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Background. Aortic stenosis (AS) is the most common heart valve disease in developed countries. The advent of transcatheter
aortic valve implantation (TAVI) significantly improved patients’ outcome but made clinical management more complex. The aim
of the present study was to describe TAVIApp, a mobile app we developed to guide the management of AS, and test its efficacy.
Methods and Results. Clinical cases comprising 42 patients with AS were blindly evaluated by (A) an interventional cardiologist,
assisted by the Heart Team (EXPERT), (B) young residents in cardiology, and (C) a young resident supported by TAVIApp. There
was poor concordance between Group A and Group B with low performance by young residents (𝑘 = 0.52; 𝑝 < 0.001). However,
concordance increased to an optimal value when young residents were supported by TAVIApp (𝑘 = 1.0;𝑝 < 0.001) for the diagnosis
of severe AS and eligibility assessment. Furthermore, regarding the selection of the most appropriate prosthesis size, concordance
to Group A was poor without TAVIApp support (Group B) (𝑘 = 0.78; 𝑝 = 0.430), but excellent with TAVIApp (𝑘 = 1.0; 𝑝 < 0.001).
Conclusions.This study is the first describing and validating a new mobile application to support the management of AS. TAVIApp
supports cardiologists in the evaluation of stenosis severity, eligibility for TAVI or AVR, and selection of the most appropriate
prosthesis size in individual patients.

1. Introduction

Aortic valve stenosis (AS) is currently the most common
heart valve disease in developed countries [1]. The most fre-
quent etiology is the progressive degeneration of valve cusps,
with frequently associated calcifications [2]. Consequently,
the increase in the average lifespan in the general population
largely contributes to its growing prevalence (2–7% in sub-
jects over 65 years of age) [3].

Surgical aortic valve replacement (AVR) was traditionally
the only treatment option, until transcatheter aortic valve
implantation (TAVI) was introduced as a valuable alternative

to surgical AVR. Initially reserved to nonoperable patients,
indications for TAVI have been progressively enlarged to
include high surgical risk patients and, more recently, those
at intermediate surgical risk [4].

The large diffusion of smartphones and tablets in the last
years has propelled the development of a new generation
of software for mobile applications (apps). Use of mobile
apps has gained an incredible momentum within the last
few years, reaching the healthcare field. “Healthcare” apps are
currently being used in several ways, both by patients and by
physicians. Tens of thousands of medical apps are currently
available on the most popular mobile application stores [5],
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and the widespread adoption and use of mobile technologies
are opening new and innovative ways to improve health and
healthcare delivery [6–19]. In particular, smartphone apps
have been developed to guide the diagnosis and treatment
of arterial hypertension, atrial fibrillation, or supraventricular
tachycardia, to support interventions for smoking cessation,
weight loss programs, and exercise schemes in cardiac reha-
bilitation [20–28]. Given the large amount of information
that should be taken into account when evaluating patients
with AS, smartphone-based software would be helpful. In
this context, although some mobile apps are available on
the mobile marketplace, they are either limited to educa-
tional purposes, specifically focused on risk stratification,
or dedicated to list the transcatheter bioprostheses to be
matched to the dysfunction surgical bioprostheses of specific
patients (prostheses sizing for the valve-in-valve procedures).
Furthermore, none of these apps has undergone a scientific
evaluation process. On the contrary, TAVIApp is the only
mobile app available to date that provides a decision support
system for the management of patients with AS, encompass-
ing a support both to establish the diagnosis of severe AS and
to select the correct prosthesis size for TAVI procedures.

Hence, the aim of the present studywas to describe TAVI-
App, a mobile application we designed to support physicians
during the diagnostic process of AS and for the selection of
the most appropriate self-expanding aortic prosthesis, to test
the feasibility and efficacy of its clinical use.

2. Methods

The diagnostic algorithm implemented in the app was based
on the latest guidelines of the European Society of Cardiology
and of the American College of Cardiology/American Heart
Association on AS [29, 30].

Besides guiding the diagnostic process, the application
assesses the clinical and anatomical suitability for TAVI
and supports physicians in the selection of the appropri-
ate CoreValve size [31, 32], based on data obtained from
echocardiography and multidetector computed tomography
(MDCT), according to manufacturer indications (Medtronic
Inc., Minneapolis, MN, USA).

2.1. Development of TAVIApp. The Cardiology Division and
the EngineeringDepartment of theMagnaGræciaUniversity
developed the mobile application called TAVIApp, which is
currently available for free download on the Apple App Store
and on Google Play Store. The algorithm flowchart used to
test the severity of AS in TAVIApp is reported in Figure 1.

TAVIApp has been developed by using Apache Cordova
API (Application Programming Interface). Apache Cordova
is a set of deviceAPIs that allow amobile device appdeveloper
to access native device functions with the general structure
of a web app. When using the Cordova APIs, an app can be
built without any native code (Java, Objective-C, etc.) from
the app developer. Apache Cordova is a set of device APIs
developed within the Apache Software Foundation (ASF).
The main reasons why Cordova APIs were used to develop
TAVIApp were (a) the need to model the entire decision-
making process provided by the medical team in a single

programming language; (b) the need to avoid rewriting the
application code in different languages to make it compatible
with different operating systems (e.g., iOS, Android); (c)
the need to keep system maintenance as easy as possible,
especially during the testing and debugging of the application
itself.

In particular, we used the “PhoneGap” framework that
allows creating mobile apps using standardized web APIs for
any platform. By using PhoneGap application, we exploited
all the power and simplicity of expression languages like
HTML, CSS, and JavaScript and a set of APIs provided by the
framework to access the native functionality of the device, as
already previously described [33].

2.2. Evaluation of TAVIApp. The usefulness and efficacy of
the mobile application were validated in patients under
evaluation for TAVI at the Division of Cardiology, Magna
Græcia University, Catanzaro, Italy. In particular, forty-two
consecutive patients were blindly evaluated by means of the
following approaches: (A) an interventional cardiologist with
long-standing experience in TAVI procedures with the Heart
Team, also including a heart surgeon and an anesthesiologist
(EXPERT), (B) two young residents in cardiology with no
direct experience in TAVI, and (C) a young resident in car-
diology with no direct experience in TAVI who evaluated all
patients using TAVIApp. Physicians from all three groups had
free access to all clinical data, including echocardiography,
and MDCT in both cases and were asked to evaluate the
severity of AS, to verify the indication for percutaneous
treatment, and to select the most appropriate prosthesis size.
Results obtained by the three groups were compared to each
other to assess the efficacy of the mobile application.

2.3. Conventional Evaluation of Patients with AS at the Magna
GræciaUniversity (EXPERT). Theevaluation provided by the
EXPERT Interventional Cardiologist was based on the fol-
lowing practice guidelines established at the Magna Græcia
University: patients were considered as potential candi-
dates for implantation of a CoreValve prosthesis (Medtronic
CoreValve, Minneapolis, Minnesota, USA) if they had severe
symptomatic AS and were considered at high or prohibitive
surgical risk by the heart surgeon, as described elsewhere
[3, 31, 32, 34–38].

The selection of the size of the valve prosthesis was based
on the measurements of the aortic valve annulus obtained by
CT, according to themanufacturer’s sizing recommendations,
to provide adequate anchoring and sealing between the
prosthesis and the annulus.

In case of unavailability of CT imaging, the prosthesis
can be sized based on 2D echocardiographic imaging [30].
For these reasons, TAVIApp is able to suggest the most
appropriate prosthesis size on the basis of CT scan results
(Figure 2) or, in lack thereof, with themeasurements obtained
with 2D echocardiography (Figure 3).

2.4. Main Outcome for Validity. The main outcome of
the present evaluation was the classification match (CM)
between the output obtained by study groups—Groups B
and C—compared to Group A (EXPERT), for each of the



BioMed Research International 3

Flowchart algorithm used to test the severity of AS in TAVIApp
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Figure 1: Algorithm flowchart for the diagnostic assessment of aortic stenosis severity. The figure describes the algorithm underlying the
decision support process with the application for the diagnosis of aortic stenosis and assessment of disease severity.

following: (1) assessment of AS severity and (2) prosthesis
size. Concordance rates between the study groups were tested
using Cohen’s kappa test, as described elsewhere [33]. Briefly,
we tested the null hypothesis that evaluation of the 42 cases

by the two groups under comparison yielded different results
(i.e., not concordant).

Statistical analyses were performed using SPSS ver-
sion 20.0 for Windows. All statistics were two-tailed and
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Figure 2: Selection of prosthesis size with TAVIApp using CT scan results.The figure reports a screenshot from TAVIApp (center) where the
user can input the following results of CT scan measurements to be used for the selection of the most appropriate prosthesis size: (a) aortic
valve annulus diameter; (b) aortic valve perimeter; (c) distance between the coronary ostia and the aortic valvular plane; (d) diameter of the
ascending aorta; (e) aortic diameter at the sinotubular junction; (f) aortic diameter at the valsalva sinuses.

𝑝 values < 0.05 were considered statistically significant. The
study protocol was approved by the local competent Ethics
Review Board.

3. Results

3.1. Patients’ Characteristics. Clinical features and imaging
results of all patients included are shown in Table 1.Themean
transvalvular pressure gradient was 44.04± 11.90mmHg and
the mean aortic valve area (AVAGo), as calculated by means
of the Gorlin equation, was 0.71 ± 0.17 cm2. The AVA could
be determined by means of the continuity equation (AVAce)
only in 36 cases (86%), due to suboptimal Doppler tracings in
patients with severe aortic valve calcification or pulmonary
emphysema (mean: 0.79 ± 0.19 cm2). At MDTC, the mean
aortic valve annulus perimeter was 7.54 ± 1.05 cm, while the
mean aortic valve annulus diameter was 23.23 ± 2.90mm.

3.2. Evaluation of TAVIApp. To evaluate the function of the
TAVIApp system, the Engineering Department of the UMG
conducted a preliminary test set to check the stability of
the software and the data collection server. Furthermore, the
whole system was closely monitored during the entire study.

During the testing phase, we experienced two different
classes of bugs: common errors occurring during the devel-
opment phase, such as suboptimal graphical interface on the
device screen, andmisinterpretation of the clinical algorithm
by the developers were promptly recognized and resolved
before patients’ testing.

For the first class of bugs, the developing team redesigned
a specific element of the software to solve all issues during the
test phase. For the second class, weekly debugging sessions
were scheduled with both the medical developers and the
engineering team to grab real-time feedback and speed up the
debugging process.
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Selection of the CoreValve size using TAVIApp and 2-dimensional echocardiography

Figure 3: Selection of prosthesis size with TAVIApp using 2D echocardiography results. The figure reports a screenshot from TAVIApp
where the user can input two-dimensional echocardiography measurements. When a CT scan is not available, TAVIApp selects the most
appropriate CoreValve size using the following 2D echocardiography data: (a) diameter of the ascending aorta; (b) aortic diameter at the
sinotubular junction; (c) aortic diameter at valsalva sinuses; (d) mean diameter of the aortic valve annulus.

After this initial test phase, the efficacy of TAVIApp was
finally evaluated against the EXPERT Interventional Cardi-
ologist, as described above. We found that young residents
that evaluated the clinical cases without using TAVIApp had
a classification match of 76%, with a poor concordance index
(𝑘 = 0.52; 𝑝 < 0.001) compared to Group A (EXPERT),
while there was no difference in the classification match
for the assessment of severe AS between Group C (young
residents using TAVIApp) and Group A (EXPERT), resulting
in an optimal concordance index (𝑘 = 1.0; 𝑝 < 0.001)
(Figure 4(a)). Similarly, facing the task to select the most
appropriate prosthesis size, young residents that evaluated
the clinical cases without using TAVIApp (Group B) had a
substantially lower classification match of 40%, with poor
concordance (𝑘 = 0.078; 𝑝 = 0.430) compared to Group A
(EXPERT), while no difference was found between Group C
(young residents using TAVIApp) and Group A (EXPERT),
resulting in optimal concordance (𝑘 = 1.0; 𝑝 < 0.001) (Fig-
ure 4(b)). In this latter comparison, all three groups could not
identify a specific prosthesis size in 4 cases. In fact, the TAVI-
App output indicated borderlinemeasurements, and even the
EXPERT could not select definitely a specific size. In both
cases, the actual prosthesis size was selected after intrapro-
cedural measurement by means of the valvuloplasty balloon,

inflated at the aortic annulus during contrast medium injec-
tion. Finally, no difference was found between the groups in
the choice of vascular access (𝑝 < 0.001).

4. Discussion

The main findings of the present study are as follows: (1)
TAVIApp is a reliable support to help the diagnostic process
of AS by an inexperienced cardiologist, also including iden-
tification of low-flow, low-gradient AS, and (2) TAVIApp is
a useful decision support to select the appropriate prosthesis
size for TAVI.

Currently, there are no support tools to help physicians in
this complex evaluation in the busy clinical setting. TAVIApp
aids clinicians with the above described dual assessment,
incorporating evidence-based decision support for the diag-
nosis of severe aortic stenosis and technical selection criteria
to select the most appropriate prosthesis size for which a
specific patient qualifies.

This application was developed both for the Android and
for Apple platforms. The development of a mobile app as
a decision supporting system for AS could be particularly
useful in a rapidly aging society, with a rapid increase in
the number of patients with AS. Results of the present study
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Table 1: Baseline echocardiographic, CT, and procedural variables.

All studied
patients
(𝑛 = 42)

Echocardiographic variables
Peak velocity (m/s) 4.08 ± 0.6

Mean aortic gradient (mmHg) 44.04 ± 11.9

AVA (cmq) 0.79 ± 0.19

LVEF (%) 50.28 ± 7.6

Septum (mm) 12.4 ± 1.1

Computed tomography variables
Ascending aorta (mm) 33.04 ± 4.1

Sinotubular junction (mm) 26.45 ± 3.5

Sinus of valsalva (mean diameter) (mm) 31.10 ± 4.1

Aortic valve annulus (mean diameter) (mm) 23.23 ± 2.9

Perimeter (cm) 7.54 ± 1.05

Moderate valve calcification 16 (38)
Severe valve calcification 5 (12)
Distance of LM ostium to valve annular plane
(mm) 13.62 ± 2.2

Distance of RM ostium to valve annular plane
(mm) 15.00 ± 3.2

Procedural variables
Approach
Transfemoral 42 (100)
Transapical None
Bioprosthesis CoreValve diameter (mm)
23 2 (5)
26 14 (33)
29 20 (48)
31 6 (14)

Values aremean± SD, or 𝑛 (%). AVA: aortic valve area; LVEF: left ventricular
ejection fraction; LM: left main; RCA: right coronary artery.

support the use of TAVIApp as a decision support system
for physicians managing patients with AS that are potential
candidates of TAVI. Evaluation of the surgical risk in patients
with AS is of key importance for the selection of the most
appropriate treatment option. Although some risk scores are
available, such as the logistic EuroScore and the Society of
Thoracic Surgeons (STS) risk score [38], the use of these is not
endorsed by current practice guidelines, which recommend
instead that a multidisciplinary heart team should select the
best procedural strategy for any single patient [29]. For this
reason, the above referred risk scores were not included in
TAVIApp.

The U.S. Food and Drug Administration (FDA) encour-
ages the development of medical mobile apps that improve
healthcare processes and provide patients and healthcare
professionals with valuable health information.The FDA also
has a public health responsibility to oversee the safety and

effectiveness of medical devices including mobile medical
apps [5–7]. Similarly, the European Commission recently
published a green paper on mobile health to promote and
regulate the use of mobile health technologies [39]. More
recently, also the European Society of Cardiology (ESC)
recognized the potential impact ofmHealth in cardiovascular
medicine [40]. For this reason, mobile apps to be used as a
support in healthcare processes should be tested in real-life
scenarios. In line with these recommendations, the validity of
TAVIApp was tested on a set of patients’ data sets. Results are
promising based on our preliminary study, although further
research is needed to confirm these findings.

4.1. Limitations of TAVIApp. A medical application cannot
substitute clinical judgment. This is particularly true in
specific conditions such as the case of erroneous measure-
ments of CT perimeter or when the aortic dimensions are
not indicative of a definite prosthesis size. In these cases,
aortography with an inflated balloon can be helpful to select
the right prosthesis size in a single patient. Of course, the
impact of TAVIApp use could vary depending on the level
of experience of the physicians and the clinical management
processes used at single centers. Nevertheless, the aim of
the present evaluation was limited to the demonstration, as
a proof of concept, that the decision support provided by
TAVIApp might be of help to the clinician.

5. Conclusions

In conclusion, the present study is the first one that describes
and validates a new mobile application to help the decision-
making process in patients with AS. In particular, TAVIApp
helps the cardiologist in the diagnostic process to evaluate
stenosis severity, including the case of low-flow and low-
gradient AS, and supports the physician in the selection of
the most appropriate prosthesis size.
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Figure 4: Classificationmatch between the study groups.The bar graph shows the concordance rate for Group B (young residents) andGroup
C (young residents using TAVIApp) for the assessment of aortic stenosis severity (a) and selection of the most appropriate prosthesis size (b)
as compared to Group A (EXPERT).
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Engineer, for his professional technical support.

References

[1] J. Ross Jr. and E. Braunwald, “Aortic stenosis,” inCirculation, vol.
38, pp. 61–67, 1968.

[2] M. R. Dweck, N. A. Boon, and D. E. Newby, “Calcific aortic
stenosis: a disease of the valve and the myocardium,” Journal
of the American College of Cardiology, vol. 60, no. 19, pp. 1854–
1863, 2012.

[3] C. Spaccarotella, A. Mongiardo, and C. Indolfi, “Pathophys-
iology of aortic stenosis and approach to treatment with
percutaneous valve implantation,” Circulation Journal, vol. 75,
no. 1, pp. 11–19, 2011.

[4] C. Spaccarotella, A. Mongiardo, S. De Rosa, and C. Indolfi,
“Transcatheter aortic valve implantation in patients at interme-
diate surgical risk,” International Journal of Cardiology, vol. 243,
pp. 161–168, 2017.

[5] S. R. Steinhubl, E. D. Muse, and E. J. Topol, “Can mobile
health technologies transform health care?” The Journal of the
American Medical Association, vol. 310, no. 22, pp. 2395-2396,
2013.

[6] S. Ryu, “Book Review: mHealth: New Horizons for Health
through Mobile Technologies: Based on the Findings of the
Second Global Survey on eHealth (Global Observatory for
eHealth Series, Volume 3),” Health Informatics Journal, vol. 18,
no. 3, p. 231, 2012.

[7] R. H. Savel and C. L. Munro, “Scalpel, stethoscope, ipad: The
future is now in the intensive care unit,” American Journal of
Critical Care, vol. 20, no. 4, pp. 275–277, 2011.

[8] W. Mashman, “The iPad in Cardiology,” JACC: Cardiovascular
Interventions, vol. 4, no. 2, pp. 258-259, 2011.

[9] D. S. Kazi, P. Saha, and N. Mastey, “PW266 Mobile Phones:
Hope or Hype? A Qualitative Study of Best Practices in m-
Health Development in a Low Income Country,” Global Heart,
vol. 9, no. 1, p. e312, 2014.

[10] S. H. Lee,M. J. Lim, andK. Y. Lee, “Healthcare applicationmod-
eling using smartphone,” J Inst Webcast Internet Telecommun,
vol. 10, pp. 35–40, 2010.
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and B. Sainz-De-Abajo, “Comparison of mobile apps for the
leading causes of death among different income zones: A review
of the literature and app stores,” Journal of Medical Internet
Research, vol. 16, no. 1, article no. e1, 2014.

[17] T. Horvath, H. Azman, G. E. Kennedy, and G. W. Rutherford,
“Mobile phone text messaging for promoting adherence to
antiretroviral therapy in patients with HIV infection,”Cochrane
Database of Systematic Reviews, vol. 3, Article ID CD009756,
2012.

[18] J. Heo,M.Chun, K. Y. Lee, Y.-T.Oh,O. KyuNoh, andR.W. Park,
“Effects of a smartphone application on breast self-examination:
A feasibility study,”Health Informatics Journal, vol. 19, no. 4, pp.
250–260, 2013.

[19] J. S. Marcano Belisario, K. Huckvale, G. Greenfield, J. Car, and
L. H. Gunn, “Smartphone and tablet self management apps for
asthma.,” Cochrane Database of Systematic Reviews, vol. 11, p.
CD010013, 2013.

[20] H. R. Koo, Y.-J. Lee, S. Gi et al., “The effect of textile-based
inductive coil sensor positions for heart rate monitoring,”
Journal of Medical Systems, vol. 38, no. 2, article no. 2, 2014.

[21] R. Anchala, E. Di Angelantonio, D. Prabhakaran, and O.
H. Franco, “Development and validation of a clinical and
computerised Decision Support System for Management of
Hypertension (DSS-HTN) at a Primary Health Care (PHC)
setting,” PLoS ONE, vol. 8, no. 11, Article ID e79638, 2013.

[22] R. Whittaker, H. McRobbie, C. Bullen, R. Borland, A. Rodgers,
and Y. Gu, “Mobile phone-based interventions for smoking
cessation.,” Cochrane Database of Systematic Reviews (Online),
vol. 11, p. CD006611, 2012.

[23] M. K. Jeon and J. Y. Ha, “Effects of a smartphone weight loss
program on obesity and body composition in adolescents,” J
Korean Public Health Nurs, vol. 27, no. 1, pp. 102–112, 2013.

[24] C. Worringham, A. Rojek, and I. Stewart, “Development and
feasibility of a smartphone, ECG and GPS based system for
remotely monitoring exercise in cardiac rehabilitation,” PLoS
ONE, vol. 6, no. 2, Article ID e14669, 2011.

[25] K. Antypas and S. C. Wangberg, “E-Rehabilitation - an Internet
and mobile phone based tailored intervention to enhance self-
management of Cardiovascular Disease: study protocol for a
randomized controlled trial,” BMC Cardiovascular Disorders,
vol. 12, article 50, 2012.

[26] D. D. McManus, J. Lee, O. Maitas et al., “A novel application for
the detection of an irregular pulse using an iPhone 4S in patients
with atrial fibrillation,”Heart Rhythm, vol. 10, no. 3, pp. 315–319,
2013.

[27] V. Chandrasekaran, R. Dantu, S. Jonnada, S.Thiyagaraja, and K.
P. Subbu, “Cuffless differential blood pressure estimation using
smart phones,” IEEE Transactions on Biomedical Engineering,
vol. 60, no. 4, pp. 1080–1089, 2013.

[28] K. Matsumura and T. Yamakoshi, “iPhysioMeter: a new
approach for measuring heart rate and normalized pulse vol-
ume using only a smartphone,” Behavior Research Methods, vol.
45, no. 4, pp. 1272–1278, 2013.

[29] A. Vahanian, O. Alfieri, F. Andreotti et al., “Guidelines for the
treatment of valvular heart disease (version 2012). Joint task

force for the treatment of valvular heart disease of the European
Society of Cardiology (ESC) and the European Association
for Cardiothoracic Surgery (EACTS),” Giornale Italiano di
Cardiologia, vol. 14, no. 3, pp. 167–214, 2013.

[30] R. A. Nishimura, C. M. Otto, R. O. Bonow et al., “2014 AHA/
ACC guideline for the management of patients with valvular
heart disease: executive summary: a report of the American
college of cardiology/American heart association task force
on practice guidelines,” Journal of the American College of
Cardiology, vol. 63, no. 22, pp. 2438–2488, 2014.

[31] D. H. Adams, J. J. Popma, M. J. Reardon et al., “Transcatheter
aortic-valve replacement with a self-expanding prosthesis,”The
New England Journal ofMedicine, vol. 370, no. 19, pp. 1790–1798,
2014.

[32] J. J. Popma, D. H. Adams, M. J. Reardon et al., “Transcatheter
aortic valve replacement using a self-expanding bioprosthesis in
patients with severe aortic stenosis at extreme risk for surgery,”
Journal of the American College of Cardiology, vol. 63, no. 19, pp.
1972–1981, 2014.

[33] A. Curcio, S. De Rosa, J. Sabatino et al., “Clinical Usefulness
of a Mobile Application for the Appropriate Selection of the
Antiarrhythmic Device in Heart Failure,” Pacing and Clinical
Electrophysiology, vol. 39, no. 7, pp. 696–702, 2016.

[34] S. K. Kodali, M. R. Williams, C. R. Smith et al., “Two-year out-
comes after transcatheter or surgical aortic-valve replacement,”
TheNew England Journal of Medicine, vol. 366, no. 18, pp. 1686–
1695, 2012.
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