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Abstract
Background: The postprocedural trajectory of patients undergoing transcatheter aortic valve replacement (TAVR) involves
in-hospital monitoring of potential cardiac rhythm or conduction disorders and other complications. Recent advances in
telemonitoring technologies create opportunities to monitor electrocardiogram (ECG) and vital signs remotely, facilitating redesign
of follow-up trajectories.
Objective: This study aimed to outline a potential set-up of telemonitoring after TAVR.
Methods: A multidisciplinary team systematically framed the envisioned telemonitoring scenario according to the intentions,
People, Activities, Context, Technology (iPACT) and Functionality, Interaction, Content, Services (FICS) methods and identified
corresponding technical requirements.
Results: In this scenario, a wearable sensor system is used to continuously transmit ECG and contextual data to a central
monitoring unit, allowing remote follow-up of ECG abnormalities and physical deteriorations. Telemonitoring is suggested as
an alternative or supplement to current in-hospital monitoring after TAVR, enabling early hospital dismissal in eligible patients
and accessible follow-up prolongation. Together, this approach aims to improve rehabilitation, enhance patient comfort, optimize
hospital capacity usage, and reduce overall costs. Required technical components include continuous data acquisition, real-time
data transfer, privacy-ensured storage, automatic event detection, and user-friendly interfaces.
Conclusions: The suggested telemonitoring set-up involves a new approach to patient follow-up that could bring durable
solutions for the growing scarcities in health care and for improving health care quality. To further explore the potential and
feasibility of post-TAVR telemonitoring, we recommend evaluation of the overall impact on patient outcomes and of the safety,
social, ethical, legal, organizational, and financial factors.
(JMIR Cardio 2018;2(1):e9) doi:10.2196/cardio.9075
KEYWORDS
transcatheter aortic valve replacement; postoperative care; electrocardiography; telemonitoring; telemedicine

http://cardio.jmir.org/2018/1/e9/

XSL• FO
RenderX

JMIR Cardio 2018 | vol. 2 | iss. 1 | e9 | p.1
(page number not for citation purposes)

JMIR CARDIO

Introduction
Transcatheter Aortic Valve Replacement and Cardiac
Conduction Disorders
Transcatheter aortic valve replacement (TAVR) is a relatively
new therapy for severe aortic valve stenosis, in which a valve
prosthesis is positioned percutaneously within the diseased
native aortic valve under radiological guidance [1].
Currently, the number of patients undergoing TAVR is growing
fast, which stems from the increasing prevalence of aortic
stenosis and the rising number of studies reporting similar to
favorable outcomes for TAVR as compared to conventional
valve surgery [2-4]. Furthermore, indications for TAVR are
evolving to intermediate-risk patients and might even include
low-risk patients in the future.
With this growth of TAVR procedures, optimization of patient
outcome and the periprocedural trajectory is desired. Hence,
prevention and adequate management of complications are key.
Currently, one of the most common complications after TAVR
is the development of cardiac conduction defects (CCD) or
arrhythmias, of which left bundle branch blocks and first or
third degree atrioventricular blocks have been most commonly
reported [3,5-7].
In 60-83% of the patients with new-onset CCDs after TAVR,
the CCDs develop during the procedure or within 24 hours after
the procedure [8-10]. However, CCDs can develop up to days
or even weeks after the TAVR procedure, during which the
incidence of new-onset CCDs decreases in time [11]. Due to
the development of CCDs, implantation of a permanent
pacemaker (PPI) may be required. The risk of PPI depends on
various factors including, but not limited to, sex, preexistence
of right bundle branch blocks, prosthesis dimensions, and mitral
valve calcification [8,12-14]. According to a meta-analysis
including 41 studies that included >11,000 patients, the average
risk of PPI after TAVR is about 17%, but rates between 2-51%
have been reported [15]. With this, the occurrence of CCDs is
a prominent and costly issue of TAVR.

Postprocedural Monitoring
To follow up on pacemaker dependency or CCDs, continuous
bedside or ambulatory electrocardiogram (ECG) telemetry is
an essential part of in-hospital TAVR patient monitoring.
According to the “ACCF/AATS/SCAI/STS Expert Consensus
Document on Transcatheter Aortic Valve Replacement,”
continuous monitoring of the ECG for the purposes of
pacemaker-dependency identification is currently recommended
for a minimum of 72 hours, depending on the valve type [16].
However, TAVR enables fast postprocedural recovery and
mobilization of the patient, which is already possible from
several hours after the procedure in the absence of adverse
events.
Furthermore, all other aspects of in-hospital postprocedural
care, such as neurologic evaluation and administration of
postoperative medication, are only protocol for 24 hours after
the procedure [16]. Accordingly, ECG monitoring as protocol
is often the only indication for prolongation of hospital stay
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after 1-2 days when no complication presents. This is a major
concern as it conflicts with the belief that hospital stays should
be minimized to promote rapid recovery [17].
Early hospital dismissal enables early resumption of the daily
life routine of patients, which is expected to improve patient
comfort, and supports re-establishment of a stable condition
[18,19]. Furthermore, reduction of length of stay can minimize
the susceptibility for hospital-acquired complications and
minimize the burden on hospital capacity. Driven by these
advantages, fast-track protocols aiming for early ambulation
are currently being developed for the TAVR population [20].
Yet, even with the introduction of fast-track routines,
postprocedural ECG monitoring remains an obstacle for timely
discharge. Therefore, new approaches of patient monitoring
rejecting the need for hospital stays are warranted.

Remote Patient Monitoring
In recent decades, global digitalization and the development of
mobile medical technologies have increased the ability to
transfer health-related data from one place to another and to
perform physiological measurements in an outpatient setting.
A particularly interesting application of mobile health is
telemonitoring, in which mobile sensor applications facilitate
remote follow-up of physiological parameters. Accordingly,
telemonitoring systems that track vital parameters can create
alternative strategies for current in-hospital monitoring. With
this approach, patients are no longer confined to the hospital
for follow-up of the ECG or other vital signs, which opens doors
to redesigning the postprocedural patient trajectory.
For the TAVR population, the introduction of remote monitoring
technologies raises the possibility of shortening hospital stay
length in eligible patients without abstaining from follow-up of
pacemaker dependency. As mentioned previously, this can
promote fast rehabilitation, procure a patient-friendly
postprocedural trajectory, and optimize use of hospital bed
capacity.
Further, remote measurements of the ECG waveform and
additional parameters including respiratory rate and activity
level may help detect overall physical deteriorations in an
outpatient setting. Thus, the monitoring intensity and period
can be personalized easily. By adding this more continuous
monitoring to the intermittent controls of conventional
post-hospital follow-up, late-onset CCDs as well as physical
deteriorations can be detected earlier and be acted on quickly,
which could prevent further worsening and re-admissions. This
approach can be valuable on its own in any patient and also
complement the remote follow-up of patients dismissed early.
Together, it is expected that the introduction of telemonitoring
can improve patient outcome and enhance patient comfort.
Moreover, telemonitoring can increase the efficiency of patient
care and reduce overall costs, which is critical to cope with the
growing demand on health care. So, there is potential, but the
question is how to use and select such new technology, for
whom is it suited, and how telemonitoring should be embedded
in clinical routine.
In this paper, we outline a potential scenario for the use of
telemonitoring after TAVR, assess technological components
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that are needed, and evaluate factors that are essential for the
implementation of this new approach to patient management.

Methods
A multidisciplinary team was put together of medical and
technical professionals with expertise on TAVR patient
management, cardiac monitoring, CCDs, and telemonitoring.
The expert team consisted of 2 interventional cardiologists, of
which one was working as head of the TAVR team and the other
as clinical chief of the cardiac monitoring unit; an
electrophysiologist; and 2 technical physicians from the
Academic Medical Center (Amsterdam, The Netherlands), which
holds a center of expertise for TAVR. A professor in
telemedicine from the University of Twente (Enschede, The
Netherlands) also joined the team.
The expert team assembled to discuss and frame a potential
future application of telemonitoring after TAVR using the early
phase requirement elicitation methodology described by Larburu
et al [21]. This scenario-based approach is specifically designed
for telemedicine applications and is suitable for a
multidisciplinary collaboration of medical practitioners and
engineers as it promotes a mutual understanding of the desired
user activity and user-system interactions. Accordingly, a
concept scenario was defined using the “intentions, People,
Activities, Context, and Technological components” (iPACT)
framework for telemonitoring.
Next, the “Functionality, Interaction, Content, and Services”
(FICS) descriptions were assessed, which were used to identify
relevant user-system interactions and system functionalities.
The iPACT and FICS were formulated using observations in
current practice, international guidelines, and experiences and
visions of the expert team members. Using the iPACTS and
FICS as endpoints, the main requirements of the telemonitoring
system were specified.

Hermans et al

Results
Envisioned Scenario
The expert team agreed on an extensive scenario description
framed by the iPACT and FICS and corresponding system
criteria. The main principle of the formulated scenario described
by the iPACT framework is that remote monitoring allows a
reduction of hospital stay length by replacing in-hospital rhythm
follow-up and facilitates prolongation of patient monitoring
(Figure 1). The eventual goals (“Intentions”) of this approach
are encouraging improved patient outcome and fast rehabilitation
while increasing health care efficiency and cost reduction.
The suggested application of telemonitoring applies to patients
who undergo TAVR and are subsequently admitted to the
monitoring unit for postprocedural follow-up (“People”). Early
hospital dismissal is indicated only in hemodynamically stable
patients who have a low-risk profile for development of
complications other than CCDs.
Risk stratification may involve conventional methods such as
the Society of Thoracic Surgeons predicted risk of mortality
(STS-PROM) score or the European System for Cardiac
Operative Risk Evaluation (EuroSCORE), or new risk scores
specifically developed for the TAVR population and
postprocedural setting [22,23]. Patients with a complicated
procedure or admission may not be suitable for early dismissal.
In eligible patients, hospital dismissal will be possible from the
moment that rhythm observation is the only indication for
prolongation of hospital stay.
Use of telemonitoring for additional monitoring after a
conventional hospital stay can apply to any TAVR patient.
However, follow-up prolongation is particularly recommended
in patients with doubtful recovery or with increased risks for
late development of CCDs or other complications.
The scenario describes the actions that are undertaken
(“Activities”), in which setting (“Context”), and with which
tools telemonitoring (“Technology”) is procured (Figure 2).

Figure 1. Presentation of the pathway following transcatheter aortic valve replacement (TAVR) in current practice; in the setting of early dismissal
involving telemonitoring as partial replacement of current hospital stay; and in the setting of follow-up prolongation using telemonitoring subsequent
to current hospital stay length.
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Figure 2. Overview of the suggested telemonitoring scenario.

If patients are considered eligible for early dismissal or
additional follow-up by the treating physician, they are equipped
with a mobile sensor system that automatically provides
continuous registration of the ECG in any ambulant setting. The
system should also facilitate continuous registration and analysis
of the respiratory rate and type or level of activity. Optionally,
body temperature and blood pressure can be added, which are
measured with connected arm cuff and thermometer. Last,
incorporating a digital application with an interactive interface
to allow symptom registration by the patient would be beneficial.
These measurements provide complementary information about
the patient’s condition and recording setting, which may be
valuable to contribute to ECG interpretation. Furthermore, these
parameters may support trend analysis and trend identification
of physical deteriorations leading to personalized (medical)
advice. This is of particular interest for patients with congestive
heart failure, kidney disease, or cardiorespiratory comorbidities
where hemodynamic instability may occur. Furthermore, this
approach might be desirable in patients where new valve types
are implanted and where the risk of conduction disorders is still
unknown.
In both applications of telemonitoring, the recorded ECG and
additional data are continuously transferred to the central
monitoring unit allowing real-time processing and patient
monitoring conform clinical standards by dedicated care
providers. To support the notification of events, the system
http://cardio.jmir.org/2018/1/e9/
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automatically analyzes data and generates alerts in case of
abnormalities and gradual deteriorations, adapted to the specific
patient’s needs. Supported by this system, the patient can be
dismissed from the hospital and resume the activities of daily
life again while being monitored as long as needed. If the patient
is not (yet) self-supportive, transfer to a convalescent home or
additional home care can be considered.
With this envisioned approach, telemonitoring itself is
essentially similar to standard telemetry monitoring despite the
fact that the patient is no longer physically present within the
hospital and that vital signs are assessed more continuously.
However, the management of adverse events differs from current
practice. For minor events or unforeseen system malfunctioning,
the care provider may need to contact the patient by
(video)phone to check the current physical status. Similarly,
patients can contact or alert the monitoring unit when they are
symptomatic by phone or by pushing an emergency button. The
physician in charge can then decide to provide advice, recall
the patient to hospital, or activate help from nearby caregivers
if needed. In situations where the ECG shows increasing
instability like prolongation of the atrioventricular conduction
time interval or onset of atrial fibrillation [11], preventive
measures can be taken such as further in-hospital observation
and prescription of anticoagulants, respectively. This also applies
to abnormal trends in vital signs, which may indicate
development of cardiorespiratory instability. In case of
emergencies, an ambulance team should be sent.
JMIR Cardio 2018 | vol. 2 | iss. 1 | e9 | p.4
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Figure 3. Overview of the processes and corresponding technical components of a telemonitoring system.

Technology
According to this scenario, the telemonitoring system should
manage several processes and provide multiple services
described by the FICS. In summary, these processes and services
involve management of clinically, patient-, or system-related
data (“Content”). Required processes (“Functions”) include data
acquisition, data processing, data transfer, data storage, and data
presentation. To procure these processes, the system should
provide a sensor device, algorithms, wireless connection,
database, and interfaces for patients and clinicians (Figure 3).
All components should be embedded using software that
manages the data processes (“Interactions”) to enable system
control and patient observation (“Services”). The minimum
required processes are shown in Figure 4.

Technical Needs and Requirements
To provide a suitable alternative for in-hospital ECG monitoring,
the telemonitoring system should primarily enable remote
evaluation of pacemaker dependency. Second, the system should
instantaneously notify development of cardiac arrhythmias and
conduction defects that result in life-threatening or dangerous
conditions to enable fast activation of acute care. According to
these endpoints and desired system functionalities described by
the iPACT and FICS, technological components should meet
multiple criteria.
First, the system needs to provide clinically usable data.
Accordingly, the mono- or multiple lead ECG should be of
sufficient quality to identify rhythm and conduction disorders.
Likewise, the additional parameters including respiratory rate
and activity should be reliable and presented in such a way that
interpretation of the ECG and patient’s status is supported. Next,
the system should enable continuous real-time monitoring in a
remote setting, in which a stable connection and robust data
processing are essential. The sensor recordings should be
transferred according to a protocol in which the continuous data
are transferred directly in case of a detected event or in case the
nurse or patient activates a trigger. Otherwise, the data are
transferred periodically in batches every 10 minutes. These data
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provide the full ECG waveform and an average value of
respiratory rate and activity level values calculated every 2
minutes. The reason for using periodic transfer instead of
standard continuous transfer is limited power consumption.
Additionally, this approach prevents an overload of information.
With this, the observing nurse is less prone to information
fatigue and can focus on critical issues more easily, which allows
observation of multiple patients.
To support timely identification of rhythm or conduction defects,
advanced validated algorithms must be incorporated that trigger
alerts in case of ECG abnormalities at the patient site. Also
warranted are additional algorithms to notify of the presence of
deviant trends and abnormalities in vital signs. Although further
research is required in order to specify alert conditions and
effective detection methods, we suggest using analytical methods
that assess not only the absolute values but also the time trends
or patterns of vital signs to promote accuracy [24-26]. To
improve abnormality detection, it might be useful to integrate
information from different sources as well. For example,
accelerometry may help anticipate motion artefacts, adapt the
threshold for tachycardia or tachypnea during physical activity,
or perform fall detection [27]. Last, the algorithms should be
personalized, where threshold values are based on the patient’s
history using static or self-learning methods. To prevent alarm
fatigue and support fast response in urgent situation, alerts
should be classified according to the priority level (ie, mild,
moderate, severe events).
Since the patient has no support from health care professionals
in their home environment, it is also important that the system
is user friendly and comfortable to ensure correct use and
acceptance by the TAVR population. Furthermore, the sensor
system should be small and preferably worn under clothes, as
visibility of the system could stigmatize the patient as being ill.
Last, the system should be safe and ensure privacy. Specification
of the requirements and corresponding priority level is provided
for each of the technical components level in Multimedia
Appendix 1. Together, these criteria require a combination of
dedicated and advanced technology.
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Figure 4. The processes facilitated by the telemonitoring system. ECG: electrocardiogram.

Discussion

and can provide durable solutions to handle the increasing
demand on health care with limited resources.

Principal Consideration

Technological Potency

In this approach to telemonitoring after TAVR, the ECG and
patient’s status are evaluated remotely. Patients are no longer
confined to the hospital for postprocedural rhythm observation,
which facilitates early dismissal of eligible patients.
Furthermore, telemonitoring enables prolongation of the
monitoring period, promoting detection of late conduction
disorders or physical deteriorations.

Ambulatory ECG monitoring itself is nothing new, as Holter
and telemetry systems have been used for years. Yet, this
suggested telemonitoring application requires more advanced
mobile ECG systems in which continuous recordings, real-time
data transfer, and remote use are integrated. With the fast
expanding field of mobile health technologies and development
of wireless networks, new solutions providing this feature
combination seem to be entering the market [28,29]. Hence, it
is likely that suitable telemonitoring systems will be available
in the coming years. However, in our experience, currently
available systems are not yet compliant with all requirements.
This often relates to restricted battery duration of sensors,

Telemonitoring is expected to positively impact patient outcome
and patient comfort resulting in higher quality of care. In
addition, it enables more optimal use of hospital bed capacity
by relieving the burden on monitoring capacity. This approach
suits the increasing (need for) decentralization of health care
http://cardio.jmir.org/2018/1/e9/
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unsatisfactory data quality in remote settings, connection issues,
or limited interoperability with current hospital systems. Also,
many systems rely either on traditional rhythm detection
methods or on threshold-based vital sign assessment, while the
proposed application needs algorithms that take into account
context and personal characteristics as well. In order to help
telemonitoring systems find their place in health care settings,
it is essential that all involved parties within and outside the
hospital collaborate closely in system development and
implementation.

Feasibility
As depicted in this telemonitoring framework, successful
implementation of remote patient monitoring does not only
require suitable technology but involvement of the complete
chain of health care delivery as well. With the relocation of
health care, roles and responsibilities will be redistributed
[30,31]. Although the concept of health care decentralization
is gaining support worldwide, most health care systems are not
yet ready for this approach [32,33]. As a result, various safety,
organizational, financial, legal, and social issues may need to
be addressed before telemonitoring can become embedded.
To facilitate telemonitoring, the organizational structure and
workflow of first and second line health care providers need to
be adapted. To start with, this requires allocation of a nurse for
observation, organization of a process for routine distribution
and technical maintenance of monitoring systems, and
establishments of protocols for all involved caregivers.
Correspondingly, the legal responsibilities have to be reevaluated
in which the interposition of physical distance between patient
and physician and the increased dependency on technology have
to be taken into account.
In terms of social impact, there needs to be investigation into
what extent the patient and their family support transfer of
monitoring activities in a home environment, as this may require
a certain level of self-support and anticipation of technology.
This also applies to medical professionals, who need to be
willing to adopt novel manners of patient management.
Last, to finance the implementation of telemonitoring, further
clarification of the distribution of financial expenses and profits
is needed to identify structural yields and find investors. In this
process, the reimbursement policy plays a critical role, which
varies per country [34].

Patient Safety
Patient safety is a serious issue in remote patient practices.
Post-TAVR telemonitoring can enhance patient safety when
used for prolongation of the conventional monitoring period.
However, safety may be a factor if the physical distance between
patient and caregiver delays delivery of care. The actual overall
risk may be limited as CCDs mostly present within the first 24
hours after TAVR and rarely lead to emergency situations where
immediate action is required. In addition, current follow-up
policy does not prevent certain events occurring after hospital
dismissal either. Altogether it is a matter of creating minimal
risks, which underlines the importance of easily accessible
follow-up tools and careful selection of patients eligible for
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early discharge. Nevertheless, it is essential that telemonitoring
be implemented step-by-step, with safety constantly evaluated.
Furthermore, use of strict protocols and establishment of
collaboration with professional emergency teams or remote first
line caregivers is critical.

Limitations
By assembling a multidisciplinary expert team representing
various medical and technical disciplines, we pursued
proposition of an adequate and realizable telemonitoring
concept. Yet despite the promising prospects, it is not clear to
what extent the intended goals will be obtained in real practice.
Further research regarding the effectiveness of this concept is
required, involving evaluation of the overall effects on patient
outcome, efficiency, and cost-effectiveness. Furthermore,
multicenter studies are recommended to assess the need for
center-specific adaptation of the scenario or system
requirements.

Future Perspective
The introduction of telemonitoring provides the opportunity to
relocate follow-up of ECG and vital signs, which supports
reorganization of the postprocedural follow-up trajectory.
Meanwhile, alternative approaches for post-TAVR monitoring
are considered as well, such as the introduction of risk profiles
to select patients for telemetry [11,35]. Although this approach
is of potential interest to reduce redundant telemetry use, this
may be applicable to only a part of the TAVR population. To
verify the most optimal strategy for ECG follow-up, further
evaluation of patient eligibility, patient safety, and efficiency
is required.
To expand the value of telemonitoring, the remote system may
incorporate extra services for patients such as training exercises
or medication alerts to enhance rehabilitation and therapy
loyalty. Additionally, creating a secured platform where patients
can access and share their historical data can promote patient
empowerment. The proposed telemonitoring set-up can be
applied as an unobtrusive alternative for in-hospital telemetry
or for real-time or off-line monitoring of many other patient
groups. This may be valuable for postprocedural monitoring,
therapeutic guidance, patient coaching, and many other
diagnostic or therapeutic aims.

Conclusions
Overall, the introduction of telemonitoring creates the
opportunity to redesign the postprocedural trajectory of TAVR
patients, enabling early hospital dismissal in eligible patients
or prolongation of the period of monitoring in a daily life setting.
To the end, this approach may not only be beneficial to improve
health care quality but also inevitable to manage the increasing
health-care demand and decentralization. Therefore, we
recommend further exploration of the technical possibilities,
optimal implementation, and overall impact at clinical, social,
ethical, legal, safety, organizational, and financial levels.
Accordingly, solutions may arise for more efficient and
rehabilitation-supporting postprocedural monitoring that favor
hospitals and patients.
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