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Aims Previous generations of home monitoring systems have had limited usability. We aimed to develop and evaluate a
user-centred and adaptive system for health monitoring and self-management support in patients with heart failure.

Methods
and results

Patients with heart failure were recruited from three UK centres and provided with Internet-enabled tablet computers
that were wirelessly linked with sensor devices for blood pressure, heart rate, and weight monitoring. Patient observa-
tions, interviews, and concurrent analyses of the automatically collected data from their monitoring devices were used
to increase the usability of the system. Of the 52 participants (median age 77 years, median follow-up 6 months [inter-
quartile range, IQR, 3.6–9.2]), 24 (46%) had no, or very limited prior, experience with digital technologies. It took par-
ticipants about 1.5 min to complete the daily monitoring tasks, and the rate of failed attempts in completing tasks was
,5%. After 45 weeks of observation, participants still used the system on 4.5 days per week (confidence interval 3.2–
5.7 days). Of the 46 patients who could complete the final survey, 93% considered the monitoring system as easy to use
and 38% asked to keep the system for self-management support after the study was completed.

Conclusion We developed a user-centred home monitoring system that enabled a wide range of heart failure patients, with differing
degrees of IT literacy, to monitor their health status regularly. Despite no active medical intervention, patients felt that
they benefited from the reassurance and sense of connectivity that the monitoring system provided.
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Mixed-method research

Introduction
The provision of evidence-based care to heart failure patients is a
major challenge to health systems worldwide.1 Traditional clinician-
centred and poorly integrated models of care are not well suited
for the management of complex chronic conditions, such as heart
failure.2 Although the needs and risks of heart failure patients often
change over time,3 patients tend to spend �98% of their time out-
side hospitals with no possibility of information exchange with their

healthcare providers.4 While this may imply that more intensive and
proactive monitoring is needed, from clinicians perspective, even
the existing recommendations for gradual drug titration and inter-
mittent safety checks often pose a significant challenge.5

Innovative models of care delivery that make better use of digital
technologies may help fill the gaps in healthcare provision and could
provide a sustainable and more affordable complement to the
prevailing labour-intensive models of heart failure care.2,6 Such
models of care could not only help to improve the delivery of
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evidence-based care, but they also have the potential to make
healthcare more personalized by offering an efficient way of captur-
ing patients’ informed preferences. However, despite the intuitive
appeal of such systems, the evidence for their effectiveness and ef-
ficiency is inconsistent.7 –9

One of the key limitations of previous generations of non-
invasive, home monitoring systems has been the insufficient engage-
ment of users with the technology, resulting in low adoption rates.10

In many technology-focused studies, the need to tailor monitoring
systems to user’s capacity and preferences has often not been given
sufficient priority when the product was being developed.11 With-
out adequate user engagement with the system, however, any po-
tential benefits from such innovations are likely to be missed or
significantly diluted.

We report the findings from the Seamless User-centred Pro-
active Provision Of Risk-stratified Treatment for Heart Failure
(SUPPORT-HF) study that aimed to develop and evaluate the us-
ability of a simple and adaptive system for remote health monitoring
and non-pharmacological self-management in heart failure.

Methods

Co-design of the health monitoring
and self-management support system
The SUPPORT-HF system and our iterative approach in improving it
have been described elsewhere.12 In brief, the system included an
Android-based tablet computer with a touch screen that connected
wirelessly via Bluetooth to a blood pressure (BP) and heart rate monitor
and an electronic weighing scale. The application included additional fea-
tures that allowed participants to review their personal readings via a
graphical display, access educational material (such as video clips about
heart failure and drug management), and communicate with the study
team (clinicians, administrators, engineers, and a social scientist) by
pressing a ‘contact me’ button that triggered an email and text messages
to the study team. The study team could also send text messages to par-
ticipants to comment on their health status and in-built alerts were
issued, recommending patients to contact their own doctor or nurse
if their weight had increased by .2 kg over 4 days.

We adopted an iterative and patient participatory approach informed
by action research13 and agile software development14 principles to de-
velop the remote home monitoring system. To better understand pa-
tients’ need and capacity for home monitoring, we first arranged a
co-design workshop with 15 heart failure patients and their caregivers.
This co-design workshop helped the study team to narrow the range of
options for hardware selection and software design. After this initial de-
velopment and testing phase, we involved 52 participants and their care-
givers over a follow-up period averaging 6 months in adaptation and
testing of the system. Qualitative and quantitative methods were em-
ployed to understand and tackle usability issues. More specifically, the
tablet computer recorded all participant interactions (in addition to
the health monitoring data) and securely transmitted these through
3G/4G Internet to a web-server hosted within the National Health
Service network infrastructure. These quantitative data about user in-
teractions with the system were combined with information from
ethnographic observations and interviews to inform changes to the sys-
tem. During the course of the study, several changes were made, which
related to functional features (e.g. data visualization and instructions for
health status measurement) and non-functional features (filtering algo-
rithms for elimination of measurement errors and data synchronization

mechanisms resistant to intermittent mobile network disconnection).
To minimize the burden of software updates to participants, we created
a private application distribution channel via the Google play store,
which automatically updated the Android application for all participants.

Study design
SUPPORT-HF was a non-interventional cohort study, which aimed to
iteratively develop and evaluate the usability of a remote health moni-
toring and non-pharmacological self-management support system for
heart failure patients with varying degrees of physical and cognitive func-
tioning. In this study, we report the final summative evaluation of the
system by focusing on the quantitative findings.

Setting
Participants were identified from two hospitals (from acute and ambu-
latory settings) and one community heart failure service provider in
South Central England. Participant recruitment, follow-up, and evalu-
ation took place in each patient’s home environment.

Participants
Consenting adults with a confirmed diagnosis of heart failure (with or
without reduced left ventricular systolic function) were eligible for re-
cruitment into the study, provided they were able to read and under-
stand English. There was no clinical exclusion criterion and, where
appropriate, participants’ caregivers were invited to take part in the
study. By employing such broad eligibility criteria, we aimed to recruit
a suitably diverse patient population with health and demographic char-
acteristics that are typical for heart failure patients in the UK. Inclusion of
patients with high rates of physical disabilities and varying independence
was particularly encouraged to gain insights into different views on the
study procedures and the usability of the system. Overall, 58 heart fail-
ure patients consented to take part in the study. For technical and
health-related issues, six patients could not contribute quantitative
data to the usability evaluation and are not included in this report.
However, interviews with some of these participants and their relatives
will be included in a separate qualitative report. These six patients
did not differ materially in their clinical characteristics from the other
52 patients who contributed data to this report (summary characteris-
tics of all 58 patients and reasons for missing usability information
from these participants are provided in Supplementary material online,
Table 1 and Figure 1).

Study procedures
After informed consent was obtained, participants were shown the
steps they needed to follow to answer questions about their health
and wellbeing and to measure their BP, heart rate, and weight. Over
the course of the study, we evaluated different iterations of question-
naires for capturing patients’ symptoms and finally adopted a self-
assessed New York Heart Association class questionnaire.15 Study
participants were asked to complete the symptoms diary and physio-
logical measurements on a daily basis if possible, but the recommenda-
tions were not prescriptive so that the study team could learn from
participants’ preferences on timing and frequency of measurements. In
addition, some participants were offered the opportunity to reduce the
frequency of measurements during the course of the study if their re-
cordings were stable. Furthermore, participants could choose not to
complete certain aspects of the monitoring system depending on their
preferences or wellbeing (for example, weight measurement could be
skipped if they are unable to stand, or completion of the diary could
be hidden if the patient had severe visual impairment and could not
be assisted by a caregiver). Finally, other sections of the application
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that allowed them to learn more about heart failure, to review their own
readings, and to request contact were demonstrated to the patient.

Patients were informed that their participation in the study was com-
plementary to routine health care provision, and that research staff
would not assume any responsibility for medical management. There
were no home visits for clinical assessment after the initial recruitment,
but participants were provided with contact details of the study staff
for any questions and comments that they had in relation to the use
of the equipment and were asked for permission to be visited by a social
scientist for observations and interviews.

Study outcomes and outcome measurement
The study’s primary outcome measure was system usability, defined as
‘the extent to which a product can be used by specified users to achieve
specified goals with effectiveness, efficiency, and satisfaction in a speci-
fied context of use’.16,17 In this study, we specified three usability indica-
tors: (i) successful completion of home monitoring tasks, which would
involve the three steps of task initiation, completion on the first attempt,
and timely data transfer to central servers; (ii) the ease with which par-
ticipants updated their physiological measures using the monitoring de-
vices provided; and (iii) participants’ attitudes towards the usefulness
and accessibility of the system, including the frequency of system use.
A mixed-method approach was used to evaluate system usability. Quali-
tative findings concerning user expectations and experiences are subject
to a separate report. Quantitative information was obtained from a par-
ticipant questionnaire (informed by Technology Acceptance Models18)
and the usage logs of the monitoring system, which allowed precise es-
timation of timing, errors, and duration of user interactions. We calcu-
lated the duration of tasks, defined as the time interval from the
participant being shown a message to perform a certain task to the
time when the data were captured and displayed by the tablet computer
to the user. We calculated failure rates in completion of individual tasks
by dividing the total number of initiated but not completed measure-
ments by the total number of measurement attempts per patient per
week.

Secondary outcomes included clinical events and changes to the va-
lidated Minnesota Living With Heart Failure (MLWHF) score and its
physical and emotional subdomains. Questionnaires were programmed
into the application and were self-administrated in the second week of
study participation and then every 3 months.

Statistical analyses
We used descriptive statistics to summarize the survey findings. For es-
timation of changes in usability indicators and quality-of-life scores over
time, we used generalized estimating equations, with robust standard
errors, to take account of the interdependency of measures at the par-
ticipant level. We used Poisson distribution for all frequency measure-
ments and normal distribution for all measurements of duration and
quality-of-life scores. In survival analyses, early withdrawal from the
study can potentially bias the effect estimates and, in our case, could
lead to more positive assessment of usability. To reduce such risks, cen-
soring dates for early withdrawals were extended to the end of the
planned 6-month follow-up (or study completion date, whichever
came first), with all usage data assumed to be zero between the with-
drawal and censoring dates. For all other participants, study end date
was defined as the date of final assessment, date of death, or a maximum
of 45 weeks after the first patient had entered the study. All analyses
were undertaken using Stata version 13.1.

Study findings are reported in accordance with the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE) recom-
mendations.19 The study was approved by the NHS Health Research

Authority (NRES Committee South Central, Oxford, reference: B13/
SC/0125).

Results
Between June 2013 and May 2014, 58 patients were recruited into
the study, of which 52 contributed data to the current usability
evaluation. The clinical and socio-demographic characteristics of
study participants are presented in Table 1. The median age of par-
ticipants was 77 years, which is consistent with the median age of 78
years for hospitalized heart failure patients in the UK in 2012.20

About half of participants (46%) included in the study had no or
very limited prior experience with digital technologies such as smart
phones and touch-screen tablet computers.

During the median observation period of 6 months (interquartile
range [IQR] 3.6–9.2 months), three patients (6%) died (one due to
severe COPD and right-sided heart failure, one due to acute myo-
cardial infarction, and one due to cancer complications). One pa-
tient (2%) underwent cardiac transplantation and 15 patients
(29%) had at least one unscheduled admission to the hospital, of
which 5 were due to cardiorenal problems. Three other patients
(6%) had an elective heart failure-related admission. The median
MLWHF score was 35 (IQR 18–57) and did not change significantly
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Table 1 Baseline clinical and socio-demographic
characteristics

Age in years, median (IQR) 77 (65–83)

Women, n (%) 18 (35)

Diabetes mellitus, n (%) 21 (40)

Chronic obstructive lung disease, n (%) 10 (19)

Moderate or severe valvular disease, n (%) 24 (46)

Left ventricular ejection fraction, median % (IQR) 34 (28–50)

Level of competency in use of digital technologies

Very limited or none, n (%) 24 (46)

Competent, n (%) 22 (42)

Expert, n (%) 6 (12)

Self-assessed severity of symptoms

NYHA class 1, n (%) 9 (18)

NYHA class 2, n (%) 22 (43)

NYHA class 3, n (%) 14 (27)

NYHA class 4, n (%) 6 (12)

MLWHF score, median (IQR) 35 (18–57)

EQ5D score, median (IQR) 2 (1–4)

Systolic blood pressure (mmHg), median (IQR) 118 (104–136)

Diastolic blood pressure (mmHg), median (IQR) 73 (65–82)

Heart rate (b.p.m.), median (IQR) 75 (67–86)

Weight (kg), median (IQR) 77 (67–90)

Creatinine (mmol/L), mean (SD) 109 (47)

Urea (mmol/L), mean (SD) 10 (4.8)

Haemoglobin (g/dL), median (IQR) 13 (12–14)

SD, standard deviation; IQR, interquartile range; NYHA, New York Heart
Association; MLWHF, Minnesota Living With Heart Failure questionnaire; EQ5D,
European quality-of-life score; b.p.m., beats per minute.
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over time (P ¼ 0.93). Its physical and emotional subdomains did not
show any significant trend over time either (P ¼ 0.79 and 0.70,
respectively).

Usability assessment
During the second week of study participation, 97% of attempted BP
measurements and 97% of attempted weight measurements were
completed successfully with display of results to the user and on-
ward transfer of the data to central servers. The rate of successful
first attempts remained high with 95 and 99.6% for BP and weight

measurement, respectively, at the end of the follow-up period
(P ¼ 0.46 and 0.05, for change in BP and weight measurement,
respectively).

Durations of the measurements for completion of the diary, BP/
heart rate measurement, and weight measurement are shown in
Figure 1. The time spent completing the symptom diary declined
from 18 s (robust confidence intervals [CI] 13–25 s) in the second
week of study participation to 3.9 s at the end of the study (CI 2.8–
4.9 s; P for trend ,0.001), possibly as a result of learning as well as
simplification of the questionnaire. In the second week of the study,
it took participants 32 s (CI 29–35 s) to measure their weight and
65 s (CI 58–71 s) to measure BP and heart rate. These durations did
not change materially over time. By the end of study, it took parti-
cipants about 1.5 min (96 s) to complete all three tasks.

The frequency of system usage declined modestly over time due
to fatigue (because no active personalized intervention was pro-
vided and/or clinical findings did not vary much) and medical advice
(because patients were clinically stable; Figure 2). Nonetheless, at
the end of the 45-week observation period, participants still used
the system on 4.5 days per week (CI 3.2–5.7 days). These high ad-
herence rates were broadly consistent with the survey of partici-
pants’ attitudes towards usefulness and accessibility of the system
(Figure 3). 83% of participants reported that they were using the sys-
tem fully independently and the remainder required some assistance
from their caregivers. 93% of participants felt that the system was
easy or very easy to use. Despite the fact that no actual medical
intervention was offered in this study, 78% of participants agreed
or strongly agreed to the statement that ‘using the system helps
me manage my health better’. All participants indicated that they
would recommend the system to others, should it become more
widely available. At the final visit, when the home monitoring system
was to be retrieved, 20 participants (38%) asked whether they could
keep it for self-management support after study completion.

Discussion
Through co-design with patients and their caregivers, we were able
to develop a reliable and easy-to-use system for heart failure home

Figure 1 Duration of self-monitoring activities by week of study.
Mean duration and 95% confidence intervals for (A) diary mea-
surement, (B) blood pressure measurement, and (C) weight mea-
surement over the study duration.

Figure 2 Frequency of system usage by the week of study.
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monitoring with high user satisfaction. The monitoring system al-
lowed participants to measure their health status in ,2 min, access
educational material about heart failure, and wirelessly send and re-
ceive information about their health status and usage behaviour.
Despite the high average age of participants with little prior experi-
ence with using digital devices, at the end of the study most (83%)
reported using the system alone without getting any additional help.
Although this study did not intend to follow-up participants over
longer term, nor did it include any medical intervention or adher-
ence management advice, a large proportion of participants valued
the sense of connectivity that the monitoring system offered. Parti-
cipants continued to use the system on 4.5 days per week up to the
end of the study and over a third asked to keep the system for self-
management after the study completion.

One of the major barriers to the widespread use of digital tech-
nologies for management of chronic diseases such as heart failure
has been their limited usability and inadequate incorporation of user
feedback into system design and evaluation.11,21 In SUPPORT-HF,
we were able to work with patients and their caregivers from the
outset to co-design the system and develop a better understanding
of the needs and capacity of high- as well as low-risk heart failure
patients.

Through automated collection of user interactions with the sys-
tem and their combination with ethnographic observations and in-
terviews, we were able to monitor and learn users’ behaviour, and
modify the system accordingly. This approach allowed us to develop
and refine several system features that enabled the elderly partici-
pants with limited technology literacy to use the system with confi-
dence. These features for example included a simple touch button
to request contact and remote automatic updates of the software
without the need for any steps taken by the patients.

Although the high rate of patient engagement and their sense of
empowerment by the technology are the first necessary require-
ments for successful monitoring and management of patients with
chronic conditions, these will not be sufficient for keeping the prom-
ise of digital health. So far, little has been done to integrate the home

monitoring data with other sources of health information such as
electronic health records. The convergence of information from dif-
ferent sources combined with high user engagement rates makes
more accurate prediction of risk and treatment personalization pos-
sible. In addition, the changing needs of patients require continuous
adaptation of the system for personalized feedback and communica-
tion with the patients. Future studies, including the SUPPORT-HF 2
trial (ISRCTN86212709), will test the hypothesis that integrated and
IT supported models of care delivery can lead to better medical
outcomes with greater system efficiency.

In conclusion, we developed an adaptive and user-friendly home
monitoring system that enabled a wide range of heart failure
patients, even those with no prior competency in using digital
technologies, to monitor their health status regularly. Despite no
active medical intervention, patients benefited from the reassurance
and sense of connectivity that the monitoring system provided.
How to make use of this reliable connection between patients
and healthcare providers for more effective and efficient healthcare
delivery requires further interventional studies.

Supplementary material
Supplementary material is available at European Heart Journal —
Quality of Care and Clinical Outcomes online.
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