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A scoping review on advancements in
noninvasive wearable technology for heart

failure management
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Wearables offer a promising solution for enhancing remote monitoring (RM) of heart failure (HF)
patients by tracking key physiological parameters. Despite their potential, their clinical integration
faces challenges due to the lack of rigorous evaluations. This review aims to summarize the current
evidence and assess the readiness of wearables for clinical practice using the Medical Device
Readiness Level (MDRL). A systematic search identified 99 studies from 3112 found articles, with only
eight being randomized controlled trials. Accelerometery was the most used measurement technique.
Consumer-grade wearables, repurposed for HF monitoring, dominated the studies with most of them
in the feasibility testing stage (MDRL 6). Only two of the described wearables were specifically
designed for HF RM, and received FDA approval. Consequently, the actual impact of wearables on HF
management remains uncertain due to limited robust evidence, posing a significant barrier to their

integration into HF care.

Heart failure (HF) impacts around 63 million individuals worldwide, sig-
nificantly affecting patients and their caregivers'. Moreover, it places a
significant strain on the healthcare system, primarily due to the necessity for
frequent outpatient visits and recurrent hospitalizations”. This escalation in
demand for services and resources is especially challenging in today’s
healthcare environment, which is already facing issues with limited capacity,
staff shortages and high workload’. Remote monitoring (RM) has been
proposed as a solution to reduce this burden, with a recent meta-analysis
highlighting its effectiveness showing that both invasive and non-invasive
RM technologies can significantly lower mortality and hospitalization rates
among HF patients’. However, the landscape of RM modalities is remark-
ably diverse, ranging from non-invasive blood pressure measurements to
invasive hemodynamic sensors (e.g., CardioMems and Cordella device)*.
Moreover, the adoption of RM technologies faces obstacles due to the
absence of standardized methodologies and external validation’. These
challenges contribute to a notable gap in determining the appropriate
technology for specific patient categories. As a consequence, the present HF
guidelines offer a limited endorsement for incorporating RM in the care of
HF patients’.

Simultaneously to this development, there has been a rapid surge in a
large array of (commercially available) health technology, including wear-
able devices ranging from smartwatches, rings and accessories incorporated
into clothing’. Leveraging these wearable devices to monitor physiological

variables offers a personalized and empowering experience for patients, that
might become an important chain in modern HF-management. However,
the efficacy of most of these wearables have poorly been studied'’. Thus, as
physicians increasingly embrace wearables for monitoring, critical questions
persist regarding their safety, readiness, and validity''. Consequently, reg-
ulatory bodies have taken steps to ensure the safe and effective application of
these devices for medical purposes. For instance, the European Union’s
Medical Device Regulation (MDR) and U.S. Food and Drug Administration
(FDA) have established classifications and guidelines to regulate wearable
devices that may have medical applications'*". Addressing these knowledge
gaps and informing the HF community about the integration of these
devices in clinical practice is of paramount importance. Therefore, we
performed a comprehensive scoping review to provide an overview of all
wearable devices currently being tested and used in HF management. This
review aims to elucidate their functionalities, applications, and evaluate their
developmental progress in the HF population by obtaining their MDR/FDA
classification and by using the Medical Device Readiness Level (MDRL)
framework".

Results

A total of 3112 articles were identified and after screening for eligibility, 99
studies were included, involving 13.879 patients (Fig. 1)""'". A detailed
overview of the characteristics of the included studies is provided in Table 1
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effectiveness will be assessed.

system.

MDRL 9, Post-market surveillance: Device is fully accepted in the market.

MDRL 8, Market acceptance: Total human system performance is tested and validated. The device is
approved by a regulatory body (Medical Device Regulation, and/or Food and Drug Administration).

MDRL 7, Pivotal testing: The device is tested on a large sample of heart failure patients. Clinical
effectiveness is established. Usability test will be performed.

MDRL 6, Feasibility testing: The device is tested in a small sample of heart failure patients and clinical

MDRL 4, "Animal" testing: Initial evidence of device safety is established including the performance in a living

MDRL 3, Bench testing: Identifying mechanical, electrical and biological performance, such as signal quality,
durability, and accuracy in capturing physiological data under controlled conditions.

MDRL 2, Prototype development: Developement of a working prototype device based on the scientific and
design principles. Potential identification issues in user performance to improve the design.

Basic research

challenge.

MDRL 1, Needs assessment: Identification of scientific and design principles to address an existing medical

Fig. 1 | Description of the Medical Device Readiness Level (MDRL). In this figure, each stage of the Medical Device Readiness Level (MDRL) is briefly described. A more
detailed description of each stage and MDRL itself can be found in the article of Ruiz Seva et al."*.

and Supplementary Table 1. Over time, the number of studies including
wearables has steadily increased. Most studies included wrist-worn devices
(n =43, 43.4%), such as accelerometers, followed by vests (n =23, 23.2%)
and hip-worn devices (n =20, 20.2%). (Table 2) The majority of these
studies were designed as prospective studies, accounting for 91.9% of the
included studies, and were predominantly conducted in the United States,
Western Europe, and Japan. Our search identified only 8 RCT's that involved
wearable technology”********"**7*!%” However, no articles were found that
tested the effectiveness of a wearable device in a large randomized setting.

Single measurement techniques

In 65 studies included in this review, a wearable device using a single
measurement technique was employed (Table 1). Among these, 53 used
accelerometery for measuring PA, with the devices predominantly worn on
the wrist (n = 33,62.3%) or hip (n = 12,22.6%). Notably, only the ActiGraph
devices — the most frequent used accelerometery wearable (1 = 53, 81.5%) -
have a medical grade for measuring PA (MDR Class I and FDA Class II
clearance). Most of these single measurement techniques wearables were
considered having a MDRL of 6, indicating that most are in the feasibility
phase for the intended purpose (Table 1 and Fig. 2). Most of these studies
were observational in nature (90.1%) and only five were RCTs (7.7%).
However, none of these studies primarily focused on the efficacy of RM
through the use of accelerometers as they were either embedded in a home-
based rehabilitation intervention or were part of a substudy in a larger
clinical trial. A substantial number of included studies employing wearable

accelerometers have demonstrated that HF patients exhibit lower PA levels
compared to the healthy population, and experience worse outcomes when
their PA is reduced'®*”°87>76808286109 "Other studies have shown that PA, as
measured by accelerometery, is associated with disease severity, as well as
cognitive and executive function'®'”*>**”***'*  Additionally, three studies
used accelerometers as part of a lifestyle intervention to motivate HF
patients to increase their exercise®'”’.

Apart from accelerometery, another technique that can be used in RM
for HF is bio-impedance, which is briefly explained in Supplementary
Table 2. This technique, which measures pulmonary congestion is used in
eight studies (7.9%). The majority of these studies employed the ReDS ™
Wearable system, currently the only wearable with a medical grade (FDA
Class IT) for measuring pulmonary congestion'*>***>**'>. Most studies using
this technique were observational, except for one RCT and one pilot trial.
Within the relatively small RCT (n=100), a ReDS-guided treatment
strategy was assessed in a hospital environment showcasing a reduction in
clinical events at 30 days". Currently, only one study of limited size (n = 10),
described the use of this wearable in a remote environment, concluding that
the use of such device is feasible in the first 30 days after discharge, and
improves self-care behavior'”. Consequently, the MDRL was estimated at 6
for all devices that rely solely on bio-impedance.

In two other studies, wearables that solely use ECG signals to measure
heart rate and rhythm were utilized. In one study (n = 66), a patch (MDRL:
6) designed for extended wear was utilized as part of a Hospital-
Community-Family-Based Telehealth Program®”. In the other study
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Table 2 | Summarized information per measurement technique

Total Accelerometer  Bio-impedance ECG PPG SCG Thermometer  Other techniques®
Single measurement techniques N =65 N =53 N=8 N=2 N=1 N=1 N=0 N=0
Type of device, n (%)*
Wrist-worn device 35 (53.8) 33 (62.3) - - 1(100) 1(100) - -
Hip-worn device 17 (26.2) 12 (22.6) - - - - - -
Vest 9(13.8) 1(1.8) 1(12.5) 1(50.0) = = S =
Patch(es) 3 (4.6) 1(1.8) 7 (87.5) 1(50.0) = = = =
Multi-sensor device - - - - - - - -
Other types® 6(9.2) 5(9.4) - - - - - -
Study type, n (%)
Randomized controlled trials 5(7.7) 4(7.5) 1(12.5) - - - - -
Observational studies 57 (87.7)  48(90.5) 6 (75.0) 2 (100) 1(100) - - -
Proof-of-concept 1(1.5) - - - - 1(100) - -
Pilot trial 2(3.1) 1(1.8) 1(12.5) - - - - -
Geographical region, n (%)
Asia 9(13.8) 5(9.4) 1(12.5) 2 (100) - 1 (100) - -
Europe 26 (40.0) 24 (45.3) 2(25.0) - - - - -
North America 27(41.5) 23 (43.4) 4 (50.0) - - - - -
Latin America 1(1.5) 1(1.8) - - - - - -
Middle Eastern 2(3.1) - 1(12.5) - 1(100) - - -
Complex measurement N=34 N=25 N=7 N=26 N=13 N=13 N=5 N=4
techniques
Type of device, n (%)*
Wrist-worn device 8 (23.5) 8(32.0) - 1(3.8) 7 (53.8) - - -
Hip-worn device 3(8.8) 3(12.0) 2 (28.6) 3(11.5) 2(15.4) - 1(20.0) 1(25.0)
Vest 14(41.2) 10 (40.0) 3 (42.9) 14(53.8) 2(15.4) 10(76.9) 1(20.0) =
Patch(es) 5(14.8) 1(4.0) 1(14.3) 5(19.2) 1(7.7) 2(15.4) 1(20.0) 1(25.0)
Multi-sensor device 3(8.8) 2 (8.0 1(14.3) 2(7.7) - 1(7.7) 1(20.0) 1(25.0)
Other types® 2(5.9 2 (8.0 - 1(3.8) 1(7.7) - 2 (40.0) 2(50.0)
Study type, n (%)
Randomized controlled trials 3(8.8) 3(12.0) - 1(3.8) 2(15.4) 1(7.7) - -
Observational studies 24 (70.6) 18(72.0) 4 (57.1) 19(73.1) 7(53.8) 2(154) 3(60.0) 2(50.0)
Proof-of-concept 7(20.6) 4(10.0) 3(42.9) 6(23.1) 4(30.8) 10(76.9) 2 (40.0) 2(50.0)
Pilot trial - - - - - - - -
Geographical region, n (%)
Asia 4(11.8) 2 (8.0) - 3(11.5) 3(@3.1) - 1(20.0) 2 (50.0)
Europe 14(41.2) 12(48.0) 1(14.3) 12(46.2) 4(30.8) 8(61.5) 3(60.0) 1(25.0)
North America 16 (47.1) 11 (44.0) 6 (85.7) 11(42.3) 6(46.2) 5(38.5) 1(20.0) 1(25.0)

Latin America

Middle Eastern

PPG Photoplethysmography, ECG Electrocardiography, SCG Seismocardiography.

“Type device: In some more than one wearable is used, and therefore this percentage does in some techniques not add up to 100%.
“Other types include: ankle-worn devices (1 = 2), a bracelet worn on the upper arm (n = 1), body-worn devices (n = 3), and waist-worn devices (n = 3).

°Other techniques include: barometry (n = 1), humidity sensor (n = 1), microphone (n = 2).

(n=11), the feasibility and safety of a telerehabilitation program were
assessed in which a wireless ECG vest (MDRL: 5) was used to remotely
monitor the HF patient during a cardiac rehabilitation session®. Lastly, one
wearable, a prototype wearable with MDRL 4, used seismocardiography as
technique to measure cardiac time intervals, which could contain valuable
for HF monitoring, in a proof-of-concept study’”.

Complex measurement techniques

A total of 34 studies (34.3%) utilized wearable devices or a combination
of wearables employing multiple measurement techniques. Most of the
studies included were of observational nature (n =24, 70.6%), with

only three being RCTs (8.8%). Among these studies, the WCD Zoll
LifeVest® (n =9, 26.5%) and smartwatches from various brands (n =9,
26.5%) were the most commonly used wearables. In the studies where
the WCD Zoll LifeVest® was utilized, heart rate was the most often
measured function™?*7#*#°15482% The MDRL for the heart rate
function was classified as 9, reflecting its core functionality in detecting
life-threatening arrythmias and the ability to deliver therapy if
necessary (medical grade: FDA Class III). This device can also be used
to measure physical activity (MDRL: 6) and cardiac acoustic bio-
markers (MDRL: 5)*?%*#353% Multiple studies describe that the
LifeVest can be used for RM of HF and thereby potentially improve
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Fig. 2 | PRISMA flowchart. The flow diagram shows the number of studies identified and in- and excluded at the different stages of this scoping review.

clinical outcomes™”** and provide valuable information regarding

titration and treatment response of GDMT***%,

Smartwatches and other wrist-worn devices form another group of
wearables that utilize a combination of measurement techniques. All these
devices incorporate accelerometers combined with either PPG, ECG or
both. Among these wearables, Fitbit devices were the most frequently used
(n=6,17.6%) and have a medical grade (MDR Class ITa, FDA Class II) for
heart rate measurement. Within this group of devices, the MDRL ranged
from 5 to 7, with the lowest MDRL for the functionality energy expen-
diture in both the Fitbit Charge 2 and Mio Slice devices, and the highest for
heart rate in the Fitbit Charge HR. In studies employing these wrist-worn
devices, most have demonstrated utility for clinical purposes in HF
patients'®, though these devices lacked sufficient accuracy in estimating
the patients’ energy expenditure™. Additionally, other studies indicate
that adherence to and usability of these devices are generally high**'”.

There are a limited number of studies focusing on enhancing physical
activity (PA) in HF patients™’*. One study focused on self-monitoring and
self-management in recently admitted HF patients, which showed
improved quality of life in the short-term; however, this effect did not
persist to 12 weeks™.

Lastly, there are wearables that are specifically designed for the mon-
itoring of HF patients. Those devices are described and used in 11 studies
and ranged from prototype devices to more developed devices with MDRLs
ranging from 3 to 6. These wearables utilize various combinations of mea-
surement techniques as described in Table 1. The studies in which these less
developed devices are described focus on the ability of measuring variables
relevant to HF, such as pulmonary congestion and potassium blood content
obtained from ECG signals™”**'"". Four studies showcased the ability of
two wearables in tracking changes in pulmonary fluid status™*****. One of
these studies demonstrated the usability of their device in a remote setting”.
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Two other studies demonstrate the correlation between cardiac acoustic
63,67

biomarkers and absolute pulmonary artery pressures and HF state®™".

Discussion

In this scoping review, we evaluated the use of non-invasive wearables to
monitor HF patients which resulted in the following main findings; (I)
Currently, a diverse array of non-invasive wearables are used for monitoring
HF patients, with a primary focus on physical activity assessment. Addi-
tionally, wearables encompassing ECG, PPG, SCG, and bio-impedance
based sensors, facilitating the transmission of parameters such as heart
rhythm, heart rate, and pulmonary congestion, have been studied. (IT) Most
of the wearables intended for RM of HF patients are currently in the fea-
sibility phase (MDRL 6). However, many of these wearables were originally
designed for different purposes or different populations and have been
adapted for HF monitoring. (III) The majority of these devices are
consumer-grade wearables and have not received FDA- or MDR approval
for the monitoring of HF patients. (IV) While multiple devices demon-
strated safety, reliability, and efficacy in small, predominantly observational,
studies, there is a lack of large-scale RCTs to firmly establish the clinical
advantages of wearable RM. Overall, our findings highlight the potential of
wearables in RM for HF, but more so emphasize the need for further
research to establish their clinical benefits before wider adoption and clinical
implementation.

In the evolving landscape of remote HF management, the advent of
non-invasive wearable technologies offers a promising solution to improve
patient monitoring and care, while potentially easing the strain on health-
care systems™' . In this study, accelerometers were identified as the wearable
technology most thoroughly researched, mainly for tracking physical
activity. Among them, the Actigraph accelerometer was the most frequently
used, reaching a MDRL of 6 and achieving approval from both the FDA and
MDR. However, the latter was not specifically for the RM of HF patients.
The focus on accelerometers is particularly relevant given its availability and
given the current reliance on the subjective New York Heart Association
(NYHA) classification to assess functional status in HF patients, a method
with a number of intrinsic limitations' . Our review has identified several
studies describing a significant association between decreased physical
activity, as measured by accelerometers, and key clinical outcomes,
including reduced exercise capacity and quality of life, with some studies
even linking it to increased mortality”’®”’. While accelerometers show
promise in objectively measuring physical activity and potentially com-
plementing traditional clinical assessments, the direct impact of such
measurements on patient care, particularly in improving outcomes, remains
an area requiring further investigation.

Current RM strategies surpass mere physical activity tracking, aiming
primarily at identifying clinical deterioration, especially congestion, to avert
hospital admissions or readmissions'. The challenge of detecting early
congestion in HF patients, particularly during stages when symptoms are
not present, is significant. This challenge is exacerbated by the limitations of
physical examinations, laboratory markers, and patient-reported symptoms
in predicting HF readmissions'"”"**. Such limitations underscore the urgent
need for innovative, non-invasive methods capable of accurately assessing a
patient’s volume status to guide diuretic treatment effectively. Our review
has identified various wearable devices designed for the direct non-invasive
monitoring of congestion. Notable innovations include the ReDS non-
invasive vest and the CardioSet Edema Guard Monitor, both of which
employ bio-impedance for direct congestion assessment. The ReDS system,
in particular, has attracted the most interest with a considerable amount of
evidence supporting its use. Currently, one RCT (NCT03586336) is in
progress, exploring the ReDS system’s practicality and effectiveness in a real-
world clinical context. Simultaneously, there is an emerging trend towards
the development of more pragmatic wearables, such as smartwatches and
small patches which are capable of estimating patients’ volume status or
hemodynamic parameters associated with HF, including cardiac output and
pulmonary wedge pressure'”. The development of these indirect mea-
surement techniques often involves the use of machine learning models

integrating various variables, such as HR, HRV, pulse pressure timing
(PPT), and physical activity (PA) in their estimation of the target parameter.
Currently, these innovative approaches are still in the nascent stages of
development, typically around MDRL 4-5, indicating a preliminary phase
compared to the aforementioned devices**. Despite the potential of these
ML-driven systems, the complexity and the black-box nature of the
underlying algorithms pose challenges in clinical interpretation and
acceptance'”’. To overcome these barriers and ensure the successful inte-
gration of these wearables into clinical practice, it is critical to advance
clinical validation efforts. This includes conducting large-scale RCT's to
ascertain their effectiveness and incorporating explainable Al approaches to
demystify the decision-making processes of these technologies'.

Modern consumer wearables can perform measurements with a degree
of accuracy comparable to regulated medical instruments. Consequently,
the line between wearables designed for consumer use and those intended
for medical applications is increasingly blurred. The general public is now
more than ever using this data to monitor and improve their health'”. A
similar trend is evident in scientific research, as highlighted in this review,
with the majority of the wearables under investigation being consumer-
grade designed for different purposes or different populations and adapted
for HF monitoring. While the use of consumer-grade wearables democra-
tizes access to physiological data, it also poses challenges for healthcare
providers. It’s essential to recognize that the majority of consumer-grade
wearables (or part of their functionalities) have not undergone thorough
validation, and even when they have, this validation has primarily been
conducted on young and healthy individuals. Hence, clinicians should be
cautious, recognizing that these wearables should not be employed for this
purpose beyond research settings to safeguard patient well-being'*'*".
Moreover, the accuracy reported depends on the choice of the gold standard
utilized. This underscores the importance of establishing standardized
protocols and measures to conduct a robust assessment of the accuracy of
these devices, as well as to define their operational limitations™. In this
regard, it is striking that a MDRL below 6 hardly occurs in this category of
wearables. In contrast, most devices specifically developed for HF patients
were still in the prototype phase with the exception of the ReDS™ Wearable
System which has a MDRL of 6**>****'>, When specifically developing a
technology for HF patients, consideration was given from the start to which
parameters could have clinical value, preliminary studies and validation
were performed in the intended population. As such, the included proto-
types a MDRL of 4 may therefore actually be further along in the process
towards clinical application than a number of already commercially avail-
able wearables that have now been used on HF patients for the first time.
This is also exemplified by the fact that the VitalPatch and ReDS™ Wearable
System both have received FDA approval for the monitoring of HF patients,
whereas none of the consumer-grade wearables have achieved such
recognition®******!®!% Tf the results of both wearables are replicated in a
larger RCT, the devices would obtain a MDRL of 7 or 8. However, the
development, validation, and production of wearables tailored to specific
purposes often entail higher costs, which can restrict their global adoption
and availability. Although we did not include or report the costs associated
with each wearable, our findings clearly illustrate this trade-off. Further-
more, they underscore the constraints of the MDRL, emphasizing that
iterations should not only emphasize the significance of rigorous validation
but also stress that it must be conducted within the target population.

A recent meta-analysis advocated for the use of RM for HF patients by
showing that non-invasive RM of vital signs is associated with a significant
reduction in the risk of first and total HF hospitalizations’. Integrating
wearables into HF monitoring systems offers the possibility of significantly
improving patient care through the continuous and objective tracking of
physiological data. The enhanced connectivity of most wearable devices
enables the real-time monitoring of changes in cardiac condition, providing
a more immediate and comprehensive view of the patient’s health status.
This continuous and up-to-date data acquisition has the potential to
enhance the timeliness and predictive accuracy as compared to sporadic
measurements'”. The rationale behind this improvement lies in the ability
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to extract valuable insights from trends and effectively filter out daily fluc-
tuations. However, this optimistic outlook on wearable technology inte-
gration comes with a caveat. Despite the ability to measure a vast array of
physiological parameters, a critical question remains if these measurements
tangibly benefit HF management and patient outcomes? The reality of
healthcare innovation brings to light the complexity of translating data into
actionable insights. While wearables hold the potential to foster proactive
HF healthcare and encourage patient engagement and self-management,
their effectiveness hinges on our ability to identify which measurements are
clinically relevant and how they can be used to guide therapeutic decisions.
Several challenges and opportunities remain to unlock the potential of RM
with wearables. First, as described above, it is crucial to investigate the safety
and effectiveness of wearables through randomized studies that not only
include a larger patient population but also expand to encompass diverse
geographical settings, including low-income countries, which were notably
absent in our study'”’. Despite the proven safety and reliability of various
devices in small observational studies, there is a notable lack of large RCTs
confirming the clinical benefits of wearable RM. Current research often
focuses on the devices’ ability to reliably transmit data, leaving their actual
clinical impact largely unexplored due to the high cost of extensive trials.
Execution of these trials are problematic because technological advance-
ments in the field of wearables outpace the results of these trials. Novel trail
designs are necessary to resolve this problem'”'**, Furthermore, it is crucial
to diversify study populations beyond the typical demographic of younger,
white, wealthier individuals. Including varied socio-economic backgrounds
and focusing on underrepresented groups will help ensure that wearable
technologies can be equitably beneficial and tailored to the needs of all
populations, particularly those in regions that are currently underserved by
advanced medical technologies'**'*". Rushing to integrate these devices into
standard HF care without thorough testing in other demographic groups
could result in flawed monitoring, as evidenced by numerous studies
highlighting inaccuracies in PPG-derived SpO2 measurements among
individuals with darker skin tones''. Furthermore, since these devices are
not readily available to other populations, their integration may potentially
exacerbate disparities in HF care'”. To address this risk, it is critical to
implement strategic measures such as expanding insurance reimbursement,
shifting towards value-based payment models, and increasing public and
private sector investments in wearable technology'**'”’. As we embrace
wearable devices in our healthcare system, it is imperative to maintain an
ongoing focus on equity concerns in order to address the pre-existing digital
divide. Second, to facilitate reliable, long-term continuous measurements in
a wearable form there is a need for further advancement in sensing and
sampling technologies. Patients have well over 500.000 heartbeats and over
100.000 breaths a week. Noise, misinterpretation and false positives are
thereby unavoidable. This will lead to extra care visits, which have to be
weight against the benefits in resource restrained care systems. One way to
accomplish this is by employing multimodal and/or multiplexed sensing,
which involves using various transducer types which simultaneously mea-
sure different signals in a single wearable'”. Third, further integration of
wearables will create an overload of data that challenges the feasibility of the
needed data infrastructure in hospitals. Not only does this require large-
scale data storage, but the assessment of the resulting data will also be labor
intensive when done by healthcare providers'”. Consequently, the
expanding use of wearables necessitates a corresponding increase in
healthcare provider training programs. These programs should be designed
not only to enhance data management skills but also to enable providers to
make informed decisions based on the data collected by these devices. By
contrast, the development of monitoring protocols, including alarm
thresholds, will play an important role to mitigate this work. Additionally,
the potential of cloud or fog computing, data mining, and machine learning
in managing and interpreting the vast datasets generated by wearables has
been highlighted'*. These technologies could play a transformative role in
automating data interpretation, thereby reducing the burden on healthcare
providers and potentially enhancing the scalability of wearable technologies
for RM of HF patients'”. This could be further enhanced through the

integration of feedback loops that would exclude the intervention of a
healthcare provider (closed-loop). For example, a wearable device could
allow for real time monitoring of the hemodynamic state of the patient and,
in case of congestion, could offer an advice to increase the diuretic dosage or
even give a subcutaneous bolus of the diuretic. Fourth, social acceptance of
wearables must be ensured by informing users about the advantages
and disadvantages and by integrating them into application ecosystems and
health-care services. Last, the adoption of protocols for data safety
and privacy with the establishment of an ethical regulatory framework for
wearable data networks could further promote their use'*.

Despite the various strengths inherent in this comprehensive
scoping review, it is essential to acknowledge its limitations. Firstly,
although the MDRL provides a comprehensive depiction of the devel-
opmental stage of a wearable device, it has a limitation when evaluating
existing wearables, not specially designed for HF monitoring. Existing
wearables do not progress to the entire MDRL framework and when
tested in the target population automatically receive at least MDRL 5, as
they are beyond the prototype phase. However, clinical value is not
guaranteed merely by reaching this stage, as measurements might be
unreliable in HF patients. Thus, a universally adapted scale is needed to
prioritize the intended medical purpose for all stages of development,
enabling a fair comparison of wearables’ readiness. Secondly, the
inclusion of only English full-text articles and the omission of non-
English articles and conference papers represent another limitation.
Conferences and preprint servers play a crucial role in the technology
and machine learning community. Consequently, this approach might
have missed out on some novel developments and valuable insights from
conference publications and non-English journals. However, conference
papers may lack the same scrutiny of the peer-review process, potentially
leading to biased results. Thirdly, it is important to note that both
commercially available and medical-grade wearable activity monitors
are constantly evolving, with new products being released each year. Asa
result, findings from studies conducted earlier in the data collection
period may hold less relevance to researchers today. However, evolution
of wearable technology does not invalidate the insights and knowledge
gained from earlier studies. Instead, it adds to the growing body of
research, allowing for comparisons, trend analysis, and identification
of changes in technology and its impact on outcomes. Last, the objective
of this scoping review was to describe the current evidence of the use of
wearables in RM of HF patients. As such, we did not give a detailed
description of the capabilities of each wearable, their underlying tech-
nique and separate functionalities.

In conclusion, this review evaluated the application of wearables in the
RM of HF patients, highlighting a significant reliance on consumer-grade
devices repurposed for medical studies. While a minority of wearables have
been explicitly designed for HF monitoring and have even received FDA
approval, the real value of these technologies in enhancing HF care remains
under question. Especially, the paucity of large-scale RCTs underscores a
critical gap in our understanding of the real-world benefits of wearables in
managing HF. Addressing this question is essential for moving beyond
“nice-to-have” gadgets to truly impactful tools in healthcare.

Methods

We performed a scoping review with a systematic literature search of both
randomized controlled trials (RCTs) and observational studies according to
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
for Scoping Reviews (PRISMA-ScR) guidelines'”’. The PRISMA-ScR
checklist is provided in Supplementary Note 1. A prespecified local proto-
col was available.

Search strategy and selection criteria

In collaboration with an expert librarian specialized in systematic searches
a literature search was carried out on the 05/06/2024 including studies that
were published up to that date, by using Embase, Medline Ovid, Web of
Science and PubMed. Keywords used in the search included: “heart
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Fig. 3 | MDRL per variable. An overview of the
variables utilized in various wearables in research for
heart failure remote monitoring. For each variable,
the Medical Device Readiness Level (MDRL) is
provided. MDRL medical device readiness level, HF
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failure”, “wearable electronic devices”, “telemedicine”, and “remote mon-
itoring”. The full search strategy is presented in Supplementary Note 2.
Only peer-reviewed full original articles in the English language were
included in our study. Studies were included if they contained any form of
RM (or intended for RM) using a wearable sensor in chronic HF patients
(NYHA class I-III or ambulatory class IV) aged 18 years or above. For this
literature search, a wearable was defined as a connected electronic device
that can be worn on the body as an accessory or embedded into clothing
without burdening or hindering the wearer. In an effort to distinguish
among the different types of wearables used in HF management, we define
consumer-grade wearables as devices commercially available for general
health monitoring, not specifically intended for medical use. Medical-
grade wearables, including those used for research, are designed and
validated for specific health monitoring purposes and are regulated by
health authorities like the FDA or MDR. Non-invasive measure devices
such as standard blood pressure monitors, electrocardiograms or handheld
ultrasound were not defined as wearables. Additionally, studies about
wearables (e.g., wearable cardioverter defibrillator) used for therapy only
were excluded if there was no monitoring function used as well. Articles
about the cost-benefit analysis of RM that include a wearable in their costs
but do not provide detailed information about the used wearable were also
excluded. The same applied for studies that solely described healthcare
professionals” and/or patients’ experiences with RM in general unless they
provide specific, detailed information about the wearable device itself.

Three independent reviewers (A.R., A.S., and N.S.) independently
performed screening of title and/or abstract to identify studies that
potentially met the inclusion criteria. Hereafter, the full-text of each
selected study was discussed in detail to decide upon the eligibility based
on the inclusion and exclusion criteria. In case of any disagreement
regarding eligibility and no consensus was reached the final decision was
made by the last author (R.B.). If eligible studies described the same
population, only the study with the longest follow-up or most recent
publication containing the entire population was included, unless dif-
ferent outcomes of interest were studied in each article. Studies
describing a subgroup of the same population were excluded. For title
and/or abstract and full-text screening of the article, the online available
systematic review tool “Covidence” was used.

Data collection and extraction

The following information was extracted from the main study reports:
author, year of publication, country, study name, study design, sample size,
type of wearable, predictors the device can measure, sensor types of the
device and endpoints of the study. Data was extracted in a predefined
Microsoft Excel spreadsheet. Additionally, the medical certification for
every device was collected from the online available databases of the Food
and Drug Administration (FDA) and the Medical Device Regulation
(MDR)"*". In the United States, wearables used for medical purposes
require FDA certification and wearables used in the European Union
require MDR certification.

Medical device readiness level

The Medical Device Readiness Level (MDRL), an adaption of the Tech-
nology Readiness Level, as proposed by Ruiz Seva et al."* was used to assess
the readiness of the wearables to be implemented in a clinical setting for HF
monitoring. This measurement system has nine levels with general
descriptions (Fig. 3). The MDRL levels ranged from 1, in which an existing
medical challenge is addressed by identification of scientific and design
principles, to MDRL 9 in which the wearable device is fully accepted in the
market'. For this study, we specifically assessed the wearables’ readiness for
HF monitoring. To ensure objectivity in determining the MDRL, each study
was independently assessed by three researchers (N.S, A.S, RB), and dis-
crepancies were resolved through structured discussions to achieve con-
sensus. The assessment was solely based on information extracted from the
articles obtained through the systematic search. To capture variations in
readiness based on specific monitoring functionalities (e.g., physical activity
or heart rate monitoring), the MDRL was evaluated per function. This
approach acknowledges that the readiness between the different functions
may differ, especially when considering its application in the HF population.

Data availability
The data underlying this article can be shared on reasonable request to the
corresponding author.
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