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Abstract
The recent pandemic ushered in a marked surge in the adoption of digital health technologies (DHTs), necessitating remote
approaches aiming to safeguard both patient and healthcare provider well-being. These technologies encompass an array of
terms, including e-health, m-health, telemedicine, wearables, sensors, smartphone apps, digital therapeutics, virtual and aug-
mented reality, and artificial intelligence (AI). Notably, some DHTs employed in critical healthcare decisions may transition into
the realm of medical devices, subjecting them to more stringent regulatory scrutiny. Consequently, it is imperative to understand
the validation processes of these technologies within clinical studies. Our study summarizes an extensive examination of clinical
trials focusing on cardiovascular (CV) diseases and digital health (DH) interventions, with particular attention to those incorpor-
ating elements of AI. A dataset comprising 107 eligible trials, registered on clinicaltrials.gov and International Clinical Trials
Registry Platform (ICTRP) databases until 19 June 2023, forms the basis of our investigation. We focused on clinical trials employ-
ing DHTs in the European context, revealing a diverse landscape of interventions. Devices constitute the predominant category
(45.8%), followed by behavioral interventions (17.8%). Within the CV domain, trials predominantly span pivotal or confirmatory
phases, with a notable presence of smaller feasibility and exploratory studies. Notably, a majority of trials exhibit randomized,
parallel assignment designs. When analyzing the multifaceted landscape of trial outcomes, we identified various categories such
as physiological and functional measures, diagnostic accuracy, CV events and mortality, patient outcomes, quality of life, treat-
ment adherence and effectiveness, quality of hospital processes, and usability/feasibility measures. Furthermore, we delve into a
subset of 15 studies employing AI and machine learning, describing various study design features, intended purposes and the
validation strategies employed. In summary, we aimed to elucidate the diverse applications, study design features, and objectives
of the evolving CV-related DHT clinical trials field.
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Introduction
The world health organization (WHO) has defined digital
health (DH) as the field of knowledge and practice associated
with the development and use of digital health technologies to
improve health. Digital health expands the concept of elec-
tronic health (eHealth) to include digital consumers, with a
wider range of smart devices and connected equipment. It
also encompasses other uses of digital technologies for
health such as the Internet of things, artificial intelligence,
big data and robotics.1
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Digital health technologies (DHTs) encompass a variety
of terms including e-health, m-health, telemedicine, wear-
ables and sensors, smartphone apps, digital therapeutics,
virtual and augmented reality, and artificial intelligence
(AI). Such technologies aim to collect and process informa-
tion from big data, electronic health records, remote moni-
toring activities, connected devices and more for a holistic
approach to healthcare that is more inclusive of the patient
in the whole process.2,3 Some great benefits of DH have
been associated with reduced inefficiencies, improved
access, reduced costs, increased quality, and making medi-
cine more personalized for patients.4

AI refers to techniques that allow computer systems to
mimic human intelligence and behavior. Machine learning
(ML), a subset of AI, uses advanced statistical techniques
allowing machines to learn from data and improve with
experience. AI in healthcare has emerged as a groundbreak-
ing paradigm, leveraging sophisticated algorithms to revo-
lutionize medical practices. In the cardiovascular (CV)
space, application of AI allows the processing of vast
amounts of patient data and medical literature, such as
data related to diet, electrocardiogram (ECG), genetics, life-
style, and data from various softwares and wearables or
imaging data may provide insights that aid in early
disease detection, personalized treatment recommendations
and prognosis assessments.5 AI promises to provide accur-
ate diagnosis, personalized treatment plans, and predictive
insights into patient outcomes. AI-powered tools, such as
image recognition systems and natural language processing
enhance medical imaging analysis and streamline adminis-
trative tasks, optimizing healthcare workflows.6 Moreover,
AI’s ability to continuously learn and adapt empowers
healthcare providers to deliver more precise, efficient, and
patient-centric care. However, the integration of AI in
healthcare must address ethical and regulatory considera-
tions to ensure patient privacy, transparency, and maintain
human oversight.

CV diseases are the leading cause of death globally,
being responsible for almost 18 million lives every year.7

It is therefore not surprising that novel interventions such
as DHT and AI have been applied to the field with a
variety of purposes. In fact, DHT research articles have
been exponentially growing in the field of CV research.8

Zwack and colleagues have described clusters of research
areas in the field, such as cardiac electronic implantable
devices, mobile health for secondary prevention of CV dis-
eases, wearable technologies, stroke rehabilitation, and
emergency CV care.

Some authors argue AI methods will be used in the car-
diology area mainly by automating tasks that humans might
otherwise perform and generating clinically relevant new
knowledge for risk prediction.9 AI in echocardiography
was one of the first applications for assessment of left ven-
tricular volume and function with automated quantification.
Other relevant applications of AI in the field relate to

cardiac/coronary computed tomography, automated detec-
tion of possible missing basal and apical sites in cardiac
MRI, ML in nuclear cardiology to improve diagnostic
accuracy and identification of perfusion defects and their
location and predict early revascularization, diagnosis of
heart failure (HF), interpretation of ECG and prediction of
cardiac arrhythmias, the latest of which comprises on the
most widespread applications.9 Clinical trials are a founda-
tional advancement in medical science, aiming at assessing
the effectiveness and safety of novel medical interventions.
Like pharmaceutical drugs, medical devices, software, and
DHTs with implications in healthcare must undergo the
same rigorous testing before being deployed in the wider
society.10 However, the nature of these studies can
present a challenge as they can fundamentally differ from
traditional pharmaceutical trials with different approaches
to trial design, data collection, endpoints, ability to mask
interventions, participant engagement, and trial duration
and cost.

This article aims to provide a comprehensive overview
of the current landscape of clinical trials involving DHTs
in Europe, with a particular focus on CV diseases. By ana-
lyzing and synthesizing the existing clinical trials, we
explore the various types of DHTs included in CV studies
and the clinical endpoints assessed. Furthermore, we will
delve into the challenges faced and opportunities presented
by these trials, as well as their potential impact on patient
care and clinical practice.

Material and methods

Data search

To identify relevant clinical trials, we employed the
advanced search functions available on clinicaltrials.gov
and ICTRP websites. Our search strategy involved utilizing
specific keywords such as “digital health,” “electronic
health,” “mobile health,” “mhealth,” “telehealth,” “artificial
intelligence,” and “machine learning.” On 19 June 2023, a
total of 12,407 records were retrieved in CSV format, which
served as the initial dataset for further analysis.

Data screening and extraction

The trials selection process was illustrated in a flowchart
(Figure S1), outlining the sequential steps taken. Initially,
duplicate trials were eliminated, resulting in a dataset of
11,117 records. Subsequently, trials conducted outside of
Europe were excluded, narrowing down the focus. As the
interest was specifically on interventional approaches, non-
interventional studies were removed from the dataset.
Following this, a thorough manual revision of titles and
abstracts was conducted, eliminating trials unrelated to
the topic of DH interventions and AI. This refining
process led to the identification of 1341 relevant studies.
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High-level analysis of the therapeutic areas investigated in
this context was performed. To classify the health categor-
ies, an automated data mining tool utilizing the WHO clas-
sification (April 2022 version) was employed, allowing for
the detection and conversion of studied conditions into
ICD-11 classification categories. Non-CV disease-related
trials were subsequently excluded, resulting in a final
dataset of 122 records. These records underwent a compre-
hensive manual analysis, delving into greater detail. Further
filtering steps were implemented to remove non-relevant
studies, resulting in a total of 107 studies. Certain studies
were excluded due to their interventions or research objec-
tives falling outside the scope of the article. These studies
encompassed a range of topics, including nutritional inter-
ventions, temperature regulation in the context of cognitive
impairment post-cardiac arrest, awareness campaigns
related to CV disease, feasibility assessments of prevention
programs within healthcare institutions, patient interviews
regarding medication adherence behaviors, provision of
heart health assessments for older individuals, and observa-
tional investigations. Pertinent information, including trial
registration number, title, status, conditions, interventions,
outcome measures, sponsors/collaborators, gender, age,
phases, enrollment, funding type, study design, time per-
spective, and locations, was meticulously extracted from
the remaining studies.

Data processing

The primary objective of this study centered around
CV-related trials, with a specific focus on extracting infor-
mation pertaining to the reported outcomes. Given the
extensive range of outcome types, a systematic categoriza-
tion approach was employed. To facilitate this process, the
primary outcomes of each study were analyzed and categor-
ized into one of seven major outcome categories identified
(physiological and functional measures, diagnostic accur-
acy, CV events and mortality, patient outcomes/quality of
life, treatment adherence and effectiveness, quality of
Hospital processes, usability and feasibility).

Statistical analysis

This study aimed to examine the features of registered trials
employing DHTs, and descriptive analysis was used to
analyze the variables. Only categorical variables were
reported, in the form of frequencies and percentages.

Results

Characteristics of the included trials in the CV
therapy area

Overview of disease areas in CV-related trials. A total of 107
trials were included (Table 1). CV-related trials represented

about 9% of the records initially captured (Table S1). The
most common areas in the major CV therapeutic area
were HF (22.4%), cerebrovascular diseases (19.6%), ische-
mic heart disease (17.8%), diseases of the myocardium or
cardiac chambers (12.1%), hypertensive heart disease
(12.1%), arrhythmias (7.5%), symptomatic diseases of
arteries or arterioles (3.7%), signs or clinical findings of
the circulatory system (3.7%), and pulmonary heart
disease or diseases of pulmonary circulation (0.9%)
(Table S1). This is in line with the share of CV-related
studies in the European clinical trial space.11

Characteristics of CV trials

In our analysis, we identified various types of interventions
(Table 1). Devices accounted for almost half of all interven-
tions, representing 45.8% of the total. Behavioral interven-
tions made up 17.8%, procedures 10.3%, diagnostic tests
9.3%, and genetic tests 0.9%. Additionally, interventions
that did not fit into any specific category constituted a sig-
nificant portion at 20.6%.

Among the included trials, a substantial portion (39.3%)
had fewer than 100 participants, suggestive of feasibility or
exploratory studies. The majority (48.6%) had between 100
and 1000 participants, more typical of pivotal or confirma-
tory trials. A smaller fraction (10.3%) represented large
trials involving over a thousand subjects. Regarding the
target population, most studies (87.9%) focused on adults
(18 years and older). A smaller percentage did not make
distinctions based on age (7.5%), some targeted older
adults specifically (3.7%), and only one study aimed both
children and adults (0.9%). In terms of gender-specific
trials, only two studies (1.9%) were aimed exclusively at
males, while the majority (98.1%) included both males
and females. As expected, medical device and DH clinical
studies did not strictly adhere to traditional trial phases
commonly seen in pharmaceutical trials. Specifically, we
found that 93.5% of the studies did not have an applicable
phase, with one study falling into phase 1 (0.9%), and three
studies each fitting into phase 3 and phase 4 (2.8%) of the
traditional distinctions. Regarding allocation methods, a
significant proportion of trials (70.1%) were randomized,
while 13.1% were non-randomized, and 15.9% did not
specify their allocation approach. Concerning the interven-
tion model, the majority (66.4%) of trials utilized a parallel
assignment model. This was followed by single group
assignment (18.7%), crossover (4.7%), and sequential
design (2.8%). Most trials (57.9%) were open label with
no masking, followed by single masking (27.1%), double
masking (4.7%), triple masking (2.8%), and quadruple
masking (1.9%).

When examining the primary purpose of the studies, we
discovered a heterogeneous mix. The most common
purpose was treatment evaluation (36.4%), followed by
supportive care (16.8%), prevention (15.9%), diagnostic
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Table 1. Characteristics of DHT and AI CV-related trials stratified by
study design (n= 107).

Percent
(%)

ICD-11 codes

Heart failure 22.4

Cerebrovascular diseases 19.6

Ischemic heart disease 17.8

Diseases of the myocardium or cardiac chambers 12.1

Hypertensive heart disease 12.1

Cardiac arrhythmia 7.5

Diseases of arteries or arterioles 3.7

Symptoms, signs or clinical findings of the
circulatory system

3.7

Pulmonary heart disease or diseases of pulmonary
circulation

0.9

Intervention type

Device 45.8

Behavioral 17.8

Procedure 10.3

Diagnostic Test 4.7

Genetic 0.9

Other 20.6

Enrollment

<100 39.3

100–1000 49.5

>1000 11.2

Age group

Children only (<18 years) 0.0

Adults only (18–65 years) 0.0

Older adults only (>65 years) 3.7

(continued)

Table 1. Continued.

Percent
(%)

Children and adults 0.9

Adults and older adults 87.9

All 7.5

Gender

All 91.6

Both 6.5

Male 1.9

Phase

Not applicable 93.5

Phase 2a 0.9

Phase 3a 2.8

Phase 4a 2.8

Allocation

Randomized 70.1

Non-randomized 13.1

N/A 16.8

Intervention model

Parallel assignment 66.4

Single group assignment 18.7

Crossover 4.7

Sequential 2.8

N/A 7.5

Masking

Open label 57.9

Single 27.1

Double 4.7

Triple 2.8

(continued)
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research (11.2%), health services research (9.3%), and
screening (0.9%). About 9.3% of the studies did not fall
into any specific purpose category. In the subsequent sec-
tions, we will provide more detailed information about
the outcomes observed in these trials.

Overview of technology applications in CV-related trials.
Interventions can include devices, behavioral strategies,
diagnostic tests, procedures, genetic tests, and others. We

found device-related trials to incorporate telemedicine/tele-
monitoring systems, mobile apps, wearables, blood pres-
sure monitors, ECG/Holter monitors, video oculography
systems, AI-based tools, cardiac rehabilitation devices,
and electronic health records. Behavioral interventions
included feedback, lifestyle counseling, medication man-
agement, and remote health coaching. Coaching approaches
have been employed to reduce CV risk factors, while cog-
nitive behavioral therapy was shown to aid in myocardial
infarction recovery. Health coaching has been a widely
beneficial and recognized strategy for behavior change,
both in the context of primary and secondary prevention
(cardiac rehabilitation). It is a one-to-one support interven-
tion style described as a patient-centered approach. Among
the most frequent methodologies applied, motivational
interviews and education sessions are common coaching
interventions, delivered by telephone calls, text messages,
digital-based interactions or face-to-face contacts. Several
studies support the idea that health coaching can support
better control CV risk factors.12

Lifestyle changes are emphasized for chronic ischemic
heart disease, and education appears to play an important
role in stroke rehabilitation and coronary artery disease
(CAD). Diagnostic tests involve echocardiography for
HF, AI-supported ECG interpretation, Brugada syndrome
diagnosis, e-health for atrial fibrillation detection, and
ML-based coronary stenosis identification. An innovative
Italian study (NCT05883878) explores using digital inter-
ventions, genetic testing, and wearables to change lifestyle
and CV risk profiles. Procedure-related trials mainly focus
on home telemonitoring, teleconsultation, and computer-
assisted diagnostic support for various conditions.

Analysis of clinical endpoints and outcomes in CV-related
trials. One of the significant challenges that arises from
analyzing clinical trial data is the lack of uniformity and
standardization of clinical endpoints and outcomes. To
address this issue, we conducted a comprehensive examin-
ation of the reported outcomes across a diverse set of
CV-related trials. Our analysis identified seven major cat-
egories of outcomes, summarized in Table 2.

In summary, we observed (1) physiological and func-
tional outcomes including changes in physical activity
(like gait speed and exercise capacity), biochemical data
(blood glucose, LDL-C, triglycerides), vital signs (blood
pressure, oxygen consumption, heart age), dietary factors
(protein consumption, diet scores), and biometric data
(weight, waist circumference, hip circumference, fat mass,
lean body mass, visceral fat). Scales for assessing function-
ality post-stroke have also been described; (2) diagnostic
accuracy measures relating to the reliability of echocardiog-
raphy and its impact on HF, image quality, accuracy of
CAD diagnostic tests, cardiac measurements, CAD risk pre-
diction tools, tachycardia detection, arrhythmia detection,
Brugada syndrome Type 1 detection, cardiac arrest

Table 1. Continued.

Percent
(%)

Quadruple 1.9

N/A 5.6

Primary purpose

Treatment 36.4

Supportive care 16.8

Prevention 15.9

Diagnostic 11.2

Health Services Research 9.3

Screening 0.9

Other 9.3

Top 10 countries

Germany 16.8

United Kingdom 15.0

Spain 14.0

Sweden 14.0

Norway 7.5

Denmark 6.5

Netherlands 6.5

France 5.6

Italy 5.6

Belgium 4.7

Switzerland 4.7

aAs per original annotation in clinical trial database.
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recognition, improved ECG parameters, and pulmonary
embolism suspicion; (3) clinical outcomes measure the
impact of interventions in terms of death rates or hospital-
ization percentages due to any cause or CV-related
events, such as HF; (4) patient-reported and quality of life
outcomes focus on measuring overall quality of life and
self-care behavior using scales like the hospital anxiety
and depression scale, European HF self-care behavior
scale, and healthcare-related quality of life EQ5DL
(NCT05193344); (5) treatment adherence and effectiveness
measures of various interventions (CPAP, Mediterranean
diet, anti-hypertensive drugs, etc.). An example includes a
digital solution for HF patients, as measured by the
KCCQ-12 questionnaire; (6) quality of Hospital processes
outcomes focus on improving healthcare delivery speed
and quality by facilitating disease detection and treatment
referencing and finally (7) usability and feasibility out-
comes, often found in smaller trials, assess devices and tel-
emonitoring approaches, measuring recruitment rates,
usability by clinicians and patients, acceptability, interven-
tion use, and user experience (NCT05330234,
NCT04493437, and DRKS00014300).

Trials involving AI/ML in CV-related research. The transforma-
tive potential of AI and ML in healthcare is high, in all areas
of healthcare including research, novel technologies, and
methods of healthcare delivery. These technologies possess
the ability to analyze extensive volumes of complex data,
identifying patterns and generating valuable insights that con-
tribute to early disease detection, personalized treatment plan-
ning, and enhanced patient care. In our analysis, we identified
15 out of the 107 trials within the CV domain that incorpo-
rated elements of AI andML. Table 3 presents a more detailed
exploration of these specific trials, highlighting their potential
contributions and implications.

Unsurprisingly, most studies concentrated on evaluating
the diagnostic capabilities of innovative AI/ML-based plat-
forms. One such study investigated the clinical application
of a deep-learning image reconstruction algorithm for the
reconstruction of raw CT data of CAD (NCT03980470).
The AMPERE study (NCT05362656) is a premarket evalu-
ation of an AI software VX1+ device designed for the
detection and automated tagging of spatio-temporal disper-
sion areas during AF or atrial tachycardia ablation proce-
dures. This evaluation will be compared against manual
annotations resulting from operator visual analysis. The
BrAID project has developed an integrated platform,
employing both ML and omics techniques, to aid physi-
cians in the accurate diagnosis of type 1 Brugada syndrome
(NCT04641585). The study includes a prospective compo-
nent involving 44 patients for Brugada syndrome identifica-
tion and a subsequent validation study encompassing a
cohort of 100 patients. In an innovative application within
the realm of emergency care, Copenhagen’s emergency
medical services have developed a real-time ML model
aimed at analyzing “112” (emergency number) calls
(NCT04219306). Interestingly, this ML framework has
demonstrated significantly faster identification of
out-of-hospital cardiac arrest (OHCA) cases compared to
medical dispatchers, albeit with a slightly lower positive
predictive value, as reported by Blomberg and colleagues.13

Additionally, a non-randomized, parallel, open-label
study (NCT05903898) has sought to assess whether an
AI support tool for radiological image processing, known
as StrokeSens, can expedite decision-making and enhance
the detection rate in patients with acute ischemic stroke.
As StrokeSens carries a CE mark, the primary outcome
measure focuses on improving hospital processes.
Secondary measures involve evaluating functional assess-
ments relative to the proportion of patients identified with
the target diseases compared to standard care. Another
study, referenced as DRKS00017160, evaluated on-site
ML-based interventions for detecting hemodynamically
significant coronary stenosis in comparison to a control
group.

We uncovered two studies targeting HF prevention. In
the OSICAT study (NCT02068118), a telecardiology
program uses automatic algorithms to detect HF-related
hospitalization, aiming to prevent all-cause death and
unplanned hospitalization through early HF detection.
Another study (ISRCTN86212709) uses risk-based algo-
rithmic management by collecting symptoms, physiological
data, and system use from home monitoring devices, inte-
grating them with electronic health records for fluid status
and risk estimation in HF patients. Two studies
(NCT05093803 and NCT04828655) emphasize nutrition,
particularly the Mediterranean diet, and physical exercise
for preventing CV disease. These studies employ an
ML-based app to support self-management, guiding diet
and physical activities while monitoring participants’ bio

Table 2. Primary outcome categories identified in DHT and AI
CV-related trials (n= 107).

Primary outcome category Percent (%)

Physiological and functional measures 29.9

Diagnostic accuracy 14.0

CV events and mortality 13.1

Patient outcomes/Quality of Life 13.1

Treatment adherence and effectiveness 11.2

Quality of Hospital processes 9.3

Usability and feasibility 9.3
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parameters and overall health. In TICS (NCT05621954),
telehealth monitoring with AI is explored for cardiac
surgery patients. It aims to enhance quality of life and
prevent deterioration by measuring vital signs, using custo-
mized algorithms, and providing patient feedback for pre-
habilitation and post-operative monitoring. In PROTEUS,
EchoGo, a benchmarked AI software, assesses stress echo-
cardiograms for CAD risk (NCT05028179). Another study
(NCT04580095) evaluates an AI algorithm’s impact on
echocardiography image quality, specifically apical fore-
shortening in ECG. Additionally, a study (NCT05850741)
analyzes a medical device monitoring heartbeat and respira-
tory motion, focusing on image quality in identifying
cardiac cycles, heart displacement, structural distinctions,
and image stability. Unlike pharmaceutical trials, only
one study (DRKS00031164) explores novel technology
for treatment. It introduces a high-intensity language train-
ing program for stroke patients with aphasia, providing
brain-state-dependent feedback through ML. Results show
medium to large and generalized language improvement
regardless of initial aphasia severity.14

Discussion
In recent years, the field of DHTs and AI has shown great
promise in transforming various aspects of healthcare,
including CV medicine.8 In fact, the utilization of DHTs
has surged dramatically amid the COVID-19 pan-
demic.15,16 Publications reporting the applications of
these technologies in the CV space have also been
growing, with focus on optimizing patient care and enhan-
cing diagnostic and therapeutic approaches.8

Regarding intervention types we noticed that approxi-
mately a fifth of all interventions did not fall into any of the
conventional categories according to the authors of the
studies. However, a closer inspection reveals that out of the
22 studies classified in that manner, 15 could be classified
under “device,” 15 studies could be argued to employ “behav-
ioral” interventions, while only one study could be classified
as “other” (NCT01789554) (Supplemental data). A
Karolinska Institute-led study aims to assess the effectiveness
of a mobile lifesaver service that localizes and dispatches
trained citizens to perform cardiopulmonary resuscitation on
OHCA victims (NCT01789554). This intervention does not
fall under the definition of a device, nor does it classify as a
behavioral approach. Rather, the intervention is focused on
taking advantageof available trainedbystanders tooffer the pos-
sibility of rapid assistance, an intervention that we believe does
not fall under any classical category. Of note, several studies
could be classified as either “behavioral” or “device.” For
example, studies employing telerehabilitation of HF patients
have been classified both as “devices” (NCT01752192
and NCT03388918), “behavioral” (ISRCTN10054455), or
“other” (NCT02523560 and NCT05633784). Disambiguation
of such cases would be important for maintaining consistency.

One way to circumvent that would be by defining “devices”
as those interventionsbywhich themainmodeof action is deliv-
ered by a device (e.g. BPmonitor), while “behavioral” interven-
tions would be reserved for interventions that aim to alter
patients lifestyles or behaviors even if these are delivered via a
device (e.g. educational programs on medication adherence
delivered via web-based apps).

Most trials reviewed had relatively small sample sizes,
which can be attributed to the novelty and exploratory
nature of the studies. Conducting large-scale trials at early
stages might be impractical or unfeasible, while the use of
smaller studies enables iterative development, allowing
applications to evolve continually based on user feedback
and real-world implementation. However, to establish the
effectiveness of interventions and provide evidence for
changes in care, larger trials with robust statistical plans
are necessary.

DHT and medical device trials do not have traditional
phases. However, we found seven studies following the
traditional staging of clinical trials even though none of
these studies use pharmaceutical drugs as an intervention.
Additionally, the number of participants and outcomes
measured do not reflect traditional trial staging. Instead,
these could be categorized as pilot/exploratory or pivotal/
confirmatory studies. This deviates from the conventional
phases of pharmaceutical development, which typically
follow a phase 1–4 progression. Instead, the clinical devel-
opment stages in DHT trials often align more closely with
the requirements outlined for medical devices, as delineated
in the guideline “Clinical investigation of medical devices
for human subjects” (ISO 14155:2020).17,18 These stages
encompass preclinical investigations, feasibility/proof of
concept studies, pilot studies, pivotal studies, and post-
market surveillance. In contrast to traditional pharmaceut-
ical development, where all phases are usually completed
before market authorization, medical device development
allows for more flexibility in progression. The pilot stage
serves to assess the device’s limitations and advantages,
including feasibility and first-in-human studies. These
assessments are not a prerequisite for advancing to the sub-
sequent stage. Pivotal studies constitute confirmatory inves-
tigations aimed at evaluating clinical performance,
effectiveness, or safety. Post-market studies aim to establish
clinical performance or effectiveness in a broader user and
subject population, in accordance with the appropriate
guidelines.17

While randomized trials continue to be the gold standard in
research, our examination revealed a substantial proportion of
studies adopting a non-randomized approach. The signifi-
cance of randomization lies in its capacity to establish com-
parability among groups, thereby mitigating biases and
enhancing statistical robustness. Still, we need to acknow-
ledge circumstances where randomization could be deemed
ethically questionable. Additionally, logistical complexities
may impede the seamless execution of randomization.
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Preliminary exploratory investigations, often undertaken to
assess feasibility, may not inherently involve randomization.
Resource limitations and longer-time to evidence generation
may lead to difficulty in conducting those studies with tech-
nologies with such short lifecycles. Similarly, most studies
employed parallel assessment, generally accepted as the
most standard way of comparing technologies. However,
many studies employed single-group assessments, which are
particularly employed to assess safety, feasibility, or prelimin-
ary efficacy of interventions in early studies. Regarding
masking models, more than half (57.9%) of studies did not
employ a blinded design. This likely arises from the high
number of single-arm studies found, as well as from the diffi-
culty in concealing medical devices and DHTs adequately.19

These observations align with previous reports on AI trials,
which also indicated that most trials had small sample sizes,
nearly half of the interventional studies were non-randomized,
and only 35% utilized blinded designs. Furthermore, an over-
whelming majority of the trials, more than 90%, did not fit
into conventional phases of clinical trial classification.20

The top researched condition in the CV space was HF.
Indeed, applications of AI, in particular the ML subset in
HF is expanding, whereby ML algorithms can be applied
for the diagnosis, classification and prognosis of the
disease,21 with particular evidence for AI applications in the
context of post heart transplantation or mechanical circulatory
support, whereby the technology can help for HF outcome
prediction.22 Published evidence has also highlighted AI’s
growing impact on ischemic heart diseases by aiding diagno-
sis and treatment. AI-powered tools can interpret ECGs,
cardiac imaging, and predict risk, enabling early intervention.
These advancements hold potential to revolutionize ischemic
heart diseases care, but ongoing research is crucial to fully val-
idate AI’s role in enhancing patient outcomes and refining
medical strategies. AI can have vast potential in medical
imaging, but its application in cerebrovascular diseases is
still limited. However, DL methods are promising for
imaging to enhance computer aided detection, prediction,
treatment of cerebrovascular diseases,23 and identification of
predictive factors for stroke subtyping.24

Challenges

A relatively small proportion (less than 10%) of the short-
listed trials have incorporated components of AI/ML,
perhaps indicative that the adoption of these technologies
in the medical field remains relatively new, with ongoing
exploration of formal validation.

With the implementation of the EuropeanMDRand IVDR
regulations, a considerable amount of medical software will
fall under the purview of these regulations. As an example,
the Apple Watch was not initially considered a medical
device. However, this technology is able to analyze heart
rate and detect arrythmias and future features include detect-
ing diabetic levels of patients. As such, it has since been

classified as a medical device by the US FDA.25 In Europe,
the ECG app from the Apple Watch has received CE
marking for users aged 22 years or older. If the intended
purpose of the appgoes beyond informative only andprovides
information that informs or influences medical decisions, it
will be considered a medical device as per the definition in
the EU MDR.26 Upon analysis of the primary objectives,
we discovered a diverse range of purposes, including treat-
ment, supportive care, prevention, diagnostics, health services
research, and screening, in descending order of prevalence.
This pattern closely aligns with findings from other reports
on digital therapeutics, where treatment emerges as the most
common primary endpoint, followed by research, prevention,
diagnostics, and other objectives, respectively.27 DHTs have
introduced several enhancements to clinical trials, with the
most notable improvements being in enabling real-world
data collection outside of traditional clinical contexts and fos-
tering more patient-centered approaches.28 These advance-
ments are consistent with the trends identified in another
report,8 which emphasizes the increasing integration of
digital technologies into healthcare and the growing emphasis
on patient-centric care models.

Consequently, clinical investigations will be required to
assess the efficacy and safety of a great number of DH solu-
tions. The implementation of trials involving DH solutions
presents various challenges, including administrative and
logistical hurdles in obtaining ethical approval. Additionally,
it demands specialized technical infrastructure, robust data
management, extensive study documentation, and adequate
training for clinical research staff regarding the applications
being used.29 Ensuring data authenticity, integrity, and confi-
dentiality and selecting the appropriate technology also poses
significant concerns for the successful execution of trials
involving digital technologies.30 For medical device software
incorporating AI, a major challenge lies in complying with
both the MD and IVD regulations, in addition to adhering
to the additional AI-specific regulatory frameworks such as
the upcoming European AI Act. This will have profound
implications for compliance in this area.31 As AI continues
to permeate various aspects of daily life, its potential applica-
tion throughout the lifecycle of medicines and medical
devices, including clinical trials, is becoming evident.32,33

While the integration of AI into clinical trials holds great
promise, there is a crucial need to address technical issues
related to study design and validation of these technologies.
To address this concern, the CONSORT-AI guideline was
introduced in 2020, aimed at trials evaluating interventions
with AI components. It provides a structured approach to
designing and reporting such trials, ensuring transparency
and consistency in the evaluation process.34 In addition,
other frameworks have been proposed for validating AI in
the context of precision medicine. These frameworks
outline essential steps, including specifying the intended
use of AI, defining the target population, determining the
timing for evaluation, data safety concerns, establishing
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metrics for AI performance evaluation, and devising proce-
dures to ensure explainability of AI-driven decisions.35

These frameworks are versatile and applicable to a wide
range of therapeutic areas, enhancing the reliability and
rigor of AI-related clinical trials.

The need for such guidelines and frameworks is under-
scored by reports of poor-quality results reporting in
AI-related clinical trials.20 Some studies have identified
issues of inadequate adherence to reporting standards, high
risk of bias, and a lack of diversity in participant populations.
Addressing these shortcomings through comprehensive study
designs and validated frameworks will strengthen the credibil-
ity and utility of AI-driven clinical trials.36

Opportunities

Still, DHTs present significant opportunities. Here, we have
only explored DHT as interventions and subjects of investiga-
tion. However, these technologies can be used to enable trials
to be conducted in a decentralized manner at any time, for
reduced time and costs, and improved recruitment and
comfort of participants.37However, it is crucial to recognize
differences in access to the internet and levels of digital literacy
may hinder participation in such trials and lead to bias in the
selected populations.28 DHTs can be used to harness real-
world, data-driven insights. By integrating diverse and com-
prehensive datasets, these can offer a holistic understanding
of patient experiences, treatment responses, and disease pro-
gression in real-world settings. This dynamic approach not
only enhances the precision of trial design but also facilitates
informed decision-making, enabling researchers to identify
optimal patient populations, refine interventions, and navigate
unforeseen challenges, ultimately fostering more effective and
patient-centered clinical trials.

Conclusions
DH is an emerging and dynamic field, with the potential to
reshape CV healthcare by improving diagnostic accuracy,
risk prediction, treatment strategies, and patient outcomes.
Analyzing clinical trials within this domain reveals a
broad spectrum of applications, with medical devices com-
prising nearly half of all interventions. Heart failure stands
out as the most extensively investigated condition within
the CV realm. Most studies employed relatively small
sample sizes and lack the traditional phases commonly
associated with clinical trials. We believe addressing
these shortcomings through comprehensive study designs
and validated frameworks will strengthen the utility of
DHT and AI-driven clinical trials.

Limitations
A limitation of our study relates to the screening of two clin-
ical trials databases, restricting the scope of our findings by

potentially overlooking relevant studies available in alterna-
tive databases. Furthermore, an additional limitation may
arise from the relatively restricted search query for captur-
ing studies, which may have led to the underestimation of
studies with interventions identified by different keywords.
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