

Pulmonary hypertension 6 (5%)

Stroke 5 (4%)

Valvular heart disease 3 (2%)

Heart failure 2 (1%)

Therapeutic regimen consequences

No changes in therapeutic regimen 59 (44%)

Medication changes 52 (39%)

Electrocardioversion 29 (21%)

Interventions 4 (3%)

Planned interventions 3 (2%)

Patient motivation to start usingmHealth amongst patients with high
emergency care utilization
In total, 16 GUCH patients had high care utilisation. Median age was 46 years, 56% were female

and 87% were symptomatic. Of all 202 GUCH patients, 25% had a mild CHD, 50% a moderate

and 25%a severe CHD. Antiarrhythmic drugswere used by 69%of patients and diuretics by 44%.

Of all patients with high care utilisation, 87% were in possession of a smartphone and 18%

claimed to use mHealth already. Of all patients, 44% wanted information about their disease,

while 44% wanted lifestyle advice via mobile technology. A total of 56% were willing to fill in
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vital signs on their smartphone, 56% were willing to fill in symptoms on their smartphone,

62% wanted advice in case of aberrant vital signs, 62% wanted advice regarding symptoms of

possible cardiac origin and 75% were willing to start using mHealth.

In contrast, in the low care utilisation group, 131 (70%) patients were willing to start using

mHealth (Figure 2).

Consecutive GUCH patients who visited outpatient clinic
n=202

Retrospective data collection on emergency care utilisation
n=202

Prospective questionnaire on willingness to start using mHealth

Participated
n=202

Low emergency care
utilisation and not
willing to start using

mHealth
n=55

Low emergency care
utilisation and willing
to start using mHealth

n=131

High emergency care
utilisation and not
willing to start using

mHealth
n=4

High emergency care
utilisation and willing
to start using mHealth

n=12

Optimal candidates

Figure2 Flowchart of patient selection.GUCHgrown-uppatientswith congenital heart disease.
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DISCUSSION

To our knowledge this is the first study to determine the suitability of candidates for enrolment

in new mHealth initiatives in GUCH patients. In our study, we found that symptomatic patients

who are on diuretics or antiarrhythmic drug therapy are more likely to visit the emergency

room. These patients might benefit from mHealth, as emergency visits could be prevented

via mHealth. In patients with few emergency visits, mHealth is less likely to be beneficial as it

is a priori less likely to prevent an emergency visit. Therefore, our study could help to avoid

initiation of mHealth with the goal of decreasing emergency care utilisation in an inappropriate

patient population and could prevent unnecessary data collection for patients. Furthermore,

the therapeutic regimen was not changed at 44% of all emergency visits. The number of such

visits might also be reducible via mHealth.

Emergency care utilization
In this study, 29% of all participating GUCH patients had had an emergency visit in the previous

5 years. This percentage was lower than in the study of Mackie et al. [16] and that of Verheugt et

al. [17], who reported that 68% and 50% of their study population had had an emergency visit,

respectively. Definitions of emergency care utilisation betweenMackie et al., Verheugt et al. and

our study were comparable. It is therefore hypothesised that this difference is due to the fact

that for our study, only emergency visits at the Academic Medical Centre were analysed. The

Academic Medical Centre is a tertiary hospital, treating patients from a large geographic region.

In emergency cases, these patients are more likely to visit a local hospital close to their homes.

These emergency visits are not counted in this study. Therefore, the frequency of emergency

visits could be higher in our study population. In our study most patients presented with

palpitations and chest pain. Arrhythmias were the most common final diagnosis. Heart failure

was diagnosed in only 1% of patients, which was lower than in the studies of Cedars et al. [18]

andNegishi et al. [19]. There are several explanations for this difference. First, patientsmight have

been admitted to other hospitals. Second, in our study, diagnoses were classified according to

primary diagnosis. Some patients with arrhythmias presented with heart failure symptoms but

were diagnosed in the ‘arrhythmia category’. Third, two nurse practitioners specialised in heart

failure had optimised treatment at the outpatient clinic, which could potentially have led to a

reduction of deteriorations in heart function. Finally, in our study population, 31% had been

hospitalised in the previous 5 years. This was in line with the study of Mackie et al. [16] and that

of Moons et al. [20].
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Selecting GUCH patients for mobile health
Our study showed that themajority of patientswerewilling to usemHealth applications. Several

validated technologies that allow for remote electrocardiogram (ECG)monitoring andautomatic

transmission are already available [21] and easy to use. For the selection of the best candidates

for possible future mHealth initiatives inclusion criteria should be: GUCH patients, experiencing

frequent palpitations and/or chest pain, able to operate a smartphone and having high care

utilisation. Furthermore, having severe CHD, using diuretics and/or antiarrhythmic drugs,

having an implant or experiencing symptoms can be taken into account in selecting GUCH

patients. Gender and age should not be a discriminant factor. Issues regarding privacy will need

to be addressed, since this new technology will be sensitive as regards breach of privacy. Lastly,

mHealth literacy is an important predictor of success in mHealth intervention [22]. Therefore,

acceptability should be taken into account when initiating mHealth initiatives in this group.

Currently, several devices that allow a user to record an ECG are already available. These devices

can be used by patients themselves and do not necessitate the assistance of trained healthcare

staff. As the majority of patients presented with palpitations or chest pain, mobile ECGs might

contribute to improving care in these patient populations. In this study, the majority of patients

with palpitations had a change in medical therapy. Innovations in the delivery of medication,

for example the pill-in-the-pocket, might facilitate initial treatment at home. As such, the use of

e-Health for remote diagnosis is worth investigating.

Limitations
This study was limited by the fact that data collection was done in a single tertiary medical

centre, which could potentially affect generalisability. No data from other hospitals were

incorporated in this study. Therefore, data on healthcare utilisation presented in this study

might be an underestimation, as GUCH patients that participated could have been admitted

to other hospitals. Lastly, 16 patients in our study had a high emergency care utilisation. This

sample size is relatively small and the percentages derived from this sample should therefore be

interpreted with caution.

Planned healthcare utilization
This study was primarily concerned with the role of mHealth to decrease emergency care

utilisation. It might, however, be possible that frequent collection of vital signs and remote

doctor-patient contact will decrease the need for planned in-office visits as well. Moreover,
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mHealth could also contribute to the improvement of patient satisfaction and patient health

engagement [23]. This should be measured in future mHealth initiatives as well.

CONCLUSION

GUCH patients who are symptomatic, those on antiarrhythmic drug therapy and those on

diuretics are optimal candidates for enrolment in new mHealth initiatives because of both a

high care utilisation and highmotivation. Our study contributes to appropriate patient selection

for mHealth initiatives that aim to prevent emergency care utilisation, thereby contributing to

an efficient use of mHealth.

WHAT’S NEW

• Telemonitoring with mobile phones is promising, but research remains to be done.

• Grown-up patients with congenital heart disease have a proven interest in mobile

health.

• This study identifies the characteristics of patients with high healthcare use.

• The vast majority of these patients is in possession of a smartphone and willing to start

using mobile health.
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ABSTRACT

Background
Arrhythmias and heart failure are common and invalidating sequelae in adult patients with

congenital heart disease (CHD). Mobile health (mHealth) enables daily monitoring and a timely

response that might prevent deterioration. We present an observational prospective registry

to evaluate feasibility of an m-Health telemonitoring program for managing arrhythmia, heart

failure and blood pressure in symptomatic adults with CHD.

Methods
Symptomatic adult patients with CHD are enrolled in an m-Health telemonitoring program,

whichevaluates single-leadECG,bloodpressureandweightmeasurements. In caseof symptoms

extra measurements could be performed. Data are collected by mobile apps, matched with

individualized thresholds. Patients are contacted if thresholds were exceeded or if arrhythmias

were found, for treatment adjustments or reassurance. Data on emergency care utilisation,

hospitalisation and patient-reported outcome measures are used to assess quality of life and

self-management.

Results
129 symptomatic CHD patients were invited to participate, 55 participated. Reasons for refusing

consent included too time consuming to participate in research (30) and to monitor vital signs

(14). At baseline 22 patientswere in NewYork Heart Association class ≥II heart failure, 43 patients

had palpitations or documented arrhythmias, and 8 had hypertension. Mean follow-up was 3.0

months, one patient dropped out, and adherence was 97%.

Conclusion
The first results indicate that this program is feasible with high adherence.
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INTRODUCTION

Telemonitoring is now available and could be a powerful tool for diagnosing and treating

arrhythmia and heart failure. It can also be useful for adjusting antihypertensive medication

in order to reach optimal blood pressure in real-life circumstances. This may be especially true

for adult patients with congenital heart disease (CHD). They are a growing patient population

[1,2]. Most of these patients need lifelong follow-up because of residual sequelae predominantly

causingheart failureandarrhythmias.Contemporarycare isorganisedbyseveraloutpatientvisits

per year. These visits are needed to optimise dosing of medication and detect complications or

disease progression [3-7]. The current organisation of care is hampered by frequent emergency

hospitalisations, possibly due to a slow response to clinical signs of deterioration.

Telemonitoring may facilitate a faster response to the first warning signs of deterioration [8].

If directly followed by properly adjusting therapy or surveillance this may result in a reduction

in emergency care utilisation. Also patients may be reassured in case of benign but terrifying

symptoms resulting in better patient reported outcome measurements (PROMs), quality of life

and self-management [9].

Results of studies on telemonitoring in patients with heart failure are conflicting [10–13]. Several

meta-analyses suggest clinical and economic benefits, but numerous prospectively initiated

clinical trials have not confirmed these findings [12,14]. Moreover, professionals are often

hesitant to start using telemonitoring because they fear an overload of data with a subsequent

increase in workload [15-17].

However, adult patients with CHD seem particularly suitable for telemonitoring. These patients

commonly experience health-related fears and insecurities [18]. They are of a young age, they

have affinity with mobile devices and a chronic condition necessitating lifelong surveillance

[15,19,20]. In our recent study, only a small minority (14%) of adult patients with CHD were

already using telemonitoring, whereas a large majority responded that they would be willing to

start using it (75%) [15,16].

An observational prospective registry was initiated to evaluate feasibility of a newmobile health

(mHealth) program for telemonitoring in symptomatic adults with CHD.
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METHODS

This prospective study is being conducted in a tertiary referral centre in the Netherlands. The

institutional ethics committee approved the study. Informed consent is obtained in all patients.

Consecutive symptomatic adult patientswithCHDpatients are included. Symptomatic is defined

as palpitations or documented arrhythmias in the last 3 years or New York Heart Association

(NYHA) heart failure class ≥II. Patients are screened at the outpatient clinic or clinical ward and if

eligible they are invited for a detailed explanation of the study. Inclusion and exclusion criteria

are listed in Table 1. We distinguish three subgroups: patients with arrhythmias, heart failure,

and hypotension or hypertension.

The m-Health program (HartWacht) consisted of hardware for single-lead ECG measurements,

equipment tomeasurebloodpressure, andascale forbodyweightmeasurement, incombination

withmobile applications to receive and transfer data. Patients were instructed on how to use the

devices and mobile applications. Palpitations and arrhythmias were evaluated with single-lead

ECGmeasurements (not onlyQRS complexes, but alsoPwaves couldbedetectedandvisualised),

which were recorded using a wireless ECG device and transferred to a remote telemonitoring

centre using a smartphone application (Kardia [21]). ECGs were assessed daily by trained nurses,

under supervision of a cardiologist. If an ECGwas uninterpretable (artefacts) patientswere asked

to send a new recording. Blood pressure and weight parameters were evaluated with a blood

pressure monitor (Omron) and a weight scale (i-Health) wireless connected to the patient’s

smartphone. These data were transferred to the telemonitoring centre through a different

smartphone application (cVitals). Data were processed using personalised thresholds and trend

deviation settings, and were assessed daily. Routine measurements were done twice a week at

predefined times. Patients could perform extrameasurements in case of symptoms. If necessary,

patients were contacted by their treating cardiologist in order to adjust therapy, for surveillance

or in order to provide reassurance. Patients received an app reminder when a measurement

was not performed at the required moments. Study measures (i.e. extensive history-taking and

PROM questionnaires) were obtained in all participants at baseline. PROM questionnaires were

repeated every 3 months. Results were automatically added to the electronic medical record

(EMR) of the patient.
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The following data are collected during follow-up: 1) emergency care utilisation and 2) PROMs;

3) number of visits to the outpatient clinic; 4) number of telephone contact moments; and

5) medication changes induced by results of the telemonitoring program. Additionally, we were

interested in the percentage of consenting patients. Emergency care utilisation was defined as

any unplanned visit to the hospital due to cardiac-related symptoms. Outpatient clinic visits

were defined as a visit to a cardiologist, cardiologist in training, heart failure nurse or dedicated

adult CHD nurse. An outpatient clinical visit was defined as unplanned if the electronic medical

record (EMR) explicitly stated that the patient was seen pre-emptively in case of symptoms.

Contactmoments were defined as a contact initiated by a cardiologist, cardiologist in training or

specialised nurse by telephone or email. Interventions were defined as alteration of medication,

catheterisations, pacemaker or ICD implantation, electrical cardioversions, catheter-based

interventions and any type of open-heart surgery. All the data were extracted from the EMR, so

only events registered in the EMR were used. Historical data of care utilisation from the last year

before inclusion were obtained to have an indication of disease burden of these patients.

Careful evaluation of the patient experienced health status, quality of life and self-management

was performed using the PROM questionnaires. Three PROM questionnaires were used (EQ-

5D-5L, PAM-13 and CaReQoL Chronic Heart Failure (CHF))[22-24]. EQ-5D-5L and CaReQoL CHF

evaluate quality of life, EQ-5D-5L scores general quality of life and health status and CaReQoL

CHF uses three subcategories to specify the quality of life: experienced safety, social and

emotional problems and physical restrictions. PAM-13 gives an indication of the level of self-

management of a patient.

For statistical analyses, SPSS 25.0 (SPSS Inc., Chicago, Illinois) forWindowswas used. A two-tailed

probability value of <0.05was considered statistically significant. Descriptive data are presented

as numbers with percentage, as mean with standard deviation or as median with range.
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Table 1 Inclusion and exclusion criteria.

Inclusion criteria

Symptomatic adult CHD patients;

Documented arrhythmias

Palpitations within last 3 years

Heart failure NYHA class ≥ II

Age ≥18 years

Possession mobile device (e.g. smartphone, tablet)

Exclusion criteria

Impaired cognition, assessed by treating physician

Tremors

Asymptomatic adult CHD patients

RESULTS

Patient enrolment started in June 2017 (Figure 1). Up to March 2018, 129 symptomatic adult

CHD patients were eligible, of whom 55 (43%) consented to participate (median age of 45 years

(range 19–70), 34.5%male and CHD severity of mild (n=6), moderate (n= 29) and severe (n=20)).

Reasons for refusing consent are shown inTable 2. At baseline 22 patients were in NYHA class ≥II

heart failure, 43 patients had palpitations or documented arrhythmias and eight patients were

known with hypertension. Baseline characteristics of the study population are summarised in

Table 3.

One patient dropped out before the first measurement because of difficulties experienced

during installation of the smartphone applications and devices. Mean follow-upwas 3.0months,

adherence was 97%.

During follow-up two emergency presentations and one hospitalisation was recorded (Figure

2). This figure also contains historical data to give further insight, demonstrating ten emergency

presentations and nine hospitalisations.
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Screened ACHD patients
n=405

Invited patients
n=129

Refused consent
n=74

Drop out
n=1

Participating
n=55

Follow up data available
n=54

Excluded n=276
– Did not meet inclusion criteria n=275
– Impaired cognition n=1

Figure 1 Flowchart of the study, n=number.

Serial PROM questionnaires were available for 12 patients at baseline, nine patients after 3

months and six patients after 6 months and showed a nonsignificant change in quality of life

during m-Health telemonitoring (Figure 3). Compared with baseline mean scores of PROM

questionnaires, quality of life (CaRe-QoL CHF (social, physical and safety) and EQ-5D-5L)

improved by 51.7% (p=0.502), 14.3% (p=0.28), 3.3% (p=0.87) and 0.2% (p=0.89) respectively.

Interestingly, patient-reported self-management decreased by 7.3% (p=0.153). Also after a first

increase in PROMs, this positive effect seems to fade, yet a small positive effect remains.

During follow-up 13 patients visited the outpatient clinic 19 times, medication changes were

made in six patients based on telemonitoringmeasurements. Twelve patients had 21 telephone

contacts with their cardiologist (19 were for reassurance, two were referrals to the outpatient

clinic for further follow-up). One patient improved in functional class after increasing the dose

of diuretics after two consecutive threshold exceeding weight measurements. In two patients

antiarrhythmic treatment was adjusted and in three patients antihypertensive treatment was

adjusted.
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Single-lead ECG measurements were performed frequently, and turned out to predominately

be sinus rhythm. In Figure 4 the rhythms of 176 ECGs during symptoms are shown. Themajority

(74.4%) of the patients could be reassured since sinus rhythm was found while the patient

experienced palpitations. In one patient with palpitations, previously undiagnosed atrial

fibrillation was found and another ECG also showed asymptomatic sinus node dysfunction.

Larger scaled studies are warranted to distinguish which subgroup has most benefits from

which type of telemonitoring.

Figure 2 Event-free survival of patients with adult congenital heart disease (dotted line events
during m-Health telemonitoring, straight line events in historical data).
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Baseline (n=13)

3 months (n=11)

6 months (n=9)

9 months (n=6)

PAM-13

CaRe-QoL, Safety

CaRe-QoL, Physical

CaRe-QoL, Social
EQ-5D-5L

Figure 3 Patient-reported outcome measures (light blue baseline, blue 3 months, dark blue 6
months). Baseline is set as median. (Selfmanagement PAM-13, quality of life, general EQ-5D-5L,
Safety CaReQoL safety, Physical CaReQoL physical restrictions, Social and emotional CaReQoL
social and emotional)

Sinus Rhythm (n=131, 74.4%)
Ar�facts (n=23, 13.1%)
PACs (n=20, 11,4%)
Atrial Fibrilla�on (n=1, 0.6%)
SVT (n=1, 0.6%)

Rhythms (n=176)

Figure 4 176 rhythms in 17 patients during palpitations in the first 3 months, n=number, %.
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Table 2 Reasons for refusing consent.

Reasons Number (%)

Too time consuming to participate in research 30 (40.5)

Too time consuming to monitor vital signs 14 (18.9)

Cost of health insurance deductibles 5 (6.8)

Expected decrease in quality of life 17 (23.0)

No mobile device 0 (0)

Emigration 1 (1.4)

Other 7 (9.5)

Total 74

Table 3 Baseline characteristics.

Characteristics Total patients
(n=55)

Heart failure
(n=22)

palpitations or
arrhythmia (n= 43)

Hypertension
(n=8)

Median age (years) 45 (19 to 70) 45.5 (19 to 66) 45 (21 to 70) 60 (32 to 70)

Male (%) 19 (34.5) 9 (40.9) 14 (32.6) 4 (50.0)

Severity of CHD

Mild (%) 6 (10.9) 0 (0) 6 (14.0) 2 (25.0)

Moderate (%) 29 (52.7) 12 (54.5) 21 (48.8) 4 (50.0)

Severe (%) 20 (36.4) 10 (45.5) 16 (37.2) 2 (25.0)

History of cardiac surgery (%) 52 (94.5) 22 (100) 40 (93.0) 8 (100)

Pacemaker (%) 11 (20.0) 6 (27.3) 10 (23.3) 1 (12.5)

Arrhythmia at baseline (%) 43 (78.2) 10 (45.5) 43 (100) 6 (75.0)

NYHA class

II (%) 17 (30.9) 17 (77.3) 6 (14.0) 2 (25.0)

III (%) 5 (9.1) 5 (22.7) 4 (9.3) 1 (12.5)

IV (%) 0 (0) 0 (0) 0 (0) 0 (0)

Symptoms

Palpitations (%) 31 (56.4) 5 (22.7) 31 (72.1) 5 (62.5)

Dyspnoea (%) 8 (14.5) 7 (31.8) 4 (9.3) 0 (0)

Chest pain (%) 4 (7.3) 1 (4.5) 4 (9.3) 0 (0)

Near collapse (%) 2 (3.6) 2 (9.1) 2 (4.7) 0 (0)

Dizziness (%) 7 (12.7) 4 (18.2) 7 (16.3) 1 (12.5)

No symptoms (%) 15 (27.3) 8 (36.4) 7 (16.3) 3 (37.5)
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Characteristics Total patients
(n=55)

Heart failure
(n=22)

palpitations or
arrhythmia (n= 43)

Hypertension
(n=8)

RV function

Poor (%) 3 (5.5) 1 (4.5) 3 (7.0) 0 (0)

Moderate (%) 16 (29.1) 8 (36.4) 13 (30.2) 6 (75.0)

Good (%) 36 (65.5) 13 (59.1) 27 (62.8) 2 (25.0)

Medication

Antiarrhythmics(%) 35 (63.6) 14 (63.6) 31 (72.1) 8 (100)

Diuretics (%) 12 (21.8) 10 (45.5) 9 (20.9) 2 (25.0)

Anticoagulation (%) 28 (50.9) 8 (36.4) 27 (62.8) 5 (62.5)

* Data are number of patients (percentage), median (range) or mean (± standard deviation)

CHD; congenital heart disease, NYHA; NewYork Heart Association, RV; Right ventricle

DISCUSSION

The study is the first prospective study that evaluates telemonitoring through a comprehensive

m-Health program in adult patients with CHD. The program is well used by symptomatic adults

with CHD. The program is feasible with a high adherence.

Data on telemonitoring in patients with heart failure are still conflicting [10-13]. Several meta-

analyses suggest clinical and economic benefits, but numerous prospectively initiated clinical

trials have not confirmed these findings [12,14]. Reasons for the lack of success could be

classified into six dimensions: clinical, economic, user perspective, educational, organisational,

and technical [20,25-27]. Ameta-analysis of 16 high-quality randomised controlled trials showed

that telemonitoring overall yields hardly any significant improvement for the average patient.

However, interventionsbasedonpersonalisedcoachingand feedbackhavebeenassociatedwith

successful results [27]. The purpose of the unique infrastructure of our m-Health telemonitoring

program (HartWacht) is to overcome limitations mentioned in these earlier studies in order

to improve the benefits. This program consists of apps on patients’ mobile devices, wireless

attached to devices for measuring heart rhythm, body weight and blood pressure, controlled

by a dedicated team of cardiac care nurses and cardiologists. Results are directly shown in the

patient’s EMR.The treatingphysician could easily find anoverviewofmeasurements and therapy

in the EMR and this is also true for the PROMs. This makes performing measurements relatively
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uncomplicated and accessible for every patientwith amobile device. It enables instant feedback

to the patient. If measurements are normal they are reassured by the app and if not, as judged

by a dedicated team of well-trained nurses and cardiologists, patients receive quick and reliable

feedback when they experience symptoms. The feedback could be adjustment of treatment

and/or reassurance. The effect of these interventions may be recognised by the patient while

using the app. This could even be true for patients who are already known and being treated

for arrhythmias by medication or pacemaker. If these patients suspect a deterioration of the

arrhythmia they are able to take immediate action to monitor their heart rhythm and get a

direct response.

The program seems to be feasible and the program was well used by our patient cohort. Our

recent questionnaire study demonstrated that 75% of all patients responded that they were

willing to use telemonitoring. Interestingly, only 43% of all invited patients, however, decided

to participate in this program. Predominantly patients refused consent because of the time-

consuming nature of participating in research. Another reason was financial, as participation

would cost these patients their own health insurance deductibles. A substantial number of

patients not willing to participate in this study reported that they expected a decrease of their

quality of life by m-Health monitoring. This could be due to the fact that telemonitoring is time-

consuming and/or confronts patients with their illness on a more frequent basis.

We postulate that careful patient selection and a program design that not only collects a huge

amount of data, but is also integrated within the EMR and supports, if necessary, immediate

contact between patient and treating physician might improve healthcare for these patients.

This study has several limitations. The number of patients included so far is small and

follow-up duration is still short. This is a single-centre study; more participating centres are

needed. The study lacks a control group, however patients are their own controls (based on

retrospective historical data). Selection bias by indication could play an important role as

documented arrhythmias were one of the inclusion criteria. This could potentially imply that

the patient population would be more prone to be admitted for arrhythmias in the last year

before inclusion. These patients could have received appropriate antiarrhythmic drug therapy

leading to a reduction in visits to the emergency department during follow-up. The adult CHD

population is very diverse and the degree of disease burden varies per diagnosis and per patient

[28,29]. Therefore, the role of m-Health telemonitoring for specific subgroups of adult CHD
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patients cannot yet be determined from the present data. So far we have not compared costs

of the HartWacht program with standard care. Equality of clinical results with historical data

versus telemonitoring can still be of interest if the costs of the program are lower compared

with standard care. Moreover, ECGs taken in patients with symptoms could not always be

distinguished from routinely performed ECGs. Furthermore, a larger participation rate was

expected. Eligible patients refused to participate for different reasons. Lessons learned from our

experiencewith this study, for instance onmeasurement intensity, could be used to improve the

program and effect of these improvements will be the subject of following studies.

CONCLUSION

A new m-Health telemonitoring program evaluating arrhythmia, heart failure and blood

pressure is well used by symptomatic adults with CHD. The relatively young population of adults

with CHD demonstrated a high adherence. m-Health telemonitoring might be a powerful tool

for diagnosing and managing arrhythmias and heart failure. It can also be useful for adjusting

antihypertensive medication in order to reach optimal blood pressure in real-life circumstances.

This could result in better quality of healthcare in this patient group. However, randomised

control trials are needed to prove this hypothesis.

WHAT’S NEW?

• m-Health seems a very promising new tool for telemonitoring of adult patients with

CHD.

• m-Health is well used by adult patients with CHD.

• m-Health isavaluable instrument togivepatients immediate feedbackandpersonalized

coaching.

• m-Health results showndirectly in the electronicmedical records overcomes limitations

mentioned in first-generation telemonitoring.
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ABSTRACT

Background
Adults with congenital heart disease (ACHD) often suffer from deterioration related to cardiac

arrhythmias, hypertension (HT) or heart failure (HF), frequently occurring between planned

visits. Mobile health (mHealth) could improve management through remote monitoring by

enabling swift therapeutic response and detecting new diagnoses.

Methods
We performed a prospective study employing mHealth in ACHD patients, weekly monitoring

heart rhythm, weight and blood pressure. In case of consecutive threshold exceeding

measurements or in case of new diagnosis, patients were contacted and if needed the treating

physician was consulted. Inclusion criteria were: palpitations within the last three years (with or

without arrhythmia diagnosis) or HF NYHA class ≥II. We evaluated the detection of recurrences

and new diagnosis of arrhythmias, HT and HF, adherence and patient experience (Net Promotor

Score (NPS)).

Results
In total, 109 of the 268 invited ACHD patients were enrolled, 80 with palpitations, 13 with HF, 16

experienced both, mean age 45 (±13) years, 33%male. Median follow-up was 12 (Q1–Q3; 9–14)

months, 91 patients initiated all measurements (heart rhythm, weight and blood pressure).

In 25% of the patients with diagnosed arrhythmias (14/56) recurrences of arrhythmias were

detected; 13% of the patients with undiagnosed palpitations (4/32) were diagnosed with

novel arrhythmias. In 38% of the patients with HT at baseline (6/16), treatment adjustment was

necessary, 4% of the patients without HT (4/76) received novel HT diagnosis. Diuretics were

adjusted in 7% of the patients with HF (2/29). Adherence was >70% in 77% of the patients that

started weekly measurements (70/91). Patients that were female, older of age and experienced

palpitations at inclusion were more likely to acquire an adherence of >70%. NPS was completed

by 68 patients, 57 patients (84%) were promotors or neutral, and 11 patients (16%) were critics.

Conclusions
mHealth offers advantages in the management of selected ACHD patients; it enabled early

detection of recurrences and new diagnosis of arrhythmias, hypertension and heart failure,

which lead to swift therapeutic response or remote reassurance. Furthermore, mHealth was well

accepted with high adherence and positive patient experience.
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1 INTRODUCTION

Adult patients with congenital heart disease (ACHD) form a growing patient group, as survival

has increased in the last decades [1]. However, these patients remain in lifelong follow-up as

they often experience complications at a relatively young age such as arrhythmias, hypertension

(HT) and heart failure (HF), often resulting in clinical deterioration [2]. As measurements of vital

parameters are usually limited to outpatient clinic and hospital visits, asymptomatic cardiac

deterioration can remain unnoticed for a long time and in case of symptoms patients have

to plan an additional appointment or have to contact or visit the emergency room (ER) in the

hospital. This can delay adequate diagnosis and swift initiation of treatment.

Mobile health telemonitoring (mHealth) is rapidly evolving as wearables, mobile health

applications (apps) and smartphone possibilities are improving, and increasing in number

[3]. mHealth enables frequent monitoring of vital parameters at home and can provide early

intervention or reassurance, possibly preventing ER visits and hospital admissions [4]. Previous

studies on telemonitoring of heart rhythm, blood pressure andweight in patients with acquired

heart disease showed promising results. In patients with atrial fibrillation mHealth provided

rapid recognition of atrial fibrillation and subsequently rapid management of the episode,

patients with hypertension were treated more effectively and in selected patients with heart

failure mHealth significantly reduced mortality [5-7].

ACHD patients seem particularly eligible to benefit from mHealth, as they often experience

complications such as arrhythmias, HT and HF, frequently resulting in deterioration and hospital

admissions [2]. Furthermore, previous studies showed that the majority of these patients are

willing to start using mHealth and that symptomatic patients are most likely to benefit [8,9].

However, data on mHealth in ACHD patients are scarce [10].

Therefore, we performed a prospective study employing anmHealth program in ACHDpatients.

The aim of this study was to investigate what advantages mHealth offers in the management

of these patients and to evaluate the acceptance of mHealth through adherence and patient

experience.
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2 MATERIAL ANDMETHODS

2.1 Study design and participants
We performed a prospective study in twomedical centers in the Netherlands. The local medical

ethical committees of both institutions issued a waiver for this study. ACHD patients were

eligible for inclusion if they met the inclusion criteria: Palpitations within the last three years

(with or without arrhythmia diagnosis) or HF NYHA class ≥II, and possession of a mobile device.

Patients with impaired cognition, as assessed by their treating physician, tremors or patients

with an insurance not covering costs of the mHealth program, were excluded. Patients were

recruited from the outpatient clinic and clinical wards. After informed consent for the use of

their clinical data was acquired, patients were enrolled in the mHealth program.

2.2 mHealth program
The mHealth program required routinely evaluation of heart rhythm, blood pressure and body

weight [11]. Measurements were performed at home using a wireless pocket-sized single lead

EKG recording device that could record a 30 s single lead EKG (Kardia, AliveCor), wireless digital

blood pressure monitor (Omron) and a wireless and digital weight scale (i-Health), connected

to their smartphone. Two mobile applications (apps) were used, for heart rhythm recordings

(Kardia [12]) and blood pressure and weight (CVitals). Results were integrated in the EMR of

the patient and also available for the patients in the apps. At the start of the program, patients

received instructions by telephone for the medical devices and corresponding apps and were

asked to perform daily measurements for seven days to establish reference values. After the first

week, a single lead EKG was recorded once every month and blood pressure and weight were

measured twice every week. Patients could perform extra measurements in case of symptoms.

However, at the start of the study it was emphasized that the program was not intended for

emergency care.

2.3 Protocol mHealth program
Blood pressure and weight measurements were only analyzed in case of consecutive threshold

exceeding measurements. All EKGs and measurements exceeding a threshold were analyzed

daily on weekdays by trained nurses, Analysis of all measurements for each patient takes

approximately a singleminuteper EKGand similar forweight andbloodpressuremeasurements.

Sinus bradycardia was defined as a heart rate of <50 beats per minute and sinus tachycardia

was defined as a heart rate of >100 beats per minute; the thresholds for blood pressure were
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140 mmHg for systolic blood pressure (SBP) and 90 mmHg for diastolic blood pressure (DBP).

The threshold for body weight was personalized for every patient. After the first week the mean

weightwascalculatedandthethresholdwasset twokilogramsabovethemean.These thresholds

were only modified in consultation with the treating physician. If an arrhythmia was recorded,

recurrent or novel, the patient would be contacted for additional information and the frequency

ofmeasurements would be intensified and if needed the treating physicianwould be consulted.

The app for weight and blood pressure would generate an alarm if a threshold was exceeded. In

case of two consecutive alarms, the patient would also be contacted for additional information.

Furthermore, they received life style advice, measurement instructions and were asked to

perform daily measurements for seven days.When HF signs and symptomswere present in case

of two consecutive weight alarms, the treating physician or specialist nurse would be consulted

for treatment adjustments. If hypertension persisted after life style advice and measurement

instructions, the treating physician would be consulted for treatment adjustments. Participation

in the current mHealth programwas reimbursed by themajority of health insurance companies

in the Netherlands. Patients without reimbursement did not participate in the study.

2.4 Adherence and patients experience
Adherence was evaluated using the weekly measurements of weight and blood pressure.

Adherence rates of >70%were assessed as sufficient for monitoring [7]. Patients experience was

evaluated through the Net Promotor Score (NPS), which lets patients rate from 0 to 10 to which

extent they would recommend the use of the mHealth program to a friend or colleague [13].

After 6 months of follow-up patients were asked fill in the NPS questionnaire. Patients with a

score of 9–10 were promotors, 7–8 were neutrals and 0–6 were critics. The NPS was calculated

by subtracting the percentage of critics from the percentage of promotors.

2.5 Outcomes
The primary outcomemeasures of this studywere interventionsmade based onmHealth data in

case of recurrences of arrhythmias, HT or HF and the detection of new diagnoses of arrhythmias

and HT. This programwas not set-up for establishing new diagnoses of HF. A cardiac arrhythmia

was consideredanewdiagnosis if the arrhythmiahadnotbeenpreviously recorded. Recurrences

of arrhythmias were defined as an mHealth recording of previously identified arrhythmias. An

episode of HT in our study was defined as three or more consecutive measurements of a SBP

of ≥140 mmHg or DBP of ≥90 mmHg. HT was considered a new diagnosis if this had not been

previously detected during outpatient clinic visits and no previous treatment was initiated for
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HT. Secondary outcome measures were adherence and patients experience measured by the

NPS score.

2.6 Data and statistical analysis
All data were extracted from the EMR of each patient and pseudonymized. Data were managed

and stored respecting the FAIR (Findable–Accessible–Interoperable–Reusable) principles [14].

Analyses were performed using SPSS version 25 (IBM, Armonk, New York). Chi-square test or

independent t-test were used to assess differences between patients with an adherence of

higher or lower than 70%.

3 RESULTS

3.1 Participants
We screened patients for eligibility from June 2017 until December 2018 and 268 patients with

ACHD from two medical centers in the Netherlands were invited to participate in this study. In

total, 109 patients were enrolled, of whom98 startedwithmonthly heart rhythm recordings and

91 with weekly blood pressure and weight measurements (Figure 1). Mean age was 44.8 (±13.1)

years and 33% were male (Table 1). The primary diagnoses of the patients are summarized in

Supplementary Table 1. Follow-up started in June 2017 and ended in May 2019 with a median

follow-up of 12 (Q1–Q3; 9–14) months. Reasons for patients to decline consent (n=159) were

1) Lack of time or interest to participate in research (72, 48%) and 2) Fear of experiencing stress

due to frequently performing measurements (47, 32%).
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Figure 1 Flowchart for the study population.

3.2 Heart rhythm
A total of 5547 single-lead EKGs were recorded by 98 patients, 56 patients with documented

arrhythmias, 31 patients with palpitations without a documented arrhythmia and 11 patients

with no previous complaints of palpitations. Of these EKGs, 2925 were recorded by 90 patients

during episodes of palpitations with amedian of 16 (Q1–Q3; 8–37) recordings per patient. These

recordingspredominantly showed sinus rhythm (1616/2925, 55%). In 25%of thepatients (14/56)

with previous arrhythmia diagnosis, recurrences of arrhythmias could be confirmed during

palpitations and treatment initiated. In 13% of the patients (4/32) with previous palpitations but

without diagnosis that performed EKGmeasurements, a new arrhythmia was found. In patients

without prior palpitations no significant arrhythmias were found. Atrial fibrillation (AF) was the

most frequently recorded clinically significant arrhythmia inbothgroups (Figure 2AandB). Noise

was recorded in 3% (174/5547) of all EKGs. All patients that experienced sinus rhythm or benign

PACs and PVCs during complaints were remotely reassured. An example of the implications of

mHealth on the management of a patient is displayed in Supplementary Figure 1A.
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Table 1 Baseline characteristics.

Characteristics Total patients (n=109)*

Age (years) 44.8 ±13.1

Male 36 33%

Severity of CHD

Mild 25 23%

Moderate 50 46%

Severe 34 31%

History of cardiac surgery 93 85%

Pacemaker 17 16%

Cardiac arrhythmias 61 56%

Palpitations without diagnosis 35 32%

Hypertension at baseline 16 15%

NYHA class

I 80 73%

II 24 22%

III 5 5%

IV 0 0%

Medication

Anti-arrhythmics 63 58%

Diuretics 17 16%

Anticoagulation 49 45%
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Figure 2 Recordings during palpitations.

A: Recordings of patients with previous arrhythmia diagnosis.
Sinus rhythm n=1027, 52%, only noise n=41, 2%.
B: Recordings of patients without previous arrhythmia diagnosis.
Sinus rhythm n=388, 53%, only noise n=11, 1,5%.
Recordings with sinus rhythm and only noise were excluded from these figures.
PVC: Premature ventricular contraction.
PAC: Premature atrial contraction.
AV: Atrioventricular.
SA: Sinoatrial.
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3.3 Blood pressure
A total of 8350 blood pressure measurements were performed by 91 patients with a median

of 88 (Q1–Q3; 58–119) measurements per patient. Of the 16 patients with HT at baseline, 15

regularly performedmeasurements, 1 patients experienced difficulties using the devices. Of the

93 patients without HT, 76 regularly performed blood pressure measurements. Eight patients

dropped out before starting measurements, 4 never initiated measurements and 5 were just

enrolled and were still setting up the devices. In 38% of the patients with HT at baseline (6/16)

treatment was adjusted and in 2 patients, blood pressure restored to normal after lifestyle

advice. In Supplementary Fig. 1B mHealth interventions are displayed in a patient with HT who

had multiple episodes of HT.

3.4 Heart failure
During follow-up, a total of 7984 body weight measurements were performed by 91 patients

with a median of 82 (Q1–Q3; 56–117). Seventeen patients did not start weight pressure

measurements, 8 patients dropped out before starting measurements, 4 patients never started

using the measurement devices and 5 patients were still setting up the measurement devices.

In 2 of the 29 patients (7%) with HF NYHA class ≥II at baseline the diuretics were adjusted as a

weight gain of ≥2 kg and additional signs and symptoms of HF were detected throughmHealth

and telephone contact.

3.5 New diagnoses
In 8 patients new diagnoses were established through mHealth; 4 patients received novel

arrhythmia diagnosis, 4 patients received novel HT diagnosis (Supplementary Table 2), all

patients previously underwent regular diagnostic methods with no resulting diagnosis. Of

the 109 enrolled patients, 48 patients did not have prior arrhythmia diagnosis, 35 of whom

experienced palpitations in the past three years and 32 regularly performed single lead EKGs.

In 13% (4/32) of the patients that experienced palpitations without prior arrhythmia diagnosis

and performed EKGs, new diagnoses were established during follow-up through mHealth. In

3 patients AF was registered and in 1 patient sinus node dysfunction was identified. Of the 94

patients without HT, 76 patients regularly performed blood pressure measurements, of whom 4

patients (4%) received new HT diagnosis. No false-positive diagnoses were found during follow-

up.
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3.6 Adherence and patient experience
Adherence of more than 70% was registered in 77% of the patients (70/91). Patients with an

adherence of 70% or higher were more likely to be female, older of age, have palpitations at

baseline (with or without a previously identified arrhythmia), have a pacemaker in situ, use anti-

arrhythmic drugs and have experienced a clinical event during follow-up (Supplementary Table

3). The NPS questionnaire was completed by 72% (68/95) of the patients that received the NPS

questionnaire, 57 patients (84%) were promotors (score 9–10) or neutral (score 7–8), and only 11

patients (16%) were critics (score 0–6), resulting in a total NPS of + 18 for this mHealth program.

4 DISCUSSION

This study is the first to show twelve months follow-up of mobile health in selected ACHD

patients. mHealth in these patients offers multiple advantages by providing rapid detection

of hypertension, recurrences of arrhythmias and heart failure, and enabling swift intervention.

Furthermore, mobile health establishes new diagnoses of arrhythmias and hypertension. This

mHealth programwaswell acceptedwith a high adherence rate andpositive patient experience.

ACHD patients often experience cardiac arrhythmias and these arrhythmias are an important

cause of unplanned hospital admissions and morbidity [15]. Previous studies showed that

regular diagnostic methods in ACHD patients, such as Holter monitoring, often fail to establish

diagnoses, as symptoms frequently do not occur during Holter monitoring [16]. In contrast,

mHealth provided on demand recordings of heart rhythm during palpitations, enabling swift

diagnosis and treatment or remote reassurance, possibly preventing unplanned visits to the

hospital.

In our study, in 38% of the patients with HT at baseline (6/16), treatment adjustments were

necessary during follow-up as episodes of HT were detected throughmHealth. This emphasizes

that the management of arterial HT through the outpatient clinic remains cumbersome and

over- and undertreatment occurs as blood pressure is only measured during hospital visits.

mHealth provides benefits in the treatment of HT by enabling more continuous monitoring of

blood pressure at home [17].

In this study the number of patients with HF was limited with 27% of the patients (29/109)

experiencing HF NYHA class ≥II at baseline. The majority of these patients were under follow-
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up of a specialized HF nurse, organized through frequent contact moments and consultations.

Usual care by the nurse included daily weight measurements and the instruction to contact

the nurse in case of weight gain or symptoms. The mHealth program only required two weight

measurements per week, this might explain the small number of interventions made based on

mHealth data in patients with HF in our study. However, in patients with less frequent follow-up

and in more remote areas, mHealth could be a valuable tool as telemonitoring has shown to be

effective in selected patients with HF [7].

Our study demonstrated an adherence rate that was similar to previous studies [18,19].

Interestingly, patients who experienced clinical events during follow-up were more adherent

to the program. This emphasizes that adequate patient selection for telemonitoring seems

essential as was also demonstrated by Koehler et al. in theTIM-HF2 trial. In patients, hospitalized

for HF less than a year before inclusion, telemonitoring demonstrated a reduction of all-cause

mortality and days lost due to unplanned cardiovascular hospital admissions [7].

This study is limited by the lack of a control group, this hampered evaluation of the effect of

mHealth on clinical outcomes such as emergency hospital visits and admissions. Randomized

controlled trials are therefore warranted to further evaluate the effects of mHealth in ACHD

patients,other importantoutcomes includingqualityof lifeandcostsof themHealth intervention

should be further evaluated. Only patients with a health insurance covering the costs of the

mHealth program were included and the number of patients that declined participation was

greater than the number of participants due to no interest or time, possibly introducing a

systemic bias. Furthermore, this study population of ACHD patients was very heterogeneous

as all complexities of CHD were included in this study and severity of disease differed greatly,

possibly introducing a great heterogeneity in outcomes.

4.1 Conclusion
In this pilot study, we showed that the use of mHealth offers multiple advantages in selected

ACHD patients; it enabled early detection of recurrences and new diagnoses of arrhythmias,

hypertension and heart failure and enabled swift therapeutic response. As mHealth was also

well accepted by these patients with high adherence and positive patient experience, mHealth

could play a significant role in the management of this patient group.
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SUMMARY TABLE

What was already known?
• Mobile health has shown promising results in patients with acquired disease.

• Only little data is available on mobile health in adult patients with congenital heart

disease.

What this study added to our knowledge
• Mobile health providesmore continuous care and remote reassurance for adult patients

with congenital heart disease, a patient group with high mortality and morbidity.

• Mobile health in adult patients with congenital heart disease provides clinical benefits

such as establishing new diagnosis and quick detection of recurrences of arrhythmias

enabling rapid treatment.

• Mobile health in patients with hypertension can aid to optimize medical treatment.

• Mobile health iswell accepted in adult patientswith congenital heart disease, especially

in patients that experienced clinical events.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1 mHealth interventions.

A: Patients with previous arrhythmia diagnosis
SR=Sinus rhythm
AF=Atrial fibrillation
AT=Atrial tachycardia
ECV=Electrical cardioversion
B: Patient with hypertension at baseline
*Mean SBP=mean systolic blood pressure of two weeks (at least 4 measurements)
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Supplementary Table 1 Diagnoses of participants.

Diagnosis n %

Tetralogy of Fallot 14 12.8

Atrial septal defect 13 11.9

Transposition of the great arteries 13 11.9

Coarctation aortae 12 11

Marfan syndrome 10 9.2

Ventricular septal defect 10 9.2

Native isolated congenital aortic valve disease 7 6.4

Pulmonary valve stenosis 5 4.6

Ebstein’s anomaly 4 3.7

Pulmonary atresia 4 3.7

Atrioventricular septal defect 3 2.8

Anomalous pulmonary venous drainage 2 1.8

Persistent ductus arteriosus 2 1.8

Persistent foramen ovale 2 1.8

Double outlet right ventricle 1 0.9

Left isomerism 1 0.9

native isolated congenital mitral valve disease 1 0.9

Tricuspid atresia 1 0.9

Univentricular heart 1 0.9

Other 3 2.8

Total 109
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Supplementary Table 2 Details of patients with new diagnosis.

Patient
number

Age
(years)

Used diagnostic
methods

Days to
diagnosis

mHealth
diagnosis

intervention

Newly diagnosed cardiac arrhythmias

5 52 Holter, X-ECG 56 SND Wait-and-see

21 29 Holter, X-ECG, ER 149 pAF Wait-and-see

56 58 Holter, X-ECG 262 pAF medication

58 32 Holter 123 pAF ECV, medication

Newly diagnosed hypertension

24 64 GP 126 HT medication

30 48 X-ECG, ABPM 290 HT medication

51 46 X-ECG, ABPM 63 HT GP

86 51 ABPM 136 HT medication

X-ECG=Exercise stress test
SND=Sinus node dysfunction
ER=Event recorder
pAF=paroxysmal atrial fibrillation
GP=follow-up by general practitioner
HT=Hypertension
ABPM=24-hours ambulant blood pressure monitor



Chapter 5

86

Supplementary Table 3 Characteristics of patients with adherence >70%.

Variable Adherence >70%
n=70

Adherence <70%
n=21

p-value

Age (years) 47 ±11 38 ±12 0.002

Male 19 27% 11 52% 0.031

CHD severity 0.269

Mild 18 26% 3 14%

Moderate 34 49% 9 43%

Severe 18 26% 9 43%

Palpitations at baseline 65 93% 15 71% 0.008

NYHA class ≥II 20 29% 6 29% 1

Hypertension at baseline 12 17% 3 14% 0.757

Pacemaker in situ 15 21% 0 0% 0.02

Medication

Diuretics 14 20% 2 10% 0.269

Anticoagulation 36 51% 7 33% 0.145

Anti-arrhythmic drugs 46 66% 8 38% 0.024

Clinical events 20 29% 1 5% 0.023

Net Promotor Score 0.59

Critics (0–6) 10 18% 1 9%

Neutrals (7–8) 27 47% 7 64%

Promotors (9–10) 20 35% 3 27%

* plus-minus values are means ±SD
CHD=Congenital Heart Disease
NYHA=NewYork Heart Association
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A woman with congenital pulmonary valve stenosis treated by balloon valvulotomy had been

visiting the outpatient clinic for many years with complaints of palpitations. Several 24-h

electrocardiogram (ECG) recordings and resting ECGs (Figure 1A) showed frequent premature

ventricular contractions and two regular wide-complex asymptomatic tachycardias of a

maximum of eight beats with a maximal frequency of 120 beats/min. However, these findings

could not be related to her complaints.

The patient was included in a novel mHealth telemonitoring program. While the patient was

having palpitations, a single-lead ECG was recorded (Figure 1B). On these additional recordings

atrial fibrillation could be diagnosed with intermittent bundle branch block.

There is a broad aetiology of palpitations, and these often occur outside the window of 24 h

Holter monitoring. This case is one of the first to illustrate that mHealth programs, including on-

demand ECGmonitoring, can be of great importance in the diagnosis of arrhythmias.

Figure 1A Routine resting electrocardiogram (ECG) of the patient.
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Figure 1B Recording of atrial fibrillation with intermittent bundle branch block by on-demand

single-lead ECG in the mHealth program.
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ABSTRACT

Background
The European Society of Cardiology (ESC) guidelines for the management of adult congenital

heart disease (ACHD) recommend screening in patients at risk for arrhythmic events. However,

the optimal mode of detection is unknown.

Methods
Baseline and follow-up data of symptomatic ACHD patients who received an implantable loop

recorder (ILR) or who participated in a smartphone based single-lead electrocardiogram study

were collected. The primary endpoint was time to first detected arrhythmia.

Results
In total 116 ACHD patients (mean age 42 years, 44% male) were studied. The ILR group (n=23)

differed from the smartphone based single-lead electrocardiogram group (n=93) in having a

greater part ofmales andhadmore severeCHDand (near) syncope as qualifyingdiagnosis. In the

smartphone based single-lead electrocardiogram group history of arrhythmia and palpitations

were more frequent (all p<0.05). Monitoring was performed for 40 and 79 patient-years for the

ILR- and smartphone based single-lead electrocardiogram group, respectively. Arrhythmias

occurred in 33 patients with an equal median time for both groups to first arrhythmia of

3 months (HR of 0.7, p=0.81). Furthermore, atrial fibrillation occurred most often (n=16) and

common therapy changes included medication changes (n=7) and implantation of pacemaker

or Implantable Cardioverter Defibrillator (ICD) (N=4). Symptoms or mode of detection were not

a determinant of the first event.

Conclusion
Non-invasive smartphone based single-lead electrocardiogram monitoring could be an

acceptable alternative for ILR implantation in detecting arrhythmia in symptomatic ACHD

patients in respect to diagnostic yield, safety and management decisions, especially in those

without syncope.
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1 INTRODUCTION

1.1 Adult congenital heart disease
Congenital heart disease has a worldwide prevalence of ~9 per 1000 newborns. Nowadays, the

number of adult congenital heart disease (ACHD) patients exceeds the number of children with

congenital heart disease and the population of ACHD patients is still increasing by 5% per year

[1,2]. These ACHD patients are under lifelong surveillance in specialized centers. Although their

prognosis has significantly improved compared to only a few decades ago, these patients are

not cured. Data from the Dutch National CONCOR registry showed that themedian age of death

is 49 years and that two third of adult patients with CHD die from a cardiac cause [3-6]. One of

the most common causes of death is sudden cardiac death (19%), which occurs at a median

age of 39 years [3,4,7]. It is estimated that 1 out of 6 ACHD patients develops bradycardias or

tachyarrhythmia during life, that often precede syncope and/or suddendeath [3]. Over one-third

of tetralogy of Fallot (ToF) patients develop symptomatic atrial tachyarrhythmia by adulthood,

10% develop high-grade ventricular arrhythmia, and 5% require a pacemaker implantation for

surgically acquired atrioventricular block or sinus node dysfunction. After Senning or Mustard

repairs for Transposition of the Great Arteries (TGA), loss of sinus rhythm occurs in 60% of

patients in the 20-year period after surgery [8].

1.2 Arrhythmia detection
The European Society of Cardiology (ESC) guidelines recommend periodical screening in

symptomatic ACHD patients, without arrhythmia documentation at presentation, evaluation

for arrhythmia [1]. Subgroups of patients who are at increased risk are identified in the

guideline. In patients with pacemakers or implantable cardioverter defibrillators (ICDs), device

interrogation is used to screen for arrhythmias [9,10]. In patients without implantable device,

short term screening is commonly performedwith Holter studies, and prolonged screeningwith

Implantable Loop Recorders (ILR). However, smartphone based single-lead electrocardiogram

solutions may provide new alternatives [11,12]. Mobile devices for heart rhythm monitoring,

defined as ambulant diagnostics, is rapidly evolving as wearables, mobile health applications

(apps) and smartphone possibilities are improving, and increasing in number [13-15]. ACHD

patients seem particularly eligible to benefit from these alternative solutions, as these patients

have a higher burden of arrhythmia compared to the general population and having their first

arrhythmia at younger age. So they are generally well motivated to apply eHealth. However,

data on smartphone based single-lead electrocardiogram are scarce. Therefore, the study aimed
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to explore whether smartphone based single-lead electrocardiogram can be a good alternative

to ILR in detecting arrhythmia.

2 METHODS

2.1 Study data
Baseline and follow-up data were collected of two cohorts of ACHD patients with symptoms

which could be caused by arrhythmia. One cohort were patients who participated in a

smartphone based single-lead electrocardiogram study and the other cohort are patients

gathered by a retrospective chart review of patients with an ILR. Indications for ILR implantation

were symptoms which could be related to arrhythmia. The smartphone based single-lead

electrocardiogram group of patients participated in a prospective study in two medical centers

in the Netherlands (Haga Teaching Hospital and Amsterdam UMC, location AMC). The study

protocol required routine evaluation of heart rhythm using a wireless pocket sized single lead

EKG recording device that could record a 30 s single lead EKG (Kardia, AliveCor). After a 1-week

run-in period, a single lead EKG was recorded once every week. Patients could perform extra

measurements in case of symptoms. Data of eventswere sent by the application the smartphone

to our telemedicine center and within 48 h judged by specialized nurses. Data of the ILR were

read as soon as possible after an event at our outpatient clinic. All patients were explained to

contact a physician directly in case of emergency. Detailed description of the study has been

published elsewhere [15]. A retrospective chart review has been performed to collect ILR data of

all symptomatic ACHD patients having an ILR implanted between 2003 and 2019 (Amsterdam

UMC, location AMC).

2.2 Study criteria
The smartphone based single-lead electrocardiogram study ACHD patients were eligible for

inclusion if they met the following inclusion criteria: palpitations within the last 3 years (with

or without arrhythmia diagnosis) or HF NYHA class II, and possession of a smartphone. Patients

with impaired cognition, as assessed by their treating physician, tremors or patients with an

insurance not covering costs of the smartphone based single-lead electrocardiogram program,

were excluded. Patients were recruited from the outpatient clinic and clinical wards. Enrollment

in this study followed after informed consent for the use of their clinical data was acquired. The

local medical ethics committees of both institutions issued a waiver for this study. This included
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a waived consent for the retrospective chart review, because data were processed anonymously

by the investigator.

2.3 Study outcome
The primary endpoint was time to first arrhythmia detected (AF, SVT, VT, sinus node defect, or

AV block) in both study groups. Device implantation and change in medication were not an

outcome but also registered as a result of detecting arrhythmia for both groups. Data were

analyzed with Kaplan-Meier survival curves and Cox proportional hazard analysis (SPSS version

28, IBM, Armonk, New York, NY, USA). Chi-square test or independent t-test were used to assess

differences between patient-groups.

3 RESULTS

3.1 Baseline characteristics
In total 116 ACHDpatients were studied, seeTable 1. Mean agewas 42 years and 44%weremale.

There were 25 (22%) patients with mild CHD, 45 (39%) patients with moderate CHD, and 46

(39%) patients with severe CHD. The rate of hypertension (n=16, 14%) or coronary artery disease

was low (n=7, 6%). The ILR group consisted of 23 patients and the smartphone based single-lead

electrocardiogram consisted of 93 patients.

The ILR group (n=23) differed from the smartphone based single-lead electrocardiogram

group (n=93) in having a greater part of males. They had more severe CHD and (near) syncope

(65 vs 3%) as qualifying symptom of possible arrhythmia. In the smartphone based single-lead

electrocardiogram group history of arrhythmia and suffering from palpitations were more

frequent.
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Table 1 Baseline characteristics.

All
N=116

ILR
N=23

Smartphone ECG
N=93

p

Age, years 42 44 42 0.573

Male, N (%) 51 (44) 17 (74) 34 (37) 0.001

Severity of CHD

Mild, N (%) 25 (22) 3 (23) 22 (24)

0.020Moderate, N (%) 45 (39) 5 (22) 40 (93)

Severe, N (%) 46 (39) 15 (65) 31 (33)

Medical history

Cardiac surgery, N (%) 92 (79) 17 (74) 75 (81) 0.475

Non-cardiac surgery, N (%) 54 (47) 5 (22) 49 (53) 0.007

Coronary artery disease, N (%) 7 (6) 2 (9) 5 (5) 0.559

Arrhythmia, N (%) 91 (78) 10 (43) 81 (87) <0.01

Heart failure, N (%) 22 (19) 3 (13) 19 (20) 0.418

Hypertension, N (%) 16 (14) 1 (4) 15 (16) 0.142

Systemic EF <40%, N (%) 6 (5) 0 6 (6) 0.208

Subpulmonic EF <40%, N (%) 4 (3) 1 (4) 3 (3) 0.399

NYHA class

I, N (%) 90 (78) 16 (70) 74 (80)
0.303

≥2, N (%) 26 (22) 7 (30) 19 (20)

Arrhythmia symptoms, N (%) 95 (82) 19 (83) 76 (82) 0.921

Palpitations, N (%) 78 (67) 8 (35) 70 (75) < 0.01

Dyspnea, N (%) 12 (10) 2 (9) 10 (11) 0.772

(Near) syncope, N (%) 18 (16) 15 (65) 3 (3) < 0.01

Medication

Antiarrhythmic agents, N (%) 52 (45) 7 (30) 45 (48) 0.121

Diuretics, N (%) 13 (11) 3 (13) 10 (11) 0.701

Anticoagulation, N (%) 45 (39) 7 (30) 38 (41) 0.358

N=Number
EF=Ejection Fraction
ILR=Implantable Loop Recorder
CHD=Congenital Heart Disease
NYHA=NewYork Heart Association.
Bold values represent the significant values.
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3.2 Monitoring details
In total patients were monitored for 119 patient years. Monitoring was performed for 40 and

79 patient years, respectively, in the ILR and smartphone based single-lead electrocardiogram

groups. Themedian time to first arrhythmiawas 92 (16–233) days for the complete study cohort,

for the ILR group 40 (15–681) days and for the smartphone based single-lead electrocardiogram

group 102 (21–232) days (p=0.80, HR of 0.7) (Figure 1 and Table 2). Arrhythmias occurred in 33

patients, of which 11 (48%) were documented in the ILR group and 22 (24%) in the smartphone

based single-lead electrocardiogram group (p=0.021). In both groups atrial fibrillation was the

most frequently documented arrhythmia and no patient died.

Figure 1 Time to first arrhythmia.
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Table 2 Details on monitoring.

A

All
N=116

ILR
N=23

Smartphone ECG
N=93

p

Median time to first arrhythmia, days (IQR) 92 (16–233) 40 (15–681) 102 (21–232) 0.801

Median monitoring time per patient, days
(IQR)

322 (148–428) 567 (40–1217) 317 (188–399) 0.045

B

Details on first arrhythmia All
N=116

ILR
N=23

Smartphone
N=93

p

Arrhythmia occured, N (%) 33 (28) 11 (48) 22 (24) 0.021

Atrial fibrillation, N (%) 16 (14) 2 (9) 14 (15) 0.428

Supraventricular tachycardia, N (%) 14 (12) 6 (26) 8 (9) 0.021

Ventricular tachycardia, N (%) 1 (1) 1 (4) 0 0.043

Sinus node defect, N (%) 2 (2) 2 (9) 0 0.004

Atrioventricular block, N (%) 0 0 0 1.000

N=Number
IQR=Interquartile Ranges
ILR=Implantable Loop Recorder
Bold values represent the significant values.

3.3 Changes in patient management
Arrhythmia detection led to the important care changes, displayed in Figure 2. In the ILR group

device implantation to treat arrhythmia was performed in four patients (three pacemaker

and one ICD) and medication changes were performed in two patients (start of beta-blocker).

Furthermore, in the ILR group a wait and see strategy was chosen in five patients. In the

smartphone based single-lead electrocardiogram group ablation was performed in one patient

and electrical cardioversion was performed in three patients. In five patients monitored with

smartphone based single-lead electrocardiogram medication changes were performed,

including start of a direct oral anticoagulant, start of amiodarone, and both start and increase

of beta blocker. In one patient it was decided to perform additional Holter monitoring and in 12

patients no change in management was initiated.
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Figure 2 Care changes (A) ILR and (B) smartphone ECG.
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3.4 Determinants of the first arrhythmia event
The mode of detection (HR 0,688 95% CI 0.3–1.6, 0,371) appeared not to be associated with

the first detection of arrhythmia in the study period (HR 3.2, 95% CI 1.5–6.8, p=0.002). The use

of anti-arrhythmic drugs was associated with an arrhythmia event because patients with anti-

arrhythmic drugs are at high risk of arrhythmia.

4 DISCUSSION

4.1 Principal findings
Rhythm monitoring is important in ACHD patients as they are at high risk for arrhythmic and

brady-arrhythmic events, but with the currently expanded possibilities of diagnostics no

optimal diagnostic strategy has been defined yet. To our knowledge this is the first study that

performed a comparison of ILR and smartphone based single-lead electrocardiogram for heart

rhythm monitoring in ACHD patients. Smartphone based single-lead electrocardiogram seems

to be a reasonable noninvasive alternative diagnostic tool for symptomatic patients instead of

an invasive ILR for detecting arrhythmia.

4.2 Diagnostic yield of ambulatory rhythmmonitoring in ACHD
patients

Our findings of a high burden of arrhythmia in selected ACHD patients is comparable to the

literature. Dodeja et al. evaluated traditional ILR monitoring in ACHD patients and showed a

useful adjunct with clinically relevant events in 41% of patients [9]. Schultz et al. performed

a retrospective cohort study on remote ambulatory monitoring in 307 ACHD patients with

symptoms, a history of arrhythmia or screening due to an increased risk. Their 14-day screening

detected arrhythmia in 153 (50%) ACHD patients. Management changes, including medication

changes (30%), further testing or imaging (10%), and procedures (6%), were made based on

results of theseprolongedmonitoring strategy [16]. Huntgeburthet al. performeda single center,

retrospective observational study in which all CHD-patients with an ILR who were under care of

the German Heart Center Munich between February 2015 and January 2019 were identified

[17]. The authors found a considerable complementary diagnostic value of ILR for the detection

and differentiation of benign andmalignant arrhythmias. Huntgeburth et al. concluded that ILR

implantation should be considered in patients with CHD of any complexity who need medium

or long-term arrhythmia monitoring, especially if short-term Holter monitoring cannot provide

sufficient diagnostic certainty.
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4.3 Smartphone based single-lead electrocardiogram for heart
rhythmmonitoring in ACHD patients

Smartphone based single-lead electrocardiogram is a promising tool to improve care and

detect arrhythmia in ACHD patients [18-21]. Smartphone based single-lead electrocardiogram

has been shown to enable early detection of recurrences and new diagnosis of arrhythmia,

which led to swift therapeutic response or remote reassurance. Furthermore, smartphone based

single-lead electrocardiogram was well accepted in ACHD patients with high adherence and

positive patient experience [15,22]. The risk of ILR implantation such as need for re-implantation,

wound dehiscence or device erosion of 1–9% can be avoided [17,23,24]. Smartphone based

single-lead electrocardiogram as a non-invasive diagnostic tool has no such risk of surgical

complications. In our analysis smartphone based single-lead electrocardiogram proofed to

be an effective tool in detecting arrhythmia. In our study there was a lower rate of arrhythmia

detection in the smartphone based single-lead electrocardiogram group, potentially due to

the fact that this group had less patients with severe ACHD. Although ILR is better at detecting

arrhythmias in patients because the window of measurement is continuous, it has the before

mentioned disadvantage of being an invasive tool. So, we suggest in symptomatic patients, if

symptomsoccur ondaily basis, 24Holtermonitoring for diagnosing arrhythmia is a goodoption.

If symptoms occur less frequently smartphone based single-lead electrocardiogram could be an

alternative option and save the ILR for patients where no diagnosis could be found with these

modalities and for whom detecting arrhythmia is important to their prognosis. Furthermore,

new wearables with smart algorithms can monitor patients continuous and alert patient and

physician if arrhythmia is detected [25,26].

4.4 Prolonged rhythmmonitoring in acquired heart disease patients
Diagnostic yield of prolongedmonitoring is also well established in AF screening in cryptogenic

stroke patients [27]. Longer durations ofmonitoringwere associatedwith the highest diagnostic

yield in these patients [28,29]. However, the optimal monitoring method and duration of

monitoring is unclear [30-32]. Solbiati et al. performed a systematic Cochrane review on ILR

performance and concluded that available data are non-conclusive. The authors therefore

recommended further research on ILRwith clinically relevant outcomes [33]. Our study suggests

our smartphone based single-lead electrocardiogram protocol compared to ILR can be a good

alternative in detecting arrhythmia in patients with symptoms other than syncope. Especially if

these complaints are less frequent than once a day for which 24–48 h Holter monitoring is still

a good alternative option.
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4.5 Future directions
Beside clinical effectiveness other aspects of implementation include amongst others: cost

evaluation, governance, patient, and technological factors. Studies on costs of smartphone

based single-lead electrocardiogram are scarce. In the first study that compared eHealth with

the standard outpatient clinic setting it was suggested that eHealth was likely cost-effective

[34]. That study was performed in patients who suffered from acute myocardial infarction.

Hypothetically, smartphone based single-lead electrocardiogram is more cost-effective than

ILR because it saves on the costs of implantation and explantation, but if wearables for heart

rhythm monitoring use a service center with medical personnel, the costs for this solution

could also become significant. Furthermore, health system governance, health provider, patient

and technological factors may complicate implementation. However, tools to identify barriers

to implementing digital health and recommendations for overcoming them are increasingly

available [35-37].

4.6 Limitations
Our study was limited by a combination of two datasets, without randomization of patients

between the two monitoring strategies. Moreover, short arrhythmia and asymptomatic

arrhythmia or bradycardias may remain unnoticed in both groups. Despite we screened all

ACHD patients visiting our outpatient clinic between 2003 and 2019 for having an ILR, the

number of patients we found having an ILR was much smaller compared to the smartphone

based single-lead electrocardiogram group. We postulate that the threshold for using an

invasive diagnostic tool to find arrhythmia in symptomatic patients is higher compared to

non-invasive Holter monitoring. The decision to implant an ILR to detect arrhythmia was most

often reserved for ACHD patients with unexplained syncope or cerebral vascular accident

after unsuccessful period of Holter monitoring. However, in the emerging field of non-invasive

wearable heart rhythm monitoring solutions we are the first to report a comparison in this

high-risk patient population. Matching was not performed in the study. The smartphone based

single-lead electrocardiogram has a significantly higher number of patients with a history of

previous arrhythmia. Previous arrhythmia could make arrhythmia recurrence more likely than

no previous arrhythmia. However, arrhythmia could also make arrhythmia recurrence less likely

because of the treatment with antiarrhythmic drugs. Potentially this could have introduced bias

the process of arrhythmia detection.
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5 CONCLUSION

Non-invasive smartphone based single-lead electrocardiogram monitoring could be an

acceptable alternative in detecting arrhythmia in symptomatic ACHD patients instead of an ILR

in respect to diagnostic yield, safety and management decisions, especially in those patients

without syncope.
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ABSTRACT

The European Society of Cardiology guidelines for the management of Adult Congenital Heart

Disease (ACHD)patients recommendscreening forarrhythmiasandbradycardias in symptomatic

patients, often being done by means of an ambulatory 24–48 hour Holter or Implantable Loop

Recorder (ILR). However, nowadaysnon-invasive instruments such aspatches, smartwatches and

smartphone based on single-lead electrocardiograms which perform extendedmonitoring, are

also available. The aim of this narrative review is to assess whether these instruments, when they

detect arrhythmias and bradycardias in patients with ACHD, will lead to meaningful changes

in clinical care. Clinical meaningful changes include adjustment of medication, cardioversion,

electrophysiologystudy(EPS),ablationor implantationofacardiovascular implantableelectronic

device. The following monitoring instruments are discussed: 1) cumulative Holter, 2) two-week

continuous monitor, 3) smartwatch and smartphone based single-lead electrocardiogram and

4) ILR. The diagnostic yield of extended rhythm monitoring is high and varies between 18%

(smartphone-based single lead ECG) and 41%with ILR. In conclusion, contemporary arrhythmia

screening includes new various non-invasive technologies that are promising new tools as an

alternative for Holter monitoring or ILR. However, the optimal mode of detection is still unclear

due to the lack of head-to-head comparisons.

CLINICAL PERSPECTIVE

Extended arrhythmia monitoring in ACHD patients has a high diagnostic yield. Nowadays a

variety of non-invasive tools are available for ambulant continuous heart rhythmmonitoring.We

needmore studies for choosing the best available option for extended heart rhythmmonitoring

in ACHD patients.
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1 INTRODUCTION

Over the past decades, life expectancy of children born with congenital heart disease (CHD) has

improved considerably [1,2]. Hence, the population of adult congenital heart disease (ACHD)

patients is growing.3 Many of the ACHD patients are affected lifelong by cardiac symptoms,

reduced quality of life, and cardiac events [2].

Clinical arrhythmias are important regarding morbidity and mortality in patients with ACHD [4-

6]. Clinical arrhythmias and subclinical arrhythmias are crucial signs in themanagement of ACHD

patients due to their potential impact on their overall cardiovascular health. Clinical arrhythmias,

with noticeable symptoms, can significantly affect quality of life and may necessitate prompt

intervention to prevent complications. Subclinical arrhythmias, although asymptomatic, may

be an early sign of deterioration and can still contribute to increased morbidity and mortality.

Therefore, regular monitoring and timely intervention is essential in the comprehensive care

of ACHD patients [1]. It is estimated that 1 out of 6 ACHD patients develop bradycardia or

tachyarrhythmia during life, that often precede syncope and/or sudden death [5]. For example,

overone-thirdof tetralogyofFallot (TOF)patientsdevelopsymptomatic atrial tachyarrhythmiaat

adult age, and 10% develop high-grade ventricular arrhythmia. Moreover, of these TOF patients

5% requires a pacemaker implantation for surgically acquired atrioventricular block or sinus

node dysfunction [3]. To prevent sudden cardiac death, adequate risk assessment is needed to

identify patients at high risk for sudden cardiac death. In TOF patients mortality and ventricular

arrhythmia are associated, amongother clinical parameters as: older age at repair, prior palliative

shunt, longer QRS duration, at least moderate right ventricular function, lower left ventricular

ejection fraction, previous ventriculotomy and higher right ventricular end-diastolic volume.

The more these factors are present in a patient, the more repeated monitoring for detecting

arrhythmias becomes important [7]. In patients with Senning orMustard repair for Transposition

of the Great Arteries, a group declining in size, loss of sinus rhythm is demonstrated in 60%

of the patients. The risk of atrial and ventricular arrhythmias increases with age [8]. At every

arrhythmic event, symptomatic or asymptomatic, a change in patient management should be

considered, e.g. initiation of anticoagulation, change in anti-arrhythmic drugs, catheter ablation

or implantation of a pacemaker or ICD. Also, evaluation of possible underlying structural

abnormalities, which may be causal and correctable, is an essential part of clinical management

in patients with arrhythmias.
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Care for ACHD patients is mainly organized in outpatient clinics, where brief evaluations of

clinical status, patient education and treatment strategies during consultation are made [9].

These outpatient evaluations are only momentary snapshots, ranging from a few times a year

to once every five years. The most recent European Society of Cardiology guidelines for the

management of ACHD patients advice screening for arrhythmia if patients are symptomatic or

for selected patients if bradycardia and/or tachyarrhythmias are suspected [2]. In ACHD patients

with pacemakers or implantable cardioverter defibrillators arrhythmias can be detected by

device interrogation [10,11]. Holter monitors are used to perform screening for arrhythmias or

assess arrhythmia burden for a short term. Instruments to perform extended ambulatory heart

rhythm monitoring are increasingly available. The aim of this review was to assess the added

value of these instruments in respect to detecting arrhythmias in patients with ACHD leading to

meaningful changes in clinical care.

2 METHODS AND DEFINITIONS

A PubMed database search was performed. Relevant search terms regarding CHD were

combined with search terms regarding screening instruments and adults. The search domain

was restricted to January 2007 to October 2022. This restriction on publication dates before

2007 was used because of the fast development of electrophysiology reading techniques over

the past decades. Additionally, the search was restricted to publications in English language.

Four categories were created; 1) cumulative Holter findings, 2) two-week continuous monitor,

3) smartwatch and smartphone based single-lead electrocardiogram and 4) Implantable Loop

Recorder (ILR).

Cumulative Holter findings were defined as the ≥1 Holter studies from each individual patient

for the detection of clinically significant arrhythmia by individual case history [8]. Clinically

significant arrhythmias andbradycardiasweredefinedas anyof the following: atrial fibrillationor

flutter (AF) >30 seconds, ventricular tachycardia (VT), non-sustainedVT (NSVT), supraventricular

tachycardia (SVT), sinus pauses of more than three seconds, second-degree type II (Mobitz II)

atrioventricular block (AVB) and third-degreeAVB.The diagnostic yieldwas the primary outcome

measure if reported, defined as the incidence of clinically relevant arrhythmia detected resulting

in a change in patient management. These changes consisted of initiation or adjustment

of medication, cardioversion, electrophysiology study (EPS), ablation or implantation of a
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cardiovascular implantable electronic device [10]. The secondary outcome measure was the

patient experience (Net Promotor Score (NPS)) and quality of life evaluated by using the patient

reported outcome measurement (PROM) questionnaires and other techniques [12,13]. The

quality and accuracy of the Electrocardiogram (ECG) were also evaluated if reported. The study

characteristics are summarized in Table 1, the study results are summarized in Table 2.

3 CUMULATIVE HOLTER

Czoseket al. evaluated589 cumulativeHolter screenings in 189ACHDpatients (TOFafter surgical

repair, d-TGA with previous atrial switch operation, including Mustard or Senning palliation and

single ventricle physiology after Fontan palliation). The clinical utility and cost effectiveness

of consecutive Holter monitoring were evaluated. There were 22 (4%) Holter screenings that

changed clinicalmanagement. However, 10occurred after an earlierHolterwithnormal findings.

A change of clinical management was defined as: ≥1 of the following clinical events: initiation

of an electrophysiologic study, pacemaker or ICD implantation or replacement, initiation or

change in antiarrhythmic drug therapy, or findings that directly led to additional diagnostics.

The opportunity of finding an arrhythmia causing a change in management increased with

age. Patients aged 18–25 years undergoing a Holter received a change in management in 4%

of Holter studies while patients older than 25 years received a change in management in 6%

of Holter studies. Furthermore, the underlying disease had an influence on the percentage of

changes in management. After the Fontan procedure the changes in management were 6%.

d-TGA resulted in changes inmanagement in5%.Theaccuracyof a singleHolter canbeprojected

by the positive and negative predicting value (PPV&NVP). The individual Holter studies were

analyzed as separate events to determine the PPV andNPV of Holtermonitoring in patients with

and without clinical symptoms. The PPV of patient symptoms predicting a clinically significant

finding on Holter study was low: 0.08 and the NPV was 0.97 [8].

4 TWOWEEK CONTINUOUS MONITOR

Schultz et al. evaluated the diagnostic yield of two-week continuous rhythm monitoring

with an adhesive patch extended cardiac ambulatory monitoring (Zio monitor, iRhythm, San

Francisco, California) in a retrospective cohort study of ACHD patients. The indications for
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extended monitoring included history of arrhythmia (20%), symptoms (39%), screening of

arrhythmias due to history of CHD (28%), both symptoms and history of arrhythmia (10%), and

abnormal testing (4%). The number and type of arrhythmias detected within and beyond the

first 48 hours of monitoring were compared using Kaplan‑Meier curves and Cox proportional

hazard [14]. In 50% of studies the authors found clinically significant arrhythmia, of which 54%

occurred after the first 48 hours. These findings led to a change in management including

pacemaker or ICD implantation, medication changes or electrophysiology testing in 16% of the

total amount of two-week continuous monitor studies. In 42% this resulted from a finding that

presented after 48 hours. So, 7% of the total amount of two-week continuous monitor studies

contained an arrhythmia after 48 hours that resulted in a change in management. Whereas

34% of the supraventricular tachycardia (SVT)’s resulted in a change in management, 66% of

the non-sustained ventricular tachycardia (NSVT)’s resulted in a change. Atrial and ventricular

arrhythmia have been shown to occur in up to 43% of patients with TOF and 100% of patients

with Fontan physiology in long term follow-up. Accuracy of the two-week continuous monitor

was evaluated by over-reading 10% of the two-week continuous monitor recordings by a study

principal investigator. The authors concluded that no changes were indicated because of the

good quality, and therefore no further over-reading was deemed necessary [14].

5 SMARTWATCH AND SMARTPHONE BASED SINGLELEAD
ELECTROCARDIOGRAM

Striepe et al. evaluated the accuracy of 30 second Intelligent ECG’s (iECG) of ACHD patients in

three leads: Einthoven I/II/III-like leads [15]. The aim of their study was to evaluate if the Apple

Watch iECG is interpretable in patients with CHD because a high-quality iECG would enable

adult patients with CHD to use such a smartwatch as an event recorder. The iECGswere recorded

by an Apple Watch Series 4. Included were 106 CHD patients. The ECG parameters seemed to

be independent of the patient’s characteristics, especially anatomy, electrical axis, or situs.

They were compared to a 12-channel ECG. 77,4% of the iECG’s diagnosed the same rhythm as

by analysis of a cardiologist of the corresponding 12 lead ECG [15]. However the Apple Watch

cannot recognize an escape rhythm, pacemaker rhythm or VT due to lack of algorithms: the

smartwatch can only display sinus rhythm, atrial fibrillation or inconclusive. Therefore, seven

pacemaker rhythms were automatically diagnosed as sinus rhythms, nine sinus rhythms were

recognized as unclassifiable, and one sinus rhythm was defined as atrial fibrillation.
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Pengel et al. compared in a single-center, prospective cross-sectionals study Withings Scan-

watch, EKO DUO (precordial lead) and Kardia 6L (6 leads) to the standard 12-lead ECG. They

evaluated 30s ECGs of ACHD patients acquired by the Withings Scanwatch in I lead [16]. Of the

ECGs acquired by the Scanwatch 51% were either of good or excellent quality. 70% of the EKO

DUO device registrations and 74% of Kardia 6L registrations were of good or excellent quality.

The Whitings Scanwatch algorithm was accurate for AF screening with a sensitivity of 100%

and a specificity of 100%. Of these three devices 54% of the patients preferred the Withings

Scanwatch, 23% preferred the Kardia 6L and 11% preferred EKO DUO. A majority of 80% was

willing to use these devices.

Koole et al. studied 54 ACHD patients in a smartphone single lead ECG program consisting of

routine single-lead ECGs once a month and on demand in case of symptoms [12]. In short, data

were collected by mobile apps and matched with individualized thresholds. A management

change by changing antiarrhythmic medication due arrhythmias found by smartphone single

lead ECGwas seen in 4%of patients. Of the recordings, 13% consisted of artifacts. They observed

anoverall positive effect on thequality of life of theACHDpatientswhoparticipated in amHealth

program. An extension of the same smartphone single lead ECG to 98 patients was evaluated

by Kauw et al. [13]. The authors reported that clinically significant arrhythmia were found in

18% of patients. The majority of which were atrial fibrillation or flutter. They found in this group

4 new diagnosis (1 patient with sinus node dysfunction and 3 patients with paroxysmal atrial

fibrillation) which led to intervention (electrical cardioversion) in 2 of these 4 cases.

6 IMPLANTABLE LOOP RECORDERS ILR

ILRs, instruments for long time rhythmmonitoring, are used in a selectedgroupofACHDpatients

to detect arrhythmia especially in cases of unexplained syncope, infrequent symptomatic

palpitations and cryptogenic ischemic stroke. Dodeja et al. evaluated in a single center

retrospective review medical records of 22 ACHD patients who underwent an ILR implantation

(Reveal LINQ, Medtronic) from 2014–2017 [10]. The ILR findings were compared to the prior

Holter/event monitors. Also, the changes in management because of the ILR findings were

specified. In 41% of their patients (Fontan 32%, TOF 32%, Other 36%) with ILR-implantations

the authors found clinically significant arrhythmia that led to a change in patient management

[10]. This percentagewas higher in the patient groupwith Fontan (57%) and lower in the patient
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group with TOF (14%). These changes in management consisted of medication changes (50%),

ICD/pacemaker implantation (25%), cardioversion (12,5%) and electrophysiology studies

(12,5%). Moreover, 14% of the ILR-registered arrhythmia was false positive. Huntgeburth et

al. performed a single center, retrospective observational study in the German Heart Center

Munich [17]. The ILR was implanted in 33 ACHD-patients (mean age, 43±20 years; 42.4% female).

During a mean observation period of 697±433 days, clinically relevant arrhythmias, correlating

with the patients’ complaints and symptoms, were detected in 19 patients (59.4%) of whom

in 9 patients (28.1%) the detected arrhythmia was considered an event requiring treatment.

No acute complications are reported. Huntgeburth reported that 3 out of 33 patients needed

explanation of the device because of pain or wound dehiscence.

The authors concluded that in symptomatic ACHD patients at risk for life-threatening cardiac

events, ILR has a considerable complementary diagnostic value for the detection of malignant

arrhythmias and in the differentiation with benign arrhythmias.

7 DISCUSSION

7.1 Diagnostic yield
The studies, although limited in number, were reviewed on extended rhythm monitoring in

ACHD patients. The diagnostic yield of extended rhythm monitoring was high and determined

between 18% (using smartphone single lead ECG program) and 41%using ILR. Somore relevant

new diagnosis of arrhythmia can be found by extending continuous monitoring over a longer

period [12-14]. This finding is comparable to extendedmonitoring for atrial fibrillation in patients

with cryptogenic stroke patients [18]. Also in these patients longer durations ofmonitoringwere

associated with the highest diagnostic yield [19,20]. Moreover, the optimal monitoring method

and duration of monitoring are also in this population unclear [21-23]. Solbiati et al. performed

a systematic Cochrane review on ILR performance and concluded that available data are non-

conclusive. The authors therefore recommended further research on ILR with clinically relevant

outcomes [24]. This could also be true for patients with ACHD.
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7.2 Change in clinical care management
The finding of an arrhythmia, important conduction disorder or severe bradycardia can cause

change in clinical care management e.g.: correction of underlying structural abnormalities,

initiation or adjustment ofmedication, cardioversion, electrophysiology study (EPS), ablation, or

implantation of a cardiovascular implantable electronic device. Schultz et al showed detection

of first arrhythmia that resulted in a change in management in 7% of ACHD patients only after

48 hours of rhythm monitoring (average time of monitoring 9.5±3.1 days) [14]. Dodeja et al.

demonstrated ILR findings resulted in change in management was as high as 41%. Although

these outcomes could not be compared directly due to differences in patient characteristics and

indications for rhythmmonitoring it still emphasizes the potency of extended rhythm screening

beyond 48 hours, since it could have a considerable effect on patient care. Clinically significant

arrhythmia could be missed by a short period of rhythm monitoring. Solbiati et al. came to the

conclusion in a Cochrane Review that there is no evidence that an ILR-based diagnostic strategy

reduces long-term mortality as compared to a standard diagnostic assessment (very low-

quality evidence). No data were available for short-term all-cause mortality. Moderate quality

evidence shows that an ILR-based diagnostic strategy increased the rate of aetiologic diagnosis

as compared to a standard diagnostic pathway [24]. So it is still debated if a change in clinical

management has the ability to change clinically relevant outcomes, not only on mortality but

also on quality of life, syncope relapse and costs.

7.3 Device accuracy
Our results demonstrate a high device accuracy of smartwatches and other ambulant ECG

monitors like Zio patch, EKO DUO or Kardia 6L in ACHD patients [16]. Striepe et al. demonstrated

that the Apple Watch can record reliable iECGs in patients with congenital heart disease of any

type [15].

Although false positive event recordings do occur and can lead to unnecessary stress for

the patients and a higher workload for the healthcare workers, they probably outweigh the

importance for the health of the ACHD patients in not missing clinically significant arrhythmia.

7.4 Limitations
This review was conducted to make an overview of the current arrhythmia screening

instruments for ACHD patients as new innovative devices for this purpose are nowadays largely

available. However, studies of ambulant extended screening of these patients for arrhythmia
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with new devices as an alternative for Holter monitoring or ILR are scarce. The outcomes and the

manner of measuring the outcomes differed between the articles. The most prominent division

was between articles who evaluated the changes in patient management resulting from their

findings and the articles who evaluated the accuracy of their device. Therefore, it was difficult

to compare the articles we reviewed. Most of the articles discussed in this review have a single-

centered study design (6/8). This is a limitation because it possibly degrades the transferability

of the results. Also, two of the studies included are cross-sectional. Cross-sectional studies are

less valuable since it is not possible to evaluate changes over time. The sample size in all the

studies was relatively small, because ACHD is not a common disease. In addition, most of the

studies did not use a control group or used the patients as their own control group. Another

limitation is the selection bias by indication, which could play an important role as documented

arrhythmia were one of the inclusion criteria in most of the articles. This could potentially

imply that the patient population would be more prone to be admitted for arrhythmia in the

last year before inclusion. On the other hand, these patients could have received appropriate

antiarrhythmic drug therapy leading to a reduction in subsequent changes in management

during the study period [2]. There is also a risk of bias because of risk profile. ILR is implanted

in highly selected ACHD patients with a high-risk profile, accounting potentially for a higher

diagnostic yield. Furthermore, for this review only one database was used, namely PubMed, and

a restrictionwas put on language.Which possibly resulted in the overlooking of relevant articles

from other databases or languages. Besides, a restriction was put on publication date; older

relevant articles may have been missed.

7.5 Future directions
mHealth, defined as ambulant diagnostics, as wearables, mobile health applications (apps),

patches with sensors and smartphone possibilities are rapidly evolving, and increasing in

number [25,26,13]. mHealth can be an alternative for Holter monitoring and ILR monitoring.

It has the advantage of the possibility of, almost continuously, monitoring heart rhythm for

lifetime where Holter monitoring is limited to approximately 48 hours and ILR monitoring is

limited by lifespan of the implanted battery.

However, to implement mHealth in routine care of ACHD patients is a challenge. First patients

and physicians should be convinced of the added value using mHealth. Second these solutions

should include a critical assessment of the associated costs [27]. The financial implications of

mHealth include initial setup andmaintenance expenses, and the potential long-term economic
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benefits. Insight in these costs is pivotal for stakeholders to make robust decisions and ensure

the sustainable and equitable deployment of mHealth technologies. To be affordable, data-

handling should be optimized and automized. Furthermore cost are dependent of the number

of participants of a specific mHealth program because upfront investment costs might be

considerable, fixed and variable costs change very little per additional patient compared to usual

care [28]. Costs might be different between healthcare systems and countries. More research is

needed to analyze cost-effectiveness of mHealth solutions regarding to these aspects.

Although health system governance, reimbursement and technological factors may complicate

implementation; tools to identify barriers to implementing digital health and recommendations

for overcoming them are increasingly available [29-32].

The optimal mode and duration of screening for arrhythmia can be different for asymptomatic

patients compared with patients with palpitations or with patients who have experienced

sudden syncope [33]. So new research initiatives for extended screening for arrhythmias in

ACHD patients are needed to reveal whether a reduction in morbidity and mortality can be

achieved in a specific patient population with early event recognition and intervention.

8 CONCLUSION

A limited number of studies on rhythm monitoring in ACHD patients demonstrated a higher

rate of arrhythmia and bradycardia detection leading to clinical care changes by extending

the time of rhythm monitoring to more than 24 hours. These clinical care changes include

medication optimization, cardioversion, electrophysiology study, ablation, or implantation of a

cardiovascular implantable electronic device. Soextendedmonitoring seems tobe important for

patient care. Cumulative Holtermonitoring,monitoring bywearable patches, smartwatches and

smartphone single-lead ECG’s are, in symptomatic patients, a good alternative for ILRs. However,

the optimalmodeof detection is still unclear due to the lack of head-to-head comparisons.These

findings emphasize that randomized studies are needed to determine efficacy and indications

for the various available instruments in ACHD patients.
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To our knowledge, this is the first review on all available rhythm detection devices in ACHD

patients to perform extended screening for arrhythmia. Our findings provide a broad insight in

the device accuracy, diagnostic yield, and clinical outcome.
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1 OVERVIEW DEVELOPMENT TELEMEDICINE AND DIGITAL
REMOTE PATIENT MONITORING OVER THE LAST 25
YEARS

At the beginning of this century the technology of telemedicine became a realistic option for

delivering healthcare. Telemedicine enables physicians to monitor and manage patients in

nontraditional healthcare settings. Telemedicine uses technologies to collect health data from

individuals in one location, such as a patient’s home, and electronically transmit the information

to healthcare providers in a different location for assessment and recommendations [1]. This

information can support and optimize their care.

Rapid development of technical innovations (biosenors, mobile devices, apps) makes digital

remote patient monitoring (DRPM) nowadays possible for the general population. Health

parameters such as symptoms, pictures of skin, weight, heart rate, EKG, blood pressure,

temperature, oxygen saturation and physical activity can be collected frequently at home,

stored in an electronic health record and used to guide patients, to adjust therapy or to seek

further advice.

Telemedicine including DRPM promises maintaining or even improving quality of care,

facilitating rapid access to care when needed, reducing patient travel costs, minimizing the

frequencyof clinic visits andempoweringpatients by educational optionsof the apps connected

to the monitoring devices. Furthermore it promises to be cost-effective compared to traditional

healthcare [2]. So expectations of telemedicine are high by all stakeholders: patients, physicians,

government, health insurance companies and industry. Many research projects have been done

since to find out if these promises can be made true. However, in the beginning introduction

of telemedicine in routine healthcare went slow, because of several reasons of which lack of

knowledge of how to implement telemedicine in routine healthcare and lack of evidence for

doing so were very important. This gap between awareness of the potential of eHealth and

reality was recognized by the European Union resulting in an eHealth action plan for 2012–

2020 which identified several barriers to widespread adoption of eHealth and by the European

Society of Cardiology who published in 2015 a position statement on eHealth with an action

plan to overcome these barriers [3]. In 2017 Tuckson et al. presented a special report in the New

Journal of England which described five key trends that will influence the growth of telehealth

care delivery and gave recommendations on 10 topics for designing and conducting telehealth
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research projects. This topics are: physician leadership, reimbursement, licensure, liability,

human factors, device interoperability and data integration, privacy and security, performance

measurement, patient engagement and the evolving patient-physician relationship, research

design and methods [4]. These great amount of topics reflects how huge the challenge is to

develop a successful research program in this field. Many stakeholders are involved and the

program can only be successful if they are successful in linking these topics. Moreover the

weakest link can be determinative for the success of the program [5].

The outbreak of the COVID-19 pandemic in the beginning or 2020, resulted in healthcare

givers to consider remote care for their chronic patients because face-to-face contacts during

outpatient visits became limited to save hospital resources and limit disease transmission [6].

May 2023 marks the end of the pandemic and at that time we can conclude that the pandemia

indeed had accelerated our knowledge by research results of applying telemedicine in specific

patient populations [7,8].

In conclusion research in the field of telemedicine is challenging but necessary to obtain

evidence and general agreement concerning the usefulness and effectivity of telemedicine. If

this evidence and general agreement is obtained it deserves to be a part of routine health care

delivery and become part of the guidelines of managing diseases. In chapter 2 we describe

crowdfunding as a possibility for funding these research projects [9].

2 DIGITAL REMOTE PATIENT MONITORING IN
CARDIOLOGY

In diagnosing and treatment of heart failure and arrhythmia, physiological parameters as

for example heart rhythm, blood pressure, filling pressures, weight and physical activity, can

nowadays be easily obtained by DRPM. However, how to interpret these data and the value

of these data for managing heart failure and arrhythmias, obtained by DRPM, is still part of

scientific debate.
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2.1 Heart failure
Early telemonitoring of weight and symptoms did not decrease heart failure hospitalizations

but helped identify steps toward effectivemonitoring programs [10]. This resulted inmonitoring

programs that are nowadays more and more successful.

In a recent telemonitoring forheart failuremeta-analysis theuseof (non-)invasive telemonitoring

systems compared to standard care reduced all-cause mortality by 16%, first hospitalizations by

19%, and total heart failure hospitalizations by 15% [11]. However, the results of the primary

endpoint of the 73 included telemedicine randomized clinical trials shows exceedingly

heterogeneity. This can be explained by several factors; such as:

• Communication pathways: intervention effects are strongly influenced by commu-

nication processes and interactions between caregiver and patient in digital care;

• Patient selection: of all heart failure patients only certain subpopulations may benefit

from telemonitoring;

• Technology: the telemedical sensor technologies useddiffer significantlywith respect to

the type of signal obtained remotely and the usefulness of the signal to guide therapy;

• Time to intervention: critical factor for effectiveness is the speed at which transmitted

diagnostic information is translated into medical action by the caregiver [12].

According to the current European Society of Cardiology guidelines home telemonitoring may

be now considered as part of treatment of heart failure [13]. These guidelines also advise to

realize optimal medical therapy with rapid sequencing and to avoid delays [13]. Digital consults

to improve efficiency on guideline-directed therapy optimization for patients with heart failure

is now being evaluated in the ADMINISTER trial [14].

2.2 Arrhythmia
Mobile devices for heart rhythmmonitoring, defined as ambulant diagnostics, is rapidly evolving

aswearables,mobile health applications (apps) and smartphone possibilities are improving, and

increasing innumber [2,12,13]. Remotemonitoringof heart rhythmwith implantableorwearable

devices is becoming increasingly popular among health care practitioners and patients for

long-term continuous monitoring and diagnosis of cardiac diseases [15,16]. As a consequence

of continuous ambulant monitoring low burden arrhythmias are now easily detected. However

the therapeutic consequences of a low burden arrythmia can be different comparing to high

burden arrhythmia as, for example, is demonstrated by the NOAH-AFNET 6 trial [17].
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3 DIGITAL REMOTE MONITORING IN ADULT CONGENITAL
HEART DISEASE PATIENTS

Many ACHD patients are lifelong affected by cardiac events [18,19]. This is a growing patient

group, as survival has increased in the last decades [20]. Clinical and subclinical heart failure and

arrhythmias play a critical role in the morbidity and mortality of ACHD patients [21]. Regular

monitoring and timely intervention are essential for comprehensive care. Timely intervention

may prevent hospitalization for acute heart failure. The potential association between arrhyth-

mias and sudden cardiac death underscores the need for effective screening strategies [22].

Due to the heterogeneity of the pathophysiology of cardiorespiratory dysfunction in the ACHD

population extrapolation of current heart failure treatment guidelines to ACHD patients is not

always appropriate. Furthermore, the few available data on heart failure treatments are often

inconclusive and are derived from small patients cohorts. As a consequence, ACHD specific

recommendations are mostly based on clinical position statements [13,23].

So although DRPM is nowadays widely available this has still not a significant position in the

guidelines for management of ACHD patients.

Our research project aimed to get more insights into the value of DRPM in this specific, but

heterogeneous, population [24-27]. Traditional methods such as Holter monitors have been the

standard for arrhythmia screening, as recommended by the European Society of Cardiology

guidelines for the management of ACHD [28]. Our narrative review highlights the emergence

of novel, non-invasive monitoring technologies (chapter 8). These include smartwatch/

smartphone-based single-lead electrocardiograms (ECGs), presenting promising alternatives

to traditional approaches [27]. Extended rhythm monitoring resulted in meaningful changes

in clinical care for ACHD patients. Changes included adjustments in medication, cardioversion,

electrophysiology studies, ablation, and the implantation of cardiovascular implantable

electronic devices. Our review suggests that extendedmonitoring beyond the conventional 24–

48 hours may lead to more precise and timely interventions, also in ACHD patients, potentially

improving patient outcomes. The accuracy of the devices used for extended monitoring,

such as smartwatches and patch-based monitors, was generally high. However, false-positive

recordings were acknowledged, indicating the need for ongoing refinement in algorithms to

minimize unnecessary stress for patients and healthcare providers. Limitations in the reviewed

studies, including small sample sizes, selection bias, and variations in outcome measurement,

must be considered when interpreting the results.
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4 FUTURE DIRECTIONS

Futuredirections forDRPMare related tocontinuous technological advancements,mHealthapps

for patient engagement, data security and privacy issues and evolving remote consultations

and telemedicine. Key points for future research are given.

4.1.1 Continuous technological advancements

Given the rapidly evolving landscape of DRPM technologies, continuous monitoring of

technological advancements is essential. Advancements in wearable technology, such as smart-

watches and patches, will play a pivotal role in continuous monitoring. Future devices may offer

extended battery life, improved data accuracy, and enhanced connectivity.

Long-term remote monitoring generates substantial amounts of data. Artificial intelligence (AI)

can analyze complex data patterns, detect subtle changes in cardiac parameters, and provide

early warnings for potential issues. Leveraging of AI for longitudinal data analysis and predictive

analytics can assist in identifying trends, predicting disease progression, and individualizing

treatment plans. Machine learning algorithms can learn from patient-specific data, leading to

personalized risk assessments and tailored interventions. Integration of AI in wearables can

enable real-time data analysis, allowing for the immediate identification of abnormal heart

rhythms or other concerning trends.

4.1.2 mHealth apps for patient engagement

Future mobile health (mHealth) applications should focus on promoting active patient

engagement. User-friendly apps that encourage self-monitoring, medication adherence, and

lifestyle management can significantly contribute to overall cardiovascular health. AI-powered

apps can provide personalized health recommendations based on individual patient data,

fostering a proactive approach to managing ACHD.

4.1.3 Data security and privacy

Ensuring compliance with healthcare data protection regulations is essential to build trust

among patients and healthcare providers. AI algorithms should be developed with a focus

on privacy-preserving techniques, allowing for effective analysis while safeguarding sensitive

patient information.
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4.1.4 Remote consultations and telemedicine

Telemedicine platforms should continue to evolve, providing not only remote consultations but

also comprehensive cardiac assessments. Integration of advanced imaging technologies and

AI in telemedicine can enhance the accuracy of remote diagnostics. Implementing secure and

efficient communication channels will be crucial for remote consultations between patients,

caregivers, and healthcare providers. Future solutions should facilitate seamless collaboration

between patients and healthcare professionals. Integration of AI in electronic health records

can streamline data interpretation, enabling more efficient decision-making during clinical

consultations. AI-assisted decision support systems can offer evidence-based recommendations

to healthcare providers, aiding in the management of complex ACHD cases.

4.2 Key points for future research
4.2.1 Comparative effectiveness studies

Given the lack of head-to-head comparisons among different monitoring instruments, future

studies should focus on comparative effectiveness. Randomized controlled trials can help

identify the optimal mode of detection for various devices, considering factors such as accuracy,

patient preference, and costs-effectiveness.

4.2.2 Long-term outcomes

While changes in clinical caremanagement were observed in response to extendedmonitoring,

there is a need for research assessing long-term outcomes. Studies should investigate whether

these changes translate into improvements inmorbidity,mortality, quality of life, and healthcare

costs for ACHD patients.

4.2.3 Patient and Physician Perspectives

Exploring theperspectives of bothpatients andphysicians is vital for successful implementation.

Studies should investigate factors influencing acceptance, usability, and satisfaction with

extended arrhythmiamonitoring technologies among ACHD patients and healthcare providers.

4.2.4 Tailoring Monitoring Strategies

Research initiatives should explore the optimal monitoring strategy based on patient

characteristics, including asymptomatic patients, those with palpitations, and individuals with a

history of syncope.Tailoringmonitoring approaches to specific patient populations can enhance

the precision of arrhythmia detection.
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4.2.5 Barriers to implementation

Identifying and addressing barriers to the implementation of digital health solutions is crucial

[5,29]. Research should focus on governance, reimbursement policies, and technological factors

that may impact the widespread adoption of extended arrhythmia monitoring in routine care.

4.2.6 Cost-effectiveness and health economics

Future research should evaluate the cost-effectiveness of implementing mHealth, eHealth,

and telemonitoring solutions for ACHD patients. Understanding the economic impact and

demonstrating the value of these technologies will be crucial for widespread adoption.

Cost-effectiveness analyses should be conducted to evaluate the financial impact of these

technologies on healthcare systems, considering factors such as initial setup costs, maintenance

expenses, and long-term economic benefits.

With respect to the costs Blok et al. concluded in 2020 in a systematic review and meta-analysis

that effective DRPM with limited additional costs should focus on high intensity interventions,

involve a large number of participants and use DRPM as a partial replacement for usual care [30].

Furthermore future research should strive to standardize modes of effective DRPM [11].

5 CONCLUSION

DRPM using innovative technologies shows great promise in improving the care of ACHD

patients. The high diagnostic yield and potential for meaningful changes in clinical care

underscore the need for further research, including randomized studies to determine the

efficacy and indications of different monitoring instruments. As mHealth technologies continue

to evolve, they can play a crucial role in enhancing the management of health care in the

growing population of ACHD patients.

The future of remote monitoring for ACHD patients lies in the integration of AI, continuous

advancements in wearable technology, a focus on patient engagement, and a commitment

to data security and privacy. These innovations have the potential to revolutionize the

management of congenital heart disease, leading to improved outcomes and enhanced quality

of life for patients.
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An expert teamconsisting of IT specialists, lawyers,managers, dedicated physicians andpatients

could be crucial for successful implementation and maintaining DRPM.
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CHAPTER 1

A general introduction and outline of this thesis is given in chapter 1. It describes the shift of

monitoring patients from outpatient setting to remote monitoring at home made possible by

the digital revolution. This thesis focuses on the question whether introducing digital remote

patient monitoring (DRPM) by a dedicated eHealth program in the routine care management of

adult congenital heart disease (ACHD) patients improves care for these patients.

CHAPTER 2

Wedescribe in chapter 2 the successfully funding of ourmHealth projectwith crowdfunding.We

postulate the following critical success factors have contributed to success of the crowdfunding

project: support of a professional organisation, selection after peer review, support ofmotivated

patient, involvements of motivated physicians, interesting rewards, a funding goal, and strong

(social) media. Furthermore, the crowdfunding campaign could have met the needs of donors,

leading to enforcing of the public engagement.

CHAPTER 3

We identify in chapter 3 the clinical characteristics of ACHD patients with high emergency care

utilisation and test whether these patients were willing to start using mHealth. Patients who

are symptomatic, those on antiarrhythmic drug therapy and those on diuretics are not only

optimal candidates but also motivated for enrolment in using mHealth. Our study contributes

to appropriate patient selection for mHealth initiatives that aims to prevent emergency care

utilisation, thereby contributing to an efficient use of mHealth.
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CHAPTER 4

In chapter 4 we present the first results of an observational prospective registry to evaluate

feasibility of a mHealth telemonitoring program for managing arrhythmia, heart failure and

blood pressure in symptomatic ACHD patients. The relatively young population of ACHD

patients demonstrated a high adherence. mHealth telemonitoring might be a powerful tool for

remote diagnosing and managing arrhythmias, heart failure and blood pressure This can result

in better quality of healthcare in this patient group.

CHAPTER 5

In chapter 5 we disclose the results of the study, described in chapter 4, after a follow-up of 12

months. We found that with this telemonitoring program early detection of recurrences and

new diagnosis of arrhythmias, hypertension and heart failure are found which lead to swift

therapeutic response or remote reassurance.

CHAPTER 6

Chapter 6 the authors illustrates the potential of participation in amHealth programby a patient

case. After many years of complaints and several 24h electrocardiogram recordings at last

diagnosis was found in this patient soon after inclusion in a mHealth telemonitoring program.

CHAPTER 7

Chapter 7 describes a study inwhich baseline and follow-up data of symptomatic ACHDpatients

who received an implantable loop recorder (ILR) were compared to data of patients who

participated in a smartphone based single-lead electrocardiogram study. The primary endpoint

was time to first detected arrhythmia. The authors concluded that non-invasive smartphone

based single-lead electrocardiogram monitoring can be an acceptable alternative for ILR

implantation in detecting arrhythmia in symptomatic ACHD patients in respect to diagnostic

yield, safety and management decisions, especially in those without syncope.
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CHAPTER 8

A narrative review is presented in chapter 8 of scientific publications published between

January 2007 and October 2022 regarding extended arrhythmia screening in ACHD patients.

The number of studies found was limited. The studies demonstrated a higher rate of arrhythmia

and bradycardia detection leading to clinical care changes by extending the time of rhythm

monitoring to more than 24 hours. Cumulative Holter monitoring, monitoring by wearable

patches, smartwatches and smartphone single-lead ECG’s are, in symptomatic patients, a good

alternative for ILRs. However, the optimal mode of detection is still unclear due to the lack of

head-to-head comparisons.

CHAPTER 9

This chapterpresentsanoverviewof thedevelopmentof telemedicineanddigital remotepatient

monitoring over the last 25 years. In cardiology telemedicine is introduced, among other things,

for care for patients with heart failure and (possible) arrhythmia. This chapter explains why this

can be of special interest for adult patients with congenital heart disease. Future directions for

DRPM and key points for future DRPM research are given.
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HOOFDSTUK 1

Hoofdstuk 1 is een algemene inleiding bij dit proefschrift met daarbij ook een inleiding op de

hoofdlijnen en de studies die in dit proefschrift worden gepresenteerd. In dit proefschrift staat

de vraag centraal of het introduceren van een programma voor thuismonitoring de zorg voor

volwassen patiënten met een aangeboren hartafwijkingen (ACHD) kan verbeteren.

HOOFDSTUK 2

In hoofdstuk 2 beschrijven wij de succesvolle financiering van ons onderzoek naar thuis-

monitoring programma door middel van crowdfunding. We veronderstellen dat een aantal

belangrijke factoren hebben bijgedragen aan het succes. Deze factoren zijn: ondersteuning

door een professionele organisatie, selectie van het onderzoek door middel van peer review,

promotie door gemotiveerde patiënten, betrokkenheid van toegewijde artsen, interessante

beloningen voor donateurs, een duidelijke financieel doel en optimale benutting van (social)

media. Bovendien kan de crowdfunding campagne voldoen aan de behoeften van donateurs,

wat kan leiden tot grotere publieke betrokkenheid.

HOOFDSTUK 3

In hoofdstuk 3 identificeren wij de klinische kenmerken van ACHD-patiënten die wegens

klachten de Eerste Hulp afdeling van het ziekenhuis hadden bezocht. Vervolgens onderzochten

wij of patiënten met deze kenmerken bereid zijn deel te nemen aan een mHealth programma.

Symptomatischepatiëntenenpatiëntendiemedicatie voorhartritmestoornissenen/ofdiuretica

gebruiken, blijken niet alleen optimale kandidaten te zijn, maar zijn ook gemotiveerd om deel

te nemen aan een mHealth programma. Onze studie draagt bij aan een geschikte selectie van

patiënten voor deelname aan mHealth initiatieven met als doel de vraag naar spoedeisende

zorg te voorkomen en daardoor een efficiëntere zorgverlening te bewerkstelligen.
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HOOFDSTUK 4

In hoofdstuk 4 presenterenwe de eerste resultaten van ons onderzoek naar de haalbaarheid van

eenmHealth programma dat door middel monitoring op afstand bijdraagt aan de behandeling

van aritmie, hartfalen en hypertensie bij symptomatische ACHD-patiënten. Deze relatief

jonge patiënten waren enthousiast over hun deelname aan dit programma. Thuismonitoring

van bepaalde gezondheidsparameters kan een krachtig hulpmiddel zijn voor het op afstand

diagnosticeren en behandelen van hartritmestoornissen, hartfalen en hypertensie. Dit kan

leiden tot een betere kwaliteit van zorg in deze patiëntengroep.

HOOFDSTUK 5

In hoofdstuk 5 worden de resultaten van ons onderzoek (zoals beschreven in hoofdstuk 4) na

een follow-up termijn van 12 maanden gepresenteerd. We zagen dat met ons thuismonitoring

programma recidieven en nieuwe diagnoses van aritmie, hartfalen en hypertensie in een vroeg

stadium werden gevonden. Dit heeft geleid tot een snelle therapeutische respons of gerust-

stelling op afstand.

HOOFDSTUK 6

In hoofdstuk 6 illustreren de auteurs aan de hand van een casus de meerwaarde van

thuismonitoring. Bij een patiënt kon, na vele jaren van klachten en meerdere 24-uurs Holter

onderzoeken, uiteindelijk door deelname aan ons thuismonitoring programma de diagnose

worden gesteld.
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HOOFDSTUK 7

Hoofdstuk 7 beschrijft een studie waarin baseline- en follow-up gegevens van symptomatische

ACHD-patiënten die een implanteerbare loop recorder (ILR) kregen, werden vergeleken met

gegevens van patiënten die thuis ritmestroken registreerden met behulp van hun mobiele

telefoon. Het primaire eindpunt was de tijd nodig om de eerste aritmie te detecteren. De

auteurs komen tot de conclusie het vastleggen van het hartritme met behulp van 1 afleiding

ritmestroken door de mobiele telefoon voor het detecteren van aritmie bij deze patiënten

een acceptabel alternatief kunnen zijn voor een ILR. Dit geldt zowel voor de diagnostische

opbrengst, als voor de veiligheid en het kiezen van de juiste behandeling.

HOOFDSTUK 8

In hoofdstuk 8 wordt een narratief overzicht gepresenteerd van wetenschappelijke studies

(gepubliceerd tussen januari 2007 en oktober 2022) met als onderwerp het screenen van ACHD

patiënten op aritmie gedurende langere tijd dan de gebruikelijke 24–48 uur. Het aantal studies

dat werd gevonden was beperkt. Bij ritme monitoring gedurende langere periode dan 24 uur

werden regelmatig niet eerder ontdekte ritme- of geleidingstoornissen gevonden. Deze gaven

vaak aanleiding de behandeling aan te passen. Cumulatieve Holter-monitoring, monitoring

door draagbare patches, smartwatches en smartphone-ECG’s met één afleiding kunnen bij

symptomatische patiënten een goed alternatief zijn voor ILR’s. De optimale detectiemethode is

echter nog onduidelijk vanwege het gebrek aan onderling vergelijkende studies.

HOOFDSTUK 9

Dit hoofdstuk geeft een overzicht van de ontwikkeling van telemonitoring in de afgelopen

25 jaar. In de cardiologie wordt telemonitoring onder meer geïntroduceerd bij de zorg voor

patiënten met hartfalen en (mogelijke) hartritmestoornissen. In dit hoofdstuk wordt uitgelegd

waarom dit ook de zorg voor ACHD patiënten ten goede kan komen. Er wordt stil gestaan bij

de toekomstige ontwikkelingen in telemonitoring en de belangrijkste aandachtspunten voor

toekomstig telemonitoring onderzoek worden genoemd.
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Dankwoord
(acknowledgements in Dutch)

Alleen ben je niets. Het zijn mijn familie, vrienden, collega’s, de mensen om mij heen die mijn

leven betekenis geven door, onder andere, mij te inspireren en te steunen in de dingen die ik

doe. Dit heeft gemaakt tot wie ik ben. Hetmaaktmij gelukkig en ik ben al dezemensen hier zeer

dankbaar voor.

Dit proefschrift is het resultaat van teamwerk. Alleen mijn naam staat op de kaft; dit doet

helaas geen recht aan allen die hebben bijgedragen aan het onderzoek zoals beschreven in dit

proefschrift. Gelukkig kan ik dit grotendeels rechtzetten in mijn dankwoord.

Na mijn studie geneeskunde kwam met enige regelmaat de mogelijkheid voorbij om een

promotie traject tebeginnen.Meerderemensenommij heen lietenniet namij er op tewijzendat

het aangaan van deze uitdaging mij goed zou passen. Lang wist ik deze boot af te houden. Het

idee heeft mij echter nooit losgelaten. Een goede vriend, Igor Tulevski, stuurde mij begin 2017

een mail met de volgende korte tekst: “Iets voor jou? Als promotie onderzoek?” In de bijlagen

van deze mail zat een mailwisseling tussen Mark Schuuring, Daan Dohmen, Berto Bouma

en Barbara Mulder. Het betrof het voornemen het Hartwacht programma aan te bieden aan

patiënten met een aangeboren hartafwijking en de effecten hiervan op een wetenschappelijke

wijze vast te leggen. Hier kwammijn enthousiasme voor het Hartwacht programma samenmet

demogelijkheid zelf een bijdrage te leveren aan de vraag wat dit programma kan bijdragen aan

de zorg voor mensen met hartaandoeningen. Als ik ooit nog de uitdaging voor promotie wilde

aangaan, was het nu of nooit. Het werd nu.

Mijn Promotor
Prof. dr. B.J.M. Mulder

Beste Barbara, nadat ik positief had gereageerd op de mail van Igor zat ik al snel op jouw

kamer in het Amsterdam UMC locatie AMC. Berto en Mark waren daar ook. Schoorvoetend

legde ik mijn ambitie bij jou op tafel om als promovendus mee te doen aan het onderzoek

naar de toegevoegde waarde van het Hartwacht programma bij patiënten met aangeboren

hartaandoeningen. Het voelde als een sprong in het diepe. Zou het mogelijk zijn dit avontuur

tot een goed einde te brengen naast mijn dagelijks werk en mijn gezinsleven met vier jonge
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kinderen? Je gunde mij het voordeel van de twijfel en het was aan mij je niet teleur te stellen.

Ik heb genoten van de discussies op de dinsdagen over de onderzoek opzet en uitvoering op

jouw kamer en in de Rode Luifel. De kritische, maar altijd terechte opmerkingen op de door

mij aangeleverde concepten voor publicaties hebben steeds tot nog betere versies geleid. De

etentjes met jouw onderzoeksgroep in Amsterdam of tijdens een ESC congres elders waren de

kers op de pudding. Heel veel dank!

Mijn copromotores
Dr. B.J. Bouma en dr. M.J. Schuuring

Beste Berto, ik kende al je voortreffelijke klinische kwaliteiten als cardioloog: menig casus heb ik

met je kunnen overleggen en naar je kunnen doorverwijzen, nu ken ik ook je wetenschappelijke

kwaliteiten en heb daar dankbaar gebruik vanmogenmaken. Ik hoop nog langmet je te kunnen

samenwerken!

BesteMark, al vroeg, nog tijdens je opleiding tot cardioloog, had jij door dat de ontwikkeling van

digitale toepassingen voor thuismonitoring tot een revolutie kan leiden in het cardiologische

zorglandschap. Je bent gaan staan in de wetenschappelijk frontlinie van deze ontwikkelingen

en je stond aan de wieg van het onderzoek zoals in dit proefschrift beschreven. Toen duidelijk

werd dat meer mankracht nodig was om de voortgang van het onderzoek te garanderen, had

je snel een oplossing gevonden: er kwam nog een promovendus, Dirkjan. Hij kon zich voltijds

inzetten voor ons onderzoek en met zijn hulp werd dit project succesvol afgerond, waarna hij

midden in de COVID pandemie kon promoveren op de behaalde resultaten. Het had hierbij

kunnen blijven. Echter jij wist steeds bij mij de juiste snaar te raken waardoor uiteindelijk ook

mijn promotietraject succesvol kon worden afgerond. Ik ben blij dat onze samenwerking hier

niet is gestopt en jij mij weer hebt betrokken bij een nieuwe veelbelovende studie. Dank voor

dit alles!

Overige leden van de promotiecommissie
Prof. dr. N.A. Blom, prof. dr. J.R. de Groot, prof. dr. M.G.W. Dijkgraaf, dr. L. Hofstra,

prof. dr. N.H. Chavannes, prof. dr. P. van der Harst

Zeer veel dank voor het kritisch doorlezen van het manuscript en voor het zitting nemen in de

promotiecommissie!
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Mensen met aangeboren hartziekten; Dayenne Zwaagman, dokters van het

Amsterdam UMC

Zoals gezegd betreft ons onderzoek een klinische studie. Dit kon alleen met de welwillendheid

van mensen met aangeboren hartziekten om mee te doen aan ons onderzoek. Dit vroeg een

tijdinvestering en commitment waarbij vooraf de uitkomst niet zeker was. Jullie deden mee

en dankzij jullie feedback konden wij ons onderzoek goed uitvoeren en lessen leren voor de

toekomst. Veel dank hiervoor!

Beste Dayenne, speciaal op deze plek wil ik jou bedanken. Jij hebt een aangeboren hartaan-

doening en kwam daardoor al heel jong in aanraking met de gezondheidzorg. Je wist, als

ervaringsdeskundige, met onder andere je uitstekende communicatieve vaardigheden, de

afstand te verkleinen tussen enerzijds de mensen met een aangeboren hartaandoening en

anderzijds de mensen werkzaam in de gezondheidszorg. In het bijzonder gaf je ons onderzoek

de nodige support waardoor onder andere ons crowdfunding project zo succesvol kon zijn.

Dank aan alle dokters van het Amsterdam UMC die hun patiënten hebben gevraagd en

gemotiveerd hebben ommee te doen aan ons onderzoek.

Coauteurs
Beste Ameen, Sebastiaan, Berto, Daan, Joris, Rutger, Sanne, Dirkjan, Kirsten, Moreno, Barbara,

Daniëlle, Marlies, Mark, Aernout, Roderick, Igor, Joris en Michiel: dank voor jullie waardevolle

bijdrage aan dit project en het meeschrijven aan de wetenschappelijke publicaties!

Dr. D. Kauw

Beste Dirkjan, de planning was om samen te promoveren schrijf je in het dankwoord van je

proefschrift, om dan te vervolgen: dat helaas de planning niet helemaal zo is verlopen. Immers,

jij bent een paar jaar geleden al gepromoveerd op ons project. Vervolgens schrijf je dat zonder

mijn tomeloze inzet voor de projecten het niet zover gekomen was. Nu mag ik schrijven dat

voor jou het zelfde geldt: zonder jouw inzet waren we ook niet hier gekomen. Ik heb met

bewondering gezien hoe snel jij je je verdiept had in de materie en je je weg vond. Het was een

plezier met je samen te werken en veel succes met je opleiding tot cardioloog!
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Prof. dr. M.P. Schijven

BesteMarlies, jijhebtalvroegdepotentievanmobieleapplicaties indegezondheidszorgherkend

en brengt de“stakeholders”bij elkaar die nodig zijn om deze applicaties ook daadwerkelijk in te

zetten in de gezondheidszorg. Dat is je ook gelukt bij ons project, dank daarvoor!

Prof. dr. ir. D. Dohmen

Beste Daan, in jouw persoon komen samen: het out of the box denken om met creatieve

innovatieve oplossingen zorg te verplaatsen van de kliniek naar de mensen thuis, het onder-

nemerschap om deze oplossingen mogelijk te maken en de wetenschappelijke drive om aan

te tonen dat je oplossingen ook echt werken. Dank voor je uiterst waardevolle inspirerende

bijdrage!

Amsterdam UMC, Cardiologie Centra Nederland, Castor EDC, FocusCura,

NFU eHealth Citrienfonds, RKZ Beverwijk

Voor dit onderzoek werden de deelnemers uitgerust met een bloeddrukmeter, single lead ECG

device enweegschaal. Lijkt simpel,maar de logistiek omapparatuur bij dedeelnemers te krijgen,

na afloop weer in te nemen, de data van de duizenden thuismetingen te verwerken in EPD en

geanonimiseerde bestanden voor onderzoeksdoeleinden en gepaste actie te ondernemen bij

afwijkendemetingen. Ook de financiële afwikkelingwas een enorme uitdaging en hierbij waren

velen betrokken. Veel dank!

Beste Ad, Barbara, Berto, Daniëlle, Dorianne, Michiel, Maarten, Ronald, Tessa, Tonny, Aernout,

Bas, Cecile, Igor, Judith,Maud, Ria, Rutger, Sebastiaan, TeamDokkum,Wiebe, Derk, Daan, Ronald,

Debora, Marlies, Anneke, Iris, Jetske: met welke vraag wij ook kwamen, jullie hielpen met de

oplossing, duizend maal dank!

Sponsoren

Inmiddels valt thuismonitoring onder verzekerde zorg, bij aanvang van ons onderzoek was

dat nog niet zo. Met hulp van Het Crowdfunding Team van de Hartstichting konden wij via de

steunmijnonderzoek website van de Hartstichting geld ophalen om een start te makenmet ons

onderzoek. Dank aan alle gulle donateurs!
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Sylvia Mantels

Beste Sylvia, als het onderzoek is gedaan en de inkt van de publicaties is opgedroogd, komt

de afronding in de vorm van een promotie ceremonie. Dank voor al je hulp bij de organisatie

hiervan!

Paranimfen
Igor Tulevski, Fons Windhausen

Beste Igor, we leerden elkaar kennen aan het begin van deze eeuw, waarschijnlijk in het

Amsterdamse uitgangsleven na afloop van een nascholing. Ik, net cardioloog, al snel werkzaam

in Beverwijk en jij nog in opleiding in het AMC. Ik, gefrustreerd door de wachttijden en de vaak

tenenkrommende omgang van de gevestigde ordemet deze problematiek, jij had de oplossing.

Samen met Aernout wist je, nog voordat jezelf cardioloog was, een uiterst succesvolle kliniek

neer te zetten met korte wachttijden en snelle doorlooptijden. We zijn veel meer dan goed

bevriende collega’s geworden, onze band voelt als een familieband en ik ben dan ook blij dat jij

mijn paranimf bent!

Beste Fons, samen hebben we een geweldig bedrijf neergezet in de regio IJmond, waarmee we

de cardiologische zorg in deze regio vormgeven. Maar meer dan dat: dagelijks delen we tussen

de bedrijven door ons lief en leed en is een hechte vriendschap ontstaan. Ook voor jou geldt

dat onze band voelt als een familieband: wat we ook doen, we blijven met elkaar verbonden.

Dank hiervoor!

Familie
Het succesvol afronden van dit proefschrift is een klein, maar niet onbelangrijk, onderdeel van

mijn rijke leven. Dit leven heb ik te danken aan mijn ouders.

Lieve papa enmama, bijna is het zover enmag ik dit proefschrift verdedigen. Jullie geduld werd

op de proef gesteld. Ik weet hoe trots jullie op mij zijn en hoe graag jullie het bereiken van deze

mijlpaal met mij willen vieren. Het ziet er naar uit dat dat gaat lukken. Terecht straalt dit succes

ook op jullie af. Ik leerde van jullie om het beste uit mij zelf te halen, jullie geloof in mijn kunnen

is de onmisbare steun die ik nodig had om hier te komen. Jullie zijn nog altijd een voorbeeld

voor mij en ik leer nog dagelijks van jullie. Ik noem de overlevingsdrang van mijn moeder met

de“waar een wil is, is een weg”mentaliteit. Niet alleen vroeger in je werk, maar ook nu, met al je

fysieke beperkingen. En ik noem de bevlogenheid van mijn vader om, tot de dag van vandaag,
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je bijdrage te leveren aan deze maatschappij. Hiervoor werd je heel terecht, niet lang geleden,

koninklijk onderscheiden door de burgemeester van Den Haag.

Lieve broer en zus, Derk Jan en Mariken; jullie zijn er altijd en ik weet dat dat altijd zo zal blijven.

Er is niets dat tussen ons kan komen.

Lieve Lena, dank voor je creatieve bijdrage aan het mooie uiterlijk van dit proefschrift.

Lieve Djuna, Tijn, Lieve en Vos. Dit proefschrift is ook aan jullie opgedragen. Ik hoop dat jullie

lang en gelukkig leven. Kijk om je heen, durf te vallen en sta weer op. Maak je eigen keuzes,

rekening houdend met de ander, succes en geluk volgen dan vanzelf. Ik ben trots op jullie en

hou zielsveel van jullie, wat er ook gebeurt.

De aanhouder wint en met die gedachte heb ik niet alleen dit proefschrift volbracht, maar

ook eerder het hart van Lilian veroverd. Jij bent mijn grootste liefde en hebt mij vier prachtige

kinderen gegeven. Je bewaakt liefdevolmijn balans tussen gezin, werk en sport en daarmee ons

geluk. Ik zou en zal nooit anders willen. Dank je wel!

The journey is the destination



About the author

175

About the author

Maarten Koole was born on the third of July 1964 in The Hague, the Netherlands. He graduated

from high school (Gymnasium Haganum) in 1982 and started medicine at the University of

Amsterdam in the same year. In 1989 he travelled for some of his internships to Paramaribo,

Surinam. After he obtained his degree as a medical doctor in 1990 he fulfilled his mandatory

military service as military physician. Thereafter he worked as a resident cardiology and

pulmonary medicine at West-Fries Gasthuis, Hoorn and decided to become a cardiologist.

In 1993 he started as a junior physician at the Thoraxcenter, University Hospital Rotterdam-

Dijkzigt. However, at that moment there was no vacancy for a traineeship in cardiology, and,

with a recommendation of prof. dr. M.L. Simoons, he could start in 1994 his training in cardiology

in Belgium. First spending 2 years as an internal medicine resident in Ostend. He continued his

training in cardiology under supervision of prof. dr. P. Block at the University Hospital Brussels,

associated with the Vrije Universiteit Brussel. His career as a cardiologist started in the first

month of the new millennium as a staff member of the department cardiology of the OLVG,

Amsterdam. In 2001 he moved back to the Thoraxcenter in Rotterdam to work at the Coronary

Care Unit under supervision of prof. dr. M.L. Simoons and Heart transplantation department

under supervision of dr. A.H.M.M. Balk. They gave him the opportunity to start a fellowship

Intensive Care at the OLVG under supervision of prof. dr. D.F. Zandstra. In 2004 he became one of

the first Dutch cardiologist-intensivists. However instead of returning to Rotterdam to start an

academic career he decided to accept a job as general cardiologist in the Rode Kruis Ziekenhuis,

Beverwijk. Here, he became head of the department cardiology, was member of the board of

the medical staff and started, in collaboration with Cardiologie Centra Nederland (CCN), an

outpatient clinic in Ijmuiden.

In 2017 he started, along his daily work, a PhD program, under supervision of prof. dr. B.J. M.

Mulder at the Academisch Medisch Centrum, Amsterdam, associated with the University of

Amsterdam.

He lives in Amsterdam with his wife Lilian Koole-Hanekamp and their children Djuna, Tijn, Lieve

and Vos.



D
IG

ITA
L
R
EM

O
TE

M
O
N
ITO

R
IN

G
IN

A
D
U
LT

C
O
N
G
EN

ITA
L
H
EA

R
T
D
ISEA

SE
PA

TIEN
TS:LESSO

N
S
LEA

R
N
ED

A
N
D
R
EC

O
M
M
EN

D
A
TIO

N
S

M
aarten

K
o
o
le

Wearables might be a powerful tool for remote diagnosing and

managing cardiac disease. This thesis focuses on the question whether

introducing digital remote patient monitoring by a dedicated program

in the routine care management of adult congenital heart disease

patients improves care for these patients.

This research project was funded by a successful crowdfunding

campaign. The crowdfunding campaign has met the needs of donors,

leading to enforcing of the public engagement.

Appropriate patient selection for participation in telemonitoring

contributes to an efficient use of these wearables.

A higher rate of arrhythmia and bradycardia detection by wearables,

leading to clinical impactful management changes, has been

demonstrated.

Future directions and key points for digital remote patient monitoring

are given.




