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Abstract

Aims Health data captured by commercially available smart devices may represent meaningful patient-reported outcome
measures (PROMs) in heart failure (HF) patients. The purpose of this study was to test this hypothesis by evaluating the
feasibility of a new telemonitoring concept for patients following initial HF hospitalization.
Methods and results We designed a cardio patient monitoring platform (CPMP) that comprised mobile iOS-based
applications for patients’ smartphone/smartwatch and the equivalent application on a physicians’ tablet. It allowed for
safe and continuous data transmission of self-measured physiological parameters, activity data, and patient-reported
symptoms. In a prospective feasibility trial with 692 patient days from 10 patients hospitalized for newly diagnosed HF with
reduced ejection fraction (mean left ventricular ejection fraction (LVEF) 26.5 ± 9.8%), we examined the CPMP during the first
2 months following discharge (69 ± 15 observation days per patient). The mean daily step count recorded by the mobile
devices emerged as a promising new PROM. Its 14 day average increased over the study period (3612 ± 3311 steps/day at
study inclusion and 7069 ± 5006 steps/day at end of study; P < 0.0001). It is unique for continuously reflecting real-life activity
and correlated significantly with traditional surrogate parameters of cardiac performance including LVEF (r = 0.44; 95%
CI 0.07–0.71; P = 0.0232), 6 min walk test (r = 0.67; 95% CI 0.38–0.84; P = 0.0002), and scores in health-related quality of
life questionnaires.
Conclusions We provide the first patient monitoring platform for HF patients that relies on commercially available
iOS/watchOS-based devices. Our study suggests it is ready for implementation as a tool for recording meaningful PROMs in
future HF trials and telemonitoring.
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Introduction

Heart failure (HF) is a major healthcare problem with signifi-
cant morbidity and mortality whose progression is character-
ized by frequent hospitalizations.1 Since 30–50% of the
patients hospitalized for HF decease or experience readmis-
sion within the first 6 months after hospital discharge,2 close
monitoring of patients during the time following inpatient
stay is mandatory.

Telemonitoring (TM) is under consideration as an adjunc-
tive component of outpatient care. It is based on the online
transmission of physiological data, signs, and symptoms that
are either self-assessed by the patient or captured by supple-
mentary equipment like mobile devices.3 Although current
data on the benefit of TM in HF patients are heteroge-
neous,3–6 specific TM concepts have been shown to reduce
hospital readmissions/admissions and to improve further HF
outcomes like all-cause mortality3,5 and health-related quality
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of life (QoL).7,8 This observation is further corroborated by
the recently published results of the TIM-HF II (Telemedical
Interventional Management of Heart Failure II) trial by
Koehler et al.9 showing that a structured remote patient
management intervention reduces hospital admissions and
all-cause mortality in HF patients.

A promising possibility for TM of HF patients are commer-
cially available mobile devices such as smartphones and
smartwatches that are increasingly widespread in the general
population.10 Mobile health (mHealth) applications proved
useful to provide assistance in self-management,11 symptom
monitoring,12 and home-based cardiac rehabilitation.13 In ad-
dition, smart devices have the potential to generate new
patient-reported outcome measures (PROMs) in HF patients.
Their integrated sensor technologies allow not only for ambu-
latory data acquisition but also for more continuous monitor-
ing of physiological data like heart rate or walking activity in
the context of everyday life. Because of their regular and con-
venient usage throughout the day, smart device-based as-
sessment of patient-reported outcomes and physiological
data may therefore be more representative and more inde-
pendent of short-term alterations than office-based methods.

Despite this enormous potential, medically engineered ap-
plications and correlations of device-based sensor data with
established parameters in HF populations are still missing.
Thus, we developed the cardio patient monitoring platform
(CPMP) for smart device-based monitoring of HF patients
and examined its performance towards both usability as
mHealth concept and with regard to generating new PROMs
in future HF trials. In a proof of principle study, we tested the
feasibility of the CPMP and the validity of acquired data in pa-
tients hospitalized for newly diagnosed HF [Left ventricular
ejection fraction (LVEF) ≤ 40% and New York Heart Associa-
tion (NYHA) ≥ II] over a study period of 2 months beginning
at the moment of discharge.

Methods

Study protocol

Following design and programming of the applications in
iOS/watchOS, feasibility and usability of the CPMP were
prospectively examined in patients hospitalized for newly
diagnosed HF with reduced ejection fraction (HFrEF) at the
University Medical Center Göttingen, Germany. We enrolled
10 patients for the duration of 2 months each in 2017. In
addition to continuous monitoring via the CPMP for the dura-
tion of study, three monthly clinical visits were scheduled
(time points t0 at the time of enrolment during the initial
hospitalization, t1 at 1month, and t2 at 2 months after enrol-
ment) for comparison of CPMP data with traditional measures.
Inclusion criteria were first hospitalization for newly diagnosed

HFrEF with LVEF ≤ 40% and NYHA Class ≥ II (see the Supporting
Information for more details). The study was carried out in
accordance with the Good Clinical Practice guidelines and
the provisions of the Declaration of Helsinki and received
approval from the local institutional ethics committee. All pa-
tients provided written informed consent.

Cardio patient monitoring platform

All participants were equipped with an identical combination
of a smartphone (iPhone 6SE, Apple Inc., Cupertino, CA, USA,
iOS Versions 10.2.1–11.2.1) and a smartwatch (Apple Watch
1st Gen., Apple Inc., watchOS Versions 3.1.1–4.2.2). Before
discharge, study participants were briefly trained in the
operation of the CPMP mobile application installed on both
smartphone and smartwatch. For the collection of activity
data, patients were advised to wear both devices at all
times except while sleeping. Furthermore, participants were
instructed to daily enter self-measured blood pressure and
body weight before breakfast. Additional app features includ-
ing reminders/confirmation of medication intake or input of
symptoms were offered to examine acceptance and function-
ality but were not mandatory. The CPMP ensured immediate
worldwide Internet-based transfer of the data via a secure
transfer protocol from the patient device to the treating car-
diologist who had access to transmitted data via the respec-
tive application on an iOS-based tablet (iPad Pro A1584,
Apple Inc., iOS Versions 10.2.1–11.2.1). Data were checked
daily, and a response was initiated within 24 h when
predefined margins in blood pressure were exceeded, in-
crease in body weight, or new or worsening signs or symp-
toms occurred. Further information on the CPMP is
available in the Supporting Information.

Device-related health data

Health data from smartphone and smartwatch were
accessed by the CPMP via the HealthKit interface. Compli-
ance with daily data intake and daily usage of the devices
was calculated as percentage of the whole. Wearing time
of the devices was estimated based on the Clinical Docu-
ment Architecture readout. The mean daily step count
(MDSC) was calculated as arithmetic mean of 14 days. To
validate the device-based 6 min walk test (6MWT) inte-
grated in the CPMP, it was carried out simultaneously to
the execution of the standard 6MWT at all three clinical
visits, allowing for direct comparison of the measured dis-
tance covered. For validation of smartwatch-based heart
rate measurements, data were extracted from the Clinical
Document Architecture and statistically compared with re-
sults from 4 day Holter electrocardiograms (ECGs) at both
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t0 and t1. More details on device-based methods are pro-
vided in the Supporting Information.

Procedures and questionnaires

At all three clinical visits, we conducted clinical examinations,
echocardiography, cardiopulmonary exercise testing (CPET),
and blood tests. Health-related QoL was assessed by the Min-
nesota Living with Heart Failure Questionnaire (MLHFQ) and
the Kansas City Cardiomyopathy Questionnaire (KCCQ). De-
pressive symptoms and heart-focused anxiety were captured
by the Patient Health Questionnaire Depression Scale
(PHQ-9) and the Cardiac Anxiety Questionnaire (CAQ). To
assess patients’ perception and adherence, we developed a
questionnaire based on the Service User Technology
Acceptability Questionnaire that was filled in by the patients
at t2. Patients’ eHealth literacy was captured by a short ques-
tionnaire similar to the eHealth Literacy Scale. More detailed

information on procedures and questionnaires are available
in the Supporting Information.

Statistical analysis

The statistical analyses were performed with GraphPad
Prism_7 software (GraphPad Software, La Jolla, CA, USA).
Continuous variables are presented as arithmetic mean ± stan-
dard deviation/standard error of the mean and categorical
variables as numbers and percentages. Differences between
clinical or device-related parameters at the three time points
were evaluated by paired t-test (α = 0.05). To examine the as-
sociation between conventional clinical parameters and
mHealth data, the Pearson product–moment correlation co-
efficient (r) was calculated. The measurement accuracy of
the smart devices as compared with criterion measurements
was evaluated by quantifying the mean percentage error and
the mean absolute percentage error.

Figure 1 Cardio patient monitoring platform. Self-measured physiological data and further patient-reported outcome parameters are entered daily by
the patient. Together with activity data from the Apple HealthKit, the information is transmitted via a secure immediate worldwide Internet-based
transfer to the treating physician.
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Results

Design and performance of the cardio patient
monitoring platform

In cooperation with Medopad Ltd, we designed a platform
for iOS/watchOS to remotely monitor HF patients through
collecting symptoms, medication adherence, activity data,
vital signs, and additional PROMs. It consists of a patient-
facing app (on iPhone/Apple Watch) and a clinician web
portal to view patient data (Figure 1). The platform is a CE
(Conformité Européenne)-marked Class I medical device
registered with the Medicines and Healthcare products
Regulatory Agency Information Governance Level 2 (Infor-
mation Governance Statement of Compliance) and is com-
pliant with the General Data Protection Regulation of the
European Union. Data safety and communication was
guaranteed using server-side encryption and authenticated
protocols are detailed in the Supporting Information
Methods section.

Patient characteristics and clinical course

Ten patients were enrolled in the study (mean age
46.3 ± 7.8 years, six male and four female). In three partici-
pants, newly diagnosed HFrEF was due to ST-segment eleva-
tion myocardial infarction, and in seven participants, it was
caused by dilated cardiomyopathy. Paroxysmal or persistent
atrial fibrillation (AF) was present in one patient at baseline
and newly diagnosed in two participants during the study.
One study participant received an implantable cardioverter
defibrillator at the end of the inpatient stay as therapy of a
symptomatic, intermittent grade 3 atrioventricular block.
One patient developed an acute disabling cerebral ischaemia
7 weeks after inclusion, which prevented the t1 visit. Except
for one patient, all participants were previous smartphone
users (three iOS and six Android), and half of them were ac-
tive users of at least one readily accessible mHealth applica-
tion (pre-installed fitness apps, nutrition apps, etc.).

Results of clinical examinations at baseline and during
follow-up are listed in Table 1. All patients exhibited severe

Table 1 Clinical and laboratory parameters

Value (valid n) Baseline (t0) 1 month follow-up (t1) End of study (t2)

Physical investigation
Body weight (kg) 82.80 ± 9.810 81.79 ± 8.4610 82.74 ± 8.109

RR systolic (mmHg) 122 ± 17.9810 115 ± 14.5810 107.2 ± 13.499

RR diastolic (mmHg) 78 ± 8.810 76.11 ± 14.0910 69.44 ± 8.829

Heart rate at rest (1/min) 71.3 ± 15.010 71 ± 10.210 67.3 ± 8.09

Transthoracic echocardiography
LVEF (%) 26.5 ± 9.810 35.0 ± 11.2**,10 36.8 ± 11.7**,9

Laboratory
NT-proBNP i.S. (pg/mL)
All 2518 ± 191310 1614 ± 152310 1278 ± 11599

Without AF patients 3022 ± 20447 1801 ± 17317 1331 ± 1325#,6

Creatinine i.S. (mg/dL) 1.13 ± 0.5910 1.12 ± 0.5610 0.92 ± 0.169

Standard 6MWT
Distance (m) 433.9 ± 180.510 580.4 ± 148.3**,10 643.2 ± 148.0**,##,9

Cardiopulmonary exercise testing
Exercise time16 8.5 ± 3.95 8.5 ± 4.510 8.9 ± 4.48

Peak watt 112 ± 705 117 ± 5610 130 ± 568

Peak VO2 (mL/min) 1366 ± 6905 1598 ± 70210 1552 ± 6648

Peak VO2 (mL/kg/min) 15.74 ± 7.35 19.1 ± 7.110 18.43 ± 6.88

VE/VO2 40.25 ± 3.25 35.9 ± 5.210 38.63 ± 7.18

Questionnaires
MLHFQ
Global score 47.1 ± 16.5410 30.56 ± 13.31*,9 30.33 ± 20.019

Physical subscore 23.5 ± 7.5610 12.44 ± 5.92**,9 11.33 ± 9.19*,9

Emotional subscore 7.4 ± 5.6210 7.22 ± 6.049 7.11 ± 5.239

KCCQ
Global score 81.1 ± 16.7610 98.78 ± 12.92*,9 105.8 ± 13.7*,9

Functional status 48.1 ± 12.4410 61.44 ± 6.98*,9 56.9 ± 20.899

Clinical summary 67.3 ± 13.0310 86.78 ± 12.16**,9 83.4 ± 31.59

PHQ9 16.8 ± 5.4110 13.9 ± 3.739 14.38 ± 4.219

CAQ 23.78 ± 9.5410 22.13 ± 9.859 19.67 ± 9.359

6MWT, 6 min walk test; AF, atrial fibrillation; CAQ, Cardiac Anxiety Questionnaire; KCCQ, Kansas City Cardiomyopathy Questionnaire;
LVEF, left ventricular ejection fraction; MLHFQ, Minnesota Living with Heart Failure Questionnaire; NT-proBNP, N-terminal pro-brain natri-
uretic peptide; PHQ9, Patient Health Questionnaire Depression Scale; RR, Blood Pressure.
Values are presented as mean ± SEM.
*P < 0.05 (compared with baseline).
**PP < 0.01 (compared with baseline).
#P < 0.05 (compared with t1).
##PP < 0.01 (compared with t1).
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HFrEF at the time of inclusion with markedly reduced LVEF,
CPET capacity, and elevated N-terminal pro-brain natriuretic
peptide (NT-proBNP). Initial questionnaires reflected reduced
health-related QoL (MLHFQ and KCCQ) and pathological
values in our screening tools for depression (PHQ-9) and
heart-focused anxiety (CAQ). Treatment according to current
guideline recommendations for HF14 was initiated in all pa-
tients, and an improvement in clinical status was observed
during the study period. While NT-proBNP improved numeri-
cally, LVEF significantly recovered from severe to moderately
reduced. Likewise, physical performance as evaluated by the
6MWT improved significantly, as did health-related QoL.

Patients’ acceptance and usability of the cardio
patient monitoring platform

The CPMP performed technically as expected, with only
minor bug fixes that could be implemented after the end of
the trial. Patient adherence with daily intake of self-measured

data was satisfactory (82.95% for blood pressure and 78.18%
for body weight). Questionnaires indicated a high degree of
patient satisfaction with the CPMP (see the Results section
in the Supporting Information with Figure S1). Likewise, from
the physicians’ perspective, the web-based secure data trans-
fer to the treating physicians’ notepad and the usage of the
app went without technical issues. In three study partici-
pants, medical therapy was modified in response to
hypertensive/hypotensive blood pressure values based on
transferred data. These were the only in-between study inter-
ventions required in the cohort.

Device-related measurement of steps

As indicator of everyday life physical activity (PA), we
analysed the MDSC captured by built-in pedometer func-
tions of smartphone and smartwatch. Of the 692 patient
days, a valid step count was available for 578 days
(83.5%). As expected, the MDSC averaged over 14 days
was low following hospital discharge (3612 ± 3311) and in-
creased significantly to the first follow-up (6927 ± 4871;
P < 0.0001) and to the end of study (7069 ± 5006;
P < 0.0001) (Figure 2).

There was a significant correlation between the MDSC
and several conventional clinical parameters (Table 2 and
Figure 3A). It correlated best with parameters of clinical
exercise testing, that is the distance in the conventional
6MWT and peak VO2 in CPET. In addition, a strong association
with patient-reported outcomes in the MLHFQ and KCCQ,
especially with the subscores representing health-related QoL,
HF symptoms, and PA, was observed. No association was seen
between theMDSC and the results of the psychological surveys
(PHQ9 and CAQ), suggesting the MDSC reflects motivational
aspects much less compared with physical capability.

The MDSC differed significantly between patients with se-
verely (LVEF < 30%) and moderately reduced ejection

Table 2 Correlation of the mean daily step count with clinical parameters

Value Pearson’s correlation coefficient Level of significance

NT-proBNP (ng/mL) r = �0.37 (95% CI �0.66, 0.03) P = 0.0667
MLHFQ

Global score r = �0.52 (95% CI �0.76, �0.16) P = 0.0077**
Physical subscore r = �0.47 (95% CI �0.72, �0.09) P = 0.0177*
Emotional subscore r = �0.29 (95% CI �0.61, 0.12) P = 0.1659

KCCQ
Global score r = 0.56 (95% CI 0.21, 0.78) P = 0.0034**
Functional status r = 0.51 (95% CI 0.14, 0.75) P = 0.0099**
Clinical summary r = 0.56 (95% CI 0.21, 0.78) P = 0.0038**

PHQ9 r = �0.27 (95% CI �0.60, �0.14) P = 0.1878
CAQ r = �0.09 (95% CI �0.48, 0.34) P = 0.6956

CAQ, Cardiac Anxiety Questionnaire; CI, confidence interval; MLHFQ, Minnesota Living with Heart Failure Questionnaire; KCCQ, Kansas
City Cardiomyopathy Questionnaire; n.s. not significant; NT-proBNP, N-terminal pro-brain natriuretic peptide; PHQ9, Patient Health Ques-
tionnaire Depression Scale.
*P < 0.05.
**P < 0.01.

Figure 2 Mean daily step count (14 day average) at study inclusion (t0),
at 1 month follow-up (t1), and at the end of study (t2). Values are pre-
sented as mean + SEM. ***P < 0.001. n.s. not significant.
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fraction (LVEF ≥ 30%). Study participants with poor exercise
performance (walking distance ≤400 m in the conventional
6MWT; peak VO2 ≤ 14 mL/kg/min in CPET) made significantly
fewer steps per day than those with values above. With in-
creasing health-related QoL measured in the MLHFQ [catego-
rized according to Behlouli et al.15 in good (<26), moderate
(26–45), and poor QoL (>45)], the daily walking activity was
higher as well (Figure 3B).

Validation of the app-based 6 min walk test

To allow for a more familiar measure of exercise capacity
beyond the MDSC, we designed an app-based 6MWT that
instructs the patient to perform the test in analogy to
the conventional supervised 6MWT. The device-related
mean measurement of the distance covered during the
test showed acceptable divergence from standard

Figure 3 Correlation of the mean daily step count (14 day average) with traditional clinical parameters of heart failure severity. All available recordings
were pooled for this analysis. (A) Pearson’s correlation analysis. (B) Mean daily step count in subgroups classified after distinct cut-offs. Values are pre-
sented as mean ± SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. CI, confidence interval; dist 6MWT: distance in 6 min walk test; LVEF, left ventricular
ejection fraction; MLHFQ, Minnesota Living with Heart Failure Questionnaire.
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measurement, as expressed in the low mean percentage
error (7.4%) and mean absolute percentage error (14%)
of all values (Figure 4). It exhibited a strong correlation
(r = 0.93 with 95% CI 0.85–0.97; P < 0.0001) (Figure 4B),
although individual measurements differed up to 173 m.
Measuring errors of the app resulted from underestima-
tion and overestimation of very long or short distances,
visible as a regression of measuring values towards the
mean (Figure 4A).

Smartwatch-based heart rate measurement

The compliance with wearing the Apple Watch was accept-
able with 587 valid wear days out of 692 (84.8%) and a mean
daily wearing time of 12.71 ± 1.13 h. The arithmetic mean of
all mean heart rates acquired by the CPMP and averaged over
7 days was 72.69 ± 8.35 b.p.m. at baseline, 74.45 ± 8.98 b.p.
m. at t1, and 74.82 ± 8.01 b.p.m. at t2. To evaluate the mea-
surement accuracy and clinical usability of heart rate data
captured by the Apple Watch in free-living conditions, we
matched data with those of two Holter ECGs with 4 days of
records each in six patients. The smartwatch measurements
were punctual with varying intervals following a proprietary
algorithm of watchOS (on average 10.8 ± 7.5 measuring

events/h). We found a high level of consistency when com-
paring the mean heart rate measured by the Apple Watch
(72.66 ± 7.40/min) and the Holter ECG (68.03 ± 8.4/min). Cal-
culations yielded a high correlation coefficient (r = 0.87; 95%
CI 0.76–0.93; P < 0.0001) and only a small mean percentage
error (mean percentage error 7.26 ± 6.49%; mean absolute
percentage error 7.56 ± 6.13%) so that the daily mean heart
rate captured by the watch can be considered valid.

Discussion

Principal findings

To the best of our knowledge, this is the first study to evalu-
ate a commercially available smartphone/smartwatch system
for TM of HF patients. Moreover, for the first time, the usabil-
ity of build-in pedometers of iOS devices to assess PA in HF
patients under real-life conditions is investigated. The main
findings are as follows: (i) the CPMP is the first fully functional
iOS and consumer device-based application for HF patients. It
proved technically feasible with regard to functionality of
hardware/software and patients’ adherence. (ii) The MDSC
exhibited significant correlations with established clinical

Figure 4 Validation of the app-based 6MWT. (A) Mean ± SEM of distances measured in the standard 6 min walk test (6MWT) and the device-based
6MWT at study inclusion (t0), the 1 month follow-up (t1), and at the end of study (t2). *P < 0.05, **P < 0.01, and ***P < 0.001. (B) Pearson’s cor-
relation analysis. CI, confidence interval.
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parameters including 6MWT, peak VO2 in CPET, and scores in
questionnaires for health-related QoL (MLHFQ and KCCQ).
(iii) Being more continuous and more robust towards motiva-
tional bias compared with traditional surrogate parameters of
cardiac performance, the MDSC may therefore represent an
excellent parameter of ambulatory PA in HF patients and a
meaningful new PROM for TM and HF trials.

Patients’ acceptance and feasibility of the cardio
patient monitoring platform

We observed a high overall satisfaction with the CPMP to-
gether with good ratings for user-friendliness and convenient
handling of the mobile app. In line with this, patients’ adher-
ence to daily self-measurement and input of vital signs was
higher than expected and tended to range above average
compared with previously reported trials.6,7,16–18 While more
than half of the patients entered self-measured data on over
85% days of the study, the majority of missing values could
be attributed to few patients. In those, entering of data in
the CPMP was impeded during cardiac rehabilitation
(3–4 weeks) to a large extent because of missing Internet
connectivity in rehabilitation clinics in Germany.

Validity of smart device-based measurement of
health data

In contrast to most step counters used in clinical trials,19,20

smartphones and smartwatches with built-in pedometers al-
low for more convenient and probably more accurate mea-
surement of daily step count as marker of everyday PA. The
observed compliance rate of >80% and mean wear time of
12.71 ± 1.13 h account for the validity of the measured step
count. Still, in order to make smart device-based step
counting more meaningful for clinical research in future, the
exact wear time should be known, for instance, by the use
of sensor-based algorithms as proposed by Choi et al.21

The comparison of the covered distance measured by the
app-based 6MWT with that of the standard 6MWT showed
a small but significant systematic error of the smart device-
based method. The observed underestimation and overesti-
mation of high and low distances may at least in part be ex-
plained by the fact that the used iOS/watchOS devices have
the highest accuracy at a pace of 5 km/h walking speed that
is less good with slower walking pace.22,23

Apart from activity monitoring, wrist-worn smart devices
like the Apple Watch measure its wearer’s heart rate via
photoplethysmography. For the Apple Watch 1, several trials
give evidence of its good or very good accuracy in measuring
heart rate under laboratory conditions.24,25 Our study is the
first that validates heart rate measurements of the Apple
Watch in HF patients against the standard criterion of a

repeated long-term ECG during a 4 day period in everyday
life. Our results demonstrate that given a daily wear time
>10 h/day, Apple Watch-based heart rate measuring is ap-
propriate to adequately assess the mean daily heart rate that
is most relevant for both therapy modification and prognosis
in HF,14 although a small systematic error results from the
missing recording during night-time charging.

Smart devices provide new patient-reported
outcome measures

In light of the recent debate on the limitations of endpoints in
HF trials (LVEF, NT-proBNP, and other surrogate parameters),
there is a pressing need for meaningful PROMs. The study
strongly suggests that the CPMP might address this need,
providing continuous data from the patients’ everyday life.

Daily walking activity quantified by pedometer-based step
count already represents an established marker for PA in car-
diac patients.26 In our study, the MDSC was determined by
multiple sensors with parallel acquisition as an averaged
value over 14 days. Compared with the 6MWT and other clin-
ical examinations, it is therefore more robust against short-
term performance variations and motivational bias. Still, we
found strong correlations of the MDSC with exercise capacity
(6MWT and peak VO2 in CPET) and LVEF. While the correla-
tion of walking activity with functional class of the NYHA scale
has already been demonstrated,27 our results also account
for its correlation with health-related QoL and symptom bur-
den (MLHFQ and KCCQ) as well. The missing correlation of
the MDSC with NT-proBNP most likely points to high interin-
dividual differences and known limitations including sensitiv-
ity towards AF of this biomarker.

We observed a low MDSC after hospital discharge that sig-
nificantly increased during the first month and persisted at
2months. Stable outpatients with chronic HF and severely re-
duced LVEF display similar low walking activity20 as in our
trial. However, it should be mentioned that the degree of rise
in daily step count together with the corresponding improve-
ment of LVEF, NT-proBNP, and 6MWT distance within
1 month after hospital discharge is higher than observed in
previous trials. Because this was not an interventional study,
and the cohort consisted of only 10 patients, the mechanisms
behind the dramatic improvements remain obscure.

Apart from correlations with established clinical parame-
ters, literature gives evidence of the predictive value of daily
step count regarding HF outcomes like arrhythmias and
death.28 Its significance for TM in the post-discharge period
is demonstrated by the finding that physical inactivity mea-
sured by step count predicts hospital readmissions after hos-
pitalization for decompensated HF.29 While earlier-cited
previous studies used medical devices for step counting, we
are the first to demonstrate the usability of build-in pedome-
ter technology of iOS devices to assess PA in HF patients
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under real-life conditions. In addition, the CPMP collects both
self-measured physiological data and patient-reported out-
comes in everyday life conditions. Algorithms based on more
than one parameter can predict worsening and readmission
of HF patients. Accordingly, we speculate that parameter op-
timization by advanced machine learning algorithms may fur-
ther improve predictability.

Study limitations

Some limitations of our study should be considered. Because
of its design as a feasibility trial, we analysed only a small
sample size without control group that was not sufficient to
detect effects of the TM intervention on clinical outcomes
like re-hospitalization. Because patients were carefully
screened for eligibility concerning their digital aptitude, a se-
lection bias is obvious. Moreover, for the current being, we
consider the interactive aspects of the technology only suit-
able for tech-savvy patients. However, with rapidly increasing
popularity of smart devices, the number of patients willing
and capable to accept smart device-based TM will rapidly
increase.

Conclusions

Our study demonstrates the feasibility of a newly designed
mobile application for TM of patients after HF hospitalization.
The system allows for continuous and secure transmission of
the patients’ relevant health data to the treating physician. In
our trial, we are the first to show that daily step count mea-

sured by iOS/watchOS devices in free-living conditions is a
valid surrogate parameter of daily PA and correlates to
established clinical parameters. In future, the integration of
self-measured physiological data, patient-reported outcomes,
and health data captured by iOS devices in computer-based
algorithms may serve to predict worsening of clinical state
and prevent hospital readmissions. Therefore, we suggest
smart device-based monitoring and in particular measure-
ment of activity as new diagnostic parameter in TM concepts
and a new endpoint in clinical HF trials.
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