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ABSTRACT

Introduction

Early detection of cardiovascular disease in primary care is a public health priority, for
which the clinical- and cost-effectiveness of an artificial intelligence-enabled
stethoscope that detects left ventricular systolic dysfunction, atrial fibrillation, and
cardiac murmurs is unproven but potentially transformative.

Methods and analysis

TRICORDER is a pragmatic, two-arm, multi-centre (decentralised), cluster
randomised controlled trial and implementation study. Up to 200 primary care
practices in urban North West London and rural North Wales, UK, will be randomised
to usual care or to have artificial intelligence-enabled stethoscopes available for use.
Primary care clinicians will use the artificial intelligence-enabled stethoscopes at their
own discretion, without patient-level inclusion or exclusion criteria. They will be
supported to do so by a clinical guideline developed and approved by the regional
health system executive board. Patient and outcome data will be captured from pooled
primary and secondary care records, supplemented by qualitative and quantitative
clinician surveys. The co-primary endpoints are i. difference in coded incidence
(detection) of heart failure and ii. difference in ratio of coded incidence of heart failure
via hospital admission versus community-based diagnostic pathways. Secondary
endpoints include difference in incidence of atrial fibrillation and valvular heart disease,
cost-consequence differential, and prescription of guideline-directed medical therapy.

Ethics and dissemination

This trial has ethical approval from the UK Health Research Authority (23/LO/0051).
Findings from this trial will be disseminated through publication of peer-reviewed
manuscripts, presentations at scientific meetings and conferences with local and
national stakeholders.

Trial registration number: NCT05987670

Summary

TRICORDER will examine the clinical- and cost-effectiveness of an artificial
intelligence-enabled stethoscope for detection of priority cardiovascular diseases in
real-world primary care. Findings will underpin implementation strategies for at-scale
deployment and evaluation of artificial intelligence-enabled tools in routine clinical
practice.
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Strengths and limitations of this study
e This study is a large cluster randomised controlled trial in primary care, of
the impact of an artificial intelligence (Al) -enabled, point-of-care diagnostic
for three highly prevalent cardiovascular diseases. It will provide clinicians
and policymakers with important clinical and health economic information to
underpin the case for implementation across the NHS.

e By avoiding the need for patient-level research consent, workflows and
data are “real-world”, minimising impact on frontline primary care services
and enhances inclusion of underserved groups and the generalisability of
results.

e The parallel implementation study design will measure and address the
social and behavioural barriers to uptake and sustained use of the
technology, without impacting on its safety or statistical performance.

¢ Integration of Al predictions with routinely collected electronic medical
record data allows sensitivity analyses at patient, site and regional level.

e Outcome assessment based on routine medical coding lacks the
granularity and fidelity of primary research form collection.

INTRODUCTION

Early detection of cardiovascular disease is a global public health priority'3. Heart
failure (HF), atrial fibrillation (AF) and valvular heart disease (VHD) can have common
pathophysiology and significant mortality and morbidity*7. Given the reported adult
prevalence of HF of 2%, the recognised incidence of HF in Europe of 5 per 1000
person-years in adults®dis likely to be an underestimate'%-'3. HF is deadlier than
common, serious cancers'4, profoundly impacting quality of life and costing the UK
National Health Service (NHS) over £2 billion per year — or over 2% of its annual
budget'®16. Unacceptably, 70-80% of all new HF diagnoses are only made after an
emergency hospital admission, despite most patients having been seen in primary
care with opportunities for detection and therefore earlier initiation of disease-
modifying treatment'”-8 \expected to translate to improved survival, quality of life and
health service utilisation costs’8.

Notwithstanding the mixed evidence of effectiveness of screening programmes to
improve mortality and stroke associated with AF, the substantial clinical and health
economic costs of AF and VHD are similarly driven by late diagnosis®®-2.

Across these cardiac conditions, early detection reduces the risk of disease
progression and improves survival, through initiation of inexpensive, guideline-
directed therapies?'-23, However, primary care providers face the challenge that
symptoms (if present) are frequently non-specific?425, and there are no universally
effective point-of-care screening tools to identify the diagnosis or diagnostic pathways.

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid

* Jooyoasaboysnwselq


https://www.valueinhealthjournal.com/article/S1098-3015(18)33969-X/fulltext#:~:text=The%20number%20of%20people%20in,to%20the%20costs%20of%20hospitalisation.
http://bmjopen.bmj.com/

oNOYTULT D WN =

BMJ Open

We have recently shown that artificial intelligence (Al) applied to electrocardiogram
(ECG) and phonocardiogram (PCG) waveforms captured by a “smart” stethoscope
can detect left ventricular ejection fraction <40%?2%, the cause of heart failure with
reduced ejection fraction (HFrEF, the most common form of HF); AF, and cardiac
murmurs — a cardinal examination finding in valvular heart disease?’. The statistical
performance of these three Al algorithms has been shown to be high and consistent
against international external validation studies?®. This takes a familiar clinical tool with
an established workflow and augments examination findings with actionable additional
insights, taking only 15 seconds?6. The clinical and health economic impact of
deploying such a triple point-of-care Al diagnostic in primary care practices is
unknown. Furthermore, the determinants of successfully implementing?®-3! such an
innovation in routine clinical practice are also not known, given the historical failure of
Al technology adoption in healthcare systems that is partly attributable to inattention
to implementation science, and a failure to overcome bias3233,

The objective of the TRICORDER study is therefore to conduct a real-world,
decentralised cluster randomised controlled trial and implementation study to
determine if providing primary care teams with an Al-stethoscope improves early
diagnosis of HFrEF, AF and VHD. Secondary objectives include measurement of cost
effectiveness, examination of implementation strategies and identifying the
determinants of uptake and utilisation of the Al-stethoscope in routine clinical practice.
This report describes the clinical and policy context for this publicly funded clinical trial,
details of the protocol and plans for implementation, and expected findings with a focus
on implications for widespread adoption in health systems.

METHODS AND ANALYSIS
Setting

TRICORDER is set within the primary care system of the NHS. General Practitioners
(GPs) within primary care teams are the gatekeepers to most specialist diagnostic and
management services in the NHS through nationally agreed pathways recommended
by the National Institute for Health and Care Excellence (NICE), Figure 1. Each
primary care practice (>8,000 in UK) serves an average list of 8,500 patients in the
community34. Typically, patients in whom the GP suspects HF are referred for
natriuretic peptide (NP) testing35, which may be via in-practice phlebotomy or via
hospital appointment. The NP level determines the urgency of referral for
echocardiography and specialist review. There is substantial geographical variation in
access to community-based echocardiography services, and lead times to hospital
outpatient clinic review?3S,

Study dates — October 2023 to October 2025
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Figure 1. NICE diagnostic pathway for HF. There are substantial delays to confirmatory
echocardiographic testing and specialist review for those are referred for suspected
HF through this pathway, such that only 10% of patients complete the pathway to time
and targeti.

Funding

TRICORDER is funded by the UK National Institute for Health and Care Research
(NIHR) Invention for Innovation Challenge Award. This is a competitively awarded
public funding source, following a multi-stage process involving internal, external
clinical and academic peer review, in addition to patient and public scrutiny. Eko Health
are not involved in the design, conduct, analysis, interpretation of data, or reporting of
TRICORDER.

Study design

TRICORDER is an open-label, two-arm cluster randomised controlled trial. Taking a
decentralised approach, primary care practices in the NHS North West London
Integrated Care System (NWL ICS, 2.8 million residents, Figure 2) and the Betsi
Cadwaladr University Health Board (BCUHB, 670,000 residents) in North Wales, UK,
will be enrolled for 18 months.

Each individual primary care practice employing GPs serves as a cluster — the unit of
participation and randomisation. Each participating cluster will variously employ GPs,
Practice Nurses, Physician Associates and other healthcare professionals who
constitute the care team. This unit of recruitment was chosen because the NHS
clinical, financial and information governance processes are standardised at this level.

Sample size

Interrogation of the Discover dataset3” (UK Secure Data Environment for TRICORDER
endpoint analysis) suggests an incidence rate of HF of 0.62/1000 patients per year.
Combining NWL (n=350) and North Wales (n=>50), there are at least 400 potentially
eligible study sites. We estimate that each GP practice will have at least 60 eligible
patients per year who will receive a stethoscope examination as part of their routine
clinical care. Estimating a conservative recruitment ratio of only 50%, we anticipate
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200 GP practices being recruited. This provides an eligible study population of 6,000
patients per study arm. A review of prior literature in the field indicates an intracluster
correlation coefficient of 0.0138.

Utilising these estimates and assumptions, we would have over 80% power to detect
a statistically and clinically significant mean difference if HF is diagnosed at a rate of
0.79/1000 patients in the intervention group, assuming a two-tailed test with a type |
error of 0.05. This corresponds to a relative increase of 22%, which is deemed to be
clinically meaningful (~17 to 22 HF diagnoses/GP practice).

The power calculation refers to overall HF, which includes all relevant ICD-10 and
SNOMED-CT codes (used in UK primary care), rather than the codes relating to
HFrEF specifically. There are three reasons for such an inclusive approach.

Firstly, we aim to mitigate an artificially low incidence of HFrEF due to coding
heterogeneity in primary care. Preliminary analysis of the Discover dataset revealed
substantial heterogeneity in clinical coding of HF subtypes. This is well recognised in
recent studies®.

Secondly, this approach captures the effect on clinician behaviour from participation
in the study — it is feasible that more of all HF subtypes may be detected during the
study period.

Finally, this approach enables rapid clinical and health economic endpoint analysis,
avoiding the time and cost burden of manual data entry/data collection from chart
arbitration, which would otherwise risk undermining the scalability of TRICORDER
and set an impractical precedent for longer-term outcomes analyses.
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North-West London Deprivation Deciles, 2019

Havering

Most 2 3 4 5 6 7 8 9 |Least
deprived deprived

Source: English Indices of Deprivation (2019), MHCLG
Contains Ordnance Survey data © Crown copyright and database right 2019
*H&F - Hammersmith and Fulham / **K&C - Kensington and Chelsea

Figure 2: Map of London, with the boroughs of North West London stratified by Index of
Multiple Deprivation deciles

Inclusion and exclusion criteria

Eligible primary care practices must meet the following inclusion criteria:

- Caring for adult patients 218 years old.

- Able to request natriuretic peptide blood testing (a standard screening test for
HF in patients with symptoms); and initiating the HF diagnostic pathway
recommended by the National Institute for Health and Care Excellence
(NICE)3®

Exclusion criteria:

- Poor WiFi and/or mobile data connectivity within primary care consulting rooms,
prohibiting use of the Al-enabled stethoscope.
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- Not providing face-to-face patient consultations.
Patient and public involvement

Patients were involved in the conception and trial design via a patient steering group,
and through online survey of over 10,000 patients at Imperial College Healthcare NHS
Trust, UK. The study design was further developed in collaboration with the Pumping
Marvellous Foundation, the UK’s largest patient-led heart failure charity, and their
Patient Educator group.

Enrolment

Potential participating primary care practices will be approached by their parent NHS
organisations: the North West London (NWL) Integrated Care System, or Betsi
Cadwaladr University Health Board (BCUHB), in England and Wales, respectively.
Additionally, in NWL, primary care practices will be approached by the National
Institute for Health and Care Research Clinical Research Network, whose mandate is
to widen access to and diversify research participation. Practices expressing an
interest will be contacted by the study team with up to two further follow-up emails,
and a subsequent phone call if necessary. Written informed consent will be recorded
from leadership at each participating practice. Clinicians at all practices will be asked
to complete a baseline questionnaire measuring their confidence in detecting and
managing cardiovascular disease. The study team will have no direct contact with
patients.

Randomisation

Practices will be randomised 1:1 to the intervention or control arms using a validated,
automated and audited randomisation tool (Sealed Envelope, London, UK)* with
allocation concealment. Practices will be notified of their treatment allocation by
email.

Intervention arm: Artificial intelligence (Al)-enabled stethoscope

This study will investigate the impact of an Al-enabled stethoscope (henceforth
referred to as Al-stethoscope) with integrated sensor technology — electrodes and a
microphone — for recording digital single-lead ECG and PCG (Eko DUO, Eko Health
Inc, California, US). The Al-stethoscope works as a conventional stethoscope with
diaphragm and detachable tubing that enables conventional auscultation, with other
features including noise filtration and cancellation. The device connects to an app on
the user’s smartphone (Eko: Digital Stethoscope + ECG, Eko Health, US) using
Bluetooth connectivity for waveform visualisation. Connectivity via cellular/Wi-Fi
allows access to cloud-based Al algorithms for analysis of waveforms (no data is
stored in the Al-stethoscope or user’s smartphone).

The Al-stethoscope and associated Al algorithms are regulated by the UK Medicines
and Healthcare Products Regulatory Agency (MHRA) and are UKCA-marked as
Class lla medical devices, respectively. This means that they are authorised for use
in clinical care in the UK, in accordance with their regulated intended purpose.
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The Al-stethoscope is provided as a replacement stethoscope for routine patient
clinical examination. Use of the Al-stethoscope will be at the discretion of the
responsible clinician, with no patient-level inclusion or exclusion criteria. The additional
functionality in the form of Al algorithms for HFrEF, AF and VHD detection will be used
within its regulated intended purpose. As established by previous studies?®, the
optimum unit of examination to derive Al insights entails placing the device — “listening”
— over the pulmonary position (upper left sternal border) and taking a fifteen second
recording.

In an NHS first, the clinical guidelines for actioning Al outputs have been agreed by
the Cardiovascular Executive Groups of the NHS North West London Integrated Care
System and Betsi Cadwaladr University Health Board (Appendix). Patients will be
examined with the Al-stethoscope in accordance with these guidelines, and/or where
stethoscope examination is deemed clinically appropriate by the primary care clinician.
Patients will provide verbal consent for examination with the Al-stethoscope as per
any physical examination performed by healthcare professionals for direct care
purposes, in accordance with UK law and General Medical Council guidelines*.

Primary care clinicians at practices in the intervention arm will be provided with one
session of in-person training in use of the Al-stethoscope. The training includes:

1. Delivery and setup of the Al-stethoscope in each consultation room

2. Smartphone application installation and login (for either iOS or Android
systems) on each clinician’s smartphone for use of the Al-stethoscope

3. Pairing of all clinician smartphones with all Al-stethoscopes in the same
practice

4. Demonstration of patient examination, single-lead ECG capture from the ‘spot
check’ auscultation position and Al recommendation

5. Troubleshooting signal capture
6. Visual summary sheet for patient examination and troubleshooting affixed
next to Al-stethoscope in each consultation room.

7. Update on the local clinical guideline and summary sheet affixed next to the
Al-stethoscope in each consultation room (Appendix).

If any clinicians (who can initiate diagnostic pathways for HF, AF or VHD) decline to
install the application on their smartphone, this will be logged by the study team.

GP practices in the intervention arm will receive six-monthly updates (three total) from
the clinical research team. These will be communicated via direct email to a nominated
clinician from each practice team and include relevant data on numbers of positive
screening results and subsequent clinician actions such as specialist referrals and
implemented medical therapies. The reports will include monthly results of:
1. Number of patients with positive screening results
2. Proportion of patients with positive screening results referred for specialist
review
3. Proportion of patients with positive screening results receiving guideline-direct
medical therapies
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At the end of the study, clinicians in the intervention arm will be asked to complete a
validated usability questionnaire for the Al-stethoscope (System Usability Scale*?).

Control arm

Primary care practices in the control arm will continue with usual clinical care, with
decision-making for consideration of HF, and initiation of the NICE diagnostic pathway
based on clinical judgement alone.

Participating practices can withdraw at any time. If a primary care practice ceases
face-to-face consultations during the study, they will be withdrawn from the study by
the research team.

Data sources

In the NWL ICS, patient-level complete primary and secondary care clinical and cost
data is pseudonymised and pooled within Discover-NOW, a UK Trusted Research
Environment*3. Al-stethoscope usage statistics and Al predictions will be integrated
into the Discover-NOW and tagged to appropriate patient records. The study team will
access this real-world data platform to measure population-level clinical and health
economic outcomes, in addition to patient-level sensitivity analyses for NWL ICS.

At BCUH, only the direct care team will access medical records and record population-

level outcomes as part of a service evaluation (co-primary endpoints), using
epidemiological methods only.

Study Outcomes

Outcomes are summarised in Table 1.

Study outcomes comparing intervention and control groups
Co-primary endpoints
i. Incidence of coded new diagnoses of HF
i. Ratio of coded diagnoses of HF via hospital admission-based versus
community-based pathways
Secondary endpoints
iii. New coded diagnosis of atrial fibrillation (AF)

iv. New coded diagnosis of valvular heart disease (VHD)

V. Cost-consequence differential (HF, AF, VHD)

Vi. Health service utilisation for diagnostics

Vii. Prescription of guideline-directed medical therapy for HF, AF, VHD

vii.  New implantation of cardiac resynchronisation therapy (CRT) and/or
implantable cardiac defibrillator (ICD) devices

iX. Differential rates of uptake and utilisation of Al-stethoscope in primary
care

X. Determinants of utilisation of Al-stethoscope in primary care

Xi. Quality of life — healthy days at home (HDAH)*45

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 10 of 20

‘salfojouyoal Jejiwis pue ‘Bulurel |y ‘Buiuiw elep pue 1xal 0] pale|al sasn 1o} Buipnjoul ‘1ybliAdoo Ag paloaloid
* Jooyoasaboysnwselq


http://bmjopen.bmj.com/

Page 11 of 20

oNOYTULT D WN =

BMJ Open

Independent variables for sensitivity and subgroup analyses
Xil. GP practice population social deprivation
xiii.  GP practice national target performance
xiv.  GP practice clinical staffing model

Table 1. Study outcomes

Statistical analysis

Baseline patient-level data in NWL will be extracted at the index date, defined as the
date of first examination using the Al-stethoscope at each primary care practice. Data
will be summarised as mean (SD) or median (interquartile range) for skewed data.
Comparisons between groups will be undertaken on an intention-to-treat basis, using
two-sample t-tests for continuous variables, and x2 tests for binary and categorical
variables. For each outcome, we will perform generalised mixed-effect logistic
regression to compare the study arms, with the GP practice as a random effect.

Subgroup analyses for patient-level outcomes will be performed, stratified by age, sex,
ethnicity and geography, patient comorbidities and GP practice characteristics (mean
age of clinicians, size of clinical team, number of registered patients).

Patient-level sensitivity analyses will be performed for patients with abnormal Al-
stethoscope predictions for HF, to identify direct associations between Al-stethoscope
predictions and specific diagnostic codes for HF, AF and VHD.

We will measure relationships between items in the clinician questionnaire, utilisation
rates of the Al-stethoscope, compliance with recommendations and the primary
endpoints. These analyses will identify domains that are most strongly related to
utilisation and compliance, which will help improve the technology, and guide future
implementation and clinical pathways.

Interim Analysis

An interim analysis will be performed 6 months after the first site has been
randomised. The interim analysis will report the following selected outcomes and will
be reviewed by the Trial Steering Committee, who will remain blinded to the
treatment allocation of each group until the study end:

Co-primary endpoints:
a. Difference in incidence of coded HF between groups;
b. Difference in ratio of coded HF incidence via hospital admission-based versus
community-based diagnostic pathways between groups

Secondary endpoints
a. Healthcare diagnostics utilisation

b. Primary care appointments
c. Emergency department presentations
d. Non-elective hospital admissions
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e. Al-stethoscope utilisation rates
f. Completion of site setup for all practices in intervention group
g. Data fidelity - ascertainment

The following interim outcomes will be considered significant and warranting
intervention:

a. Mean Al-stethoscope utilisation rate of less than five recordings per
month per practice in the intervention arm

b. Healthcare diagnostics utilisation differential affecting patient safety

c. Incomplete site setup in intervention group

In keeping with formative evaluations in implementation research?®-3! and
behavioural change frameworks#6, adaptive interventions will be considered
prospectively to maximise the success of the implementation of Al-stethoscope
(given the established confidence for the technology “working” on the basis of widely
validated statistical accuracy). In addition, pre-specified interventions will be
available to the Steering Committee following the interim analysis.

e Semi-structured interviews of high and low-use participants

e Provision of repeat training in use of the Al-stethoscope

e Redistribution of the Al-stethoscope to new, prospectively
enrolled GP practices

e Provision of latest generation of the Al-stethoscope hardware
and software to intervention group

¢ Integration of the Al-stethoscope system with the electronic
health record system

To mitigate lead-time effects, interim analysis of the co-primary endpoints will not
incur a stopping rule at 6 months. If at 6 months there is no statistically significant
difference between treatment arms for the co-primary endpoints, then a further
interim review will be performed at 12 months. If there remains no clinically
significant difference in the co-primary endpoint at 12 months, the Trial Steering
Group will have the option to stop the trial on the basis of futility.

ETHICS AND DISSEMINATION

TRICORDER will not require written/signed consent from individual patients since
the Al-stethoscope has full regulatory (MHRA) approval for use in direct clinical care,
and will be used within its regulatory approved intended purpose. The NHS
Integrated Care Systems involved in TRICORDER have developed and approved a
clinical guideline for use of the Al-stethoscope in direct

care, through agreement between executive primary and secondary care
stakeholders (Appendix), which are anchored in best practice national guidelines
from the UK National Institute for Health and Care Excellence (NICE). As with any
clinical test, the decision to perform it and act on results in line with guidelines is
ultimately the underpinned by the clinical judgement of the responsible medical
professional, and involves informed consent of the patient. This protocol has been
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reviewed and received favourable opinion from a UK Health Research Authority
(HRA) Research Ethics Committee (reference: 23/L0O/0051), including its cluster
design and confirmation that patient-level research consent is not indicated. For use
of Discover-NOW, there is existing UK HRA approval for access procedures,
pseudonymisation and use of this platform for outcomes research
(reference:18/WM/0323). A scientific manuscript with the primary outcomes of the
study will be published in a peer-reviewed journal. Further manuscripts reporting
secondary outcomes will also be published in peer-reviewed journals. Results will be
presented at scientific meetings, and conferences with local and national
stakeholders, including the national funder (National Institute for Health and Care
Research), NHS organisations, and patient and public groups such as the Pumping
Marvellous Foundation.

Trial registration

TRICORDER is registered with the NIH National Library of Medicine (NCT05987670).
The study protocol has been reported in accordance with the SPIRIT-Al Extension*’
(see Appendix) and outcomes will be reported in accordance with the CONSORT-AI
Extension48.

Discussion

TRICORDER is the first cluster-randomised implementation trial to evaluate a real-
time, Al-dependent point-of-care diagnostic in primary care. The study is designed to
meet the specifications of the NICE Evidence Standards Framework for Digital Health
Technologies*® and therefore underpin recommendations for subsequent NHS-wide
commissioning. This protocol — and lessons from execution of the trial — will inform a
replicable blueprint for evaluation of other similar digital health technologies.

The study is designed to address the unacceptable reality that cardiovascular disease,
heart failure particularly, is most frequently detected at a late stage, after disease
progression precipitates a hospital admission'”-8. The NHS Long Term plan prioritises
the need to reverse this trend, emphasising the need for increased rates of diagnosis
through community (primary care initiated) pathways. '. We have recently highlighted
the £2,500 saving unlocked by every patient diagnosed with heart failure through such
community pathways'®. Similar models inform a compelling health economic case for
community-based detection of AF and VHD.19.20

By spanning primary care practices across urban and rural geographies and serving
populations with varied sociodemographic and ethnic backgrounds, this study will
encompass a uniquely representative patient population. This is intended to consider
the well-established concerns around Al bias®0, the digital maturity for technology
adoption®'!, and to demonstrate the Al-stethoscope’s suitability for deployment across
diverse patient and clinician populations. The research team will collate qualitative
data via clinician surveys, ensuring the Al-stethoscope’s efficient integration into
primary care, preservation of the traditional clinician-patient interaction and high-level
usability of the device.
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This study is both decentralised and principally uses “real-world” data; there is no
lead/central study site or logistics/travel outside each GP practice. Each will contribute
data equally, but without the need to complete any study-specific (cumbersome) data
collection instruments. Instead, our use of Discover-NOW enables outcomes
measurement with routinely recorded (real world) data. The platform’s offer of
comprehensive linked (primary and secondary care) clinical and cost data affords
patient-level sensitivity analyses. This will allow robust measurement of associations
between diagnostic outcomes and use of the Al-stethoscope. Separate to such novel
elements of this study, TRICORDER has set several other important precedents for
translational Al research, including approval of the first regional NHS clinical guideline
for use of a primary care focused Al technology; and sector-wide data governance
approval covering use of an Al technology across hundreds of disparate primary care
sites.

This research protocol is best interpreted in the context of its limitations. The pragmatic
design, which aims to have a minimal impact on GP workflows, may in some cases
limit sustained use of the technology by not setting any expectations or requirement
for use — though this may somewhat mitigate any Hawthorne effect®2. This study is the
first to accompany a novel Al technology with an NHS sector-approved clinical
guideline for use, but variable adherence may limit impact attributable to the
technology. This will be addressed systematically, taking an implementation science
approach to maximise uptake of the intervention. Finally, the examination of real-world
data is universally limited by the inconsistency and variable fidelity of medical coding
in capturing specific variables of interest. For example, for HF, this is rarely coded with
a granularity that describes preserved, moderately reduced, or reduced ejection
fraction. However, the otherwise comprehensive dataflows associated with this study
will allow holistic scrutiny of a broad selection of outcomes that need to be understood
to underpin any recommendations for system-wide uptake. Ultimately, this will serve
to provide a realistic estimate of the potential clinical and health economic impact of
the Al-stethoscope technology in NHS primary care.
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ABSTRACT

Introduction

Early detection of cardiovascular disease in primary care is a public health priority, for
which the clinical- and cost-effectiveness of an artificial intelligence-enabled
stethoscope that detects left ventricular systolic dysfunction, atrial fibrillation, and
cardiac murmurs is unproven but potentially transformative.

Methods and analysis

TRICORDER is a pragmatic, two-arm, multi-centre (decentralised), cluster
randomised controlled trial and implementation study. Up to 200 primary care
practices in urban North West London and rural North Wales, UK, will be randomised
to usual care or to have artificial intelligence-enabled stethoscopes available for use.
Primary care clinicians will use the artificial intelligence-enabled stethoscopes at their
own discretion, without patient-level inclusion or exclusion criteria. They will be
supported to do so by a clinical guideline developed and approved by the regional
health system executive board. Patient and outcome data will be captured from pooled
primary and secondary care records, supplemented by qualitative and quantitative
clinician surveys. The co-primary endpoints are i. difference in coded incidence
(detection) of heart failure and ii. difference in ratio of coded incidence of heart failure
via hospital admission versus community-based diagnostic pathways. Secondary
endpoints include difference in incidence of atrial fibrillation and valvular heart disease,
cost-consequence differential, and prescription of guideline-directed medical therapy.

Ethics and dissemination

This trial has ethical approval from the UK Health Research Authority (23/LO/0051).
Findings from this trial will be disseminated through publication of peer-reviewed
manuscripts, presentations at scientific meetings and conferences with local and
national stakeholders.

Trial registration number: NCT05987670

Summary

TRICORDER will examine the clinical- and cost-effectiveness of an artificial
intelligence-enabled stethoscope for detection of priority cardiovascular diseases in
real-world primary care. Findings will underpin implementation strategies for at-scale
deployment and evaluation of artificial intelligence-enabled tools in routine clinical
practice.
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Strengths and limitations of this study

Use of real-world data for outcomes evaluation minimises
the administrative impact on frontline primary care services, and enhances
the generalisability of results.

Outcome assessment from routine medical coding lacks the granularity
and fidelity of primary research form collection.

Integration of Al predictions with routinely collected electronic medical

record data allows sensitivity analyses at the level of patient, site, and
region.
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INTRODUCTION

Early detection of cardiovascular disease is a global public health priority'3. Heart
failure (HF), atrial fibrillation (AF) and valvular heart disease (VHD) can have common
pathophysiology and significant mortality and morbidity”. Given the reported adult
prevalence of HF of 2%, the recognised incidence of HF in Europe of 5 per 1000
person-years in adults®dis likely to be an underestimate'%-13. HF is deadlier than
common, serious cancers'4, profoundly impacting quality of life and costing the UK
National Health Service (NHS) over £2 billion per year — or over 2% of its annual
budget'>16. Unacceptably, 70-80% of all new HF diagnoses are only made after an
emergency hospital admission, despite most patients having been seen in primary
care with opportunities for detection and therefore earlier initiation of disease-
modifying treatment'”-'® \expected to translate to improved survival, quality of life and
health service utilisation costs™®.

Notwithstanding the mixed evidence of effectiveness of screening programmes to
improve mortality and stroke associated with AF, the substantial clinical and health
economic costs of AF and VHD are similarly driven by late diagnosis'92°,

Across these cardiac conditions, early detection reduces the risk of disease
progression and improves survival, through initiation of inexpensive, guideline-
directed therapies?'-23, However, primary care providers face the challenge that
symptoms (if present) are frequently non-specific?425, and there are no universally
effective point-of-care screening tools to identify the diagnosis or diagnostic pathways.

We have recently shown that artificial intelligence (Al) applied to electrocardiogram
(ECG) and phonocardiogram (PCG) waveforms captured by a “smart” stethoscope
can detect left ventricular ejection fraction <40%26, the cause of heart failure with
reduced ejection fraction (HFrEF, the most common form of HF); AF, and cardiac
murmurs — a cardinal examination finding in valvular heart disease?’. The statistical
performance of these three Al algorithms has been shown to be high and consistent
against international external validation studies?8. This takes a familiar clinical tool with
an established workflow and augments examination findings with actionable additional
insights, taking only 15 seconds?6. The clinical and health economic impact of
deploying such a triple point-of-care Al diagnostic in primary care practices is
unknown. Furthermore, the determinants of successfully implementing?®-3' such an
innovation in routine clinical practice are also not known, given the historical failure of
Al technology adoption in healthcare systems that is partly attributable to inattention
to implementation science, and a failure to overcome bias32:33,

The objective of the TRICORDER study is therefore to conduct a real-world,
decentralised cluster randomised controlled trial and implementation study to
determine if providing primary care teams with an Al-stethoscope improves early
diagnosis of HFrEF, AF and VHD. Secondary objectives include measurement of cost
effectiveness, examination of implementation strategies and identifying the
determinants of uptake and utilisation of the Al-stethoscope in routine clinical practice.
This report describes the clinical and policy context for this publicly funded clinical trial,
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details of the protocol and plans for implementation, and expected findings with a focus
on implications for widespread adoption in health systems.

METHODS AND ANALYSIS
Setting

TRICORDER is set within the primary care system of the NHS. General Practitioners
(GPs) within primary care teams are the gatekeepers to most specialist diagnostic and
management services in the NHS through nationally agreed pathways recommended
by the National Institute for Health and Care Excellence (NICE), Figure 1. Each
primary care practice (>8,000 in UK) serves an average list of 8,500 patients in the
community34. Typically, patients in whom the GP suspects HF are referred for
natriuretic peptide (NP) testing35, which may be via in-practice phlebotomy or via
hospital appointment. The NP level determines the urgency of referral for
echocardiography and specialist review. There is substantial geographical variation in
access to community-based echocardiography services, and lead times to hospital
outpatient clinic review?3S,

Study dates — October 2023 to October 2025

Funding

TRICORDER is funded by the UK National Institute for Health and Care Research
(NIHR) Invention for Innovation Challenge Award. This is a competitively awarded
public funding source, following a multi-stage process involving internal, external
clinical and academic peer review, in addition to patient and public scrutiny. Eko Health
are not involved in the design, conduct, analysis, interpretation of data, or reporting of
TRICORDER.

Study design

TRICORDER is an open-label, two-arm cluster randomised controlled trial. Taking a
decentralised approach, primary care practices in the NHS North West London
Integrated Care System (NWL ICS, 2.8 million residents, Figure 2) and the Betsi
Cadwaladr University Health Board (BCUHB, 670,000 residents) in North Wales, UK,
will be enrolled for 18 months.

Each individual primary care practice employing GPs serves as a cluster — the unit of
participation and randomisation. Each participating cluster will variously employ GPs,
Practice Nurses, Physician Associates and other healthcare professionals who
constitute the care team. This unit of recruitment was chosen because the NHS
clinical, financial and information governance processes are standardised at this level.

Sample size
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Interrogation of the Discover dataset3” (UK Secure Data Environment for TRICORDER
endpoint analysis) suggests an incidence rate of HF of 0.62/1000 patients per year.
Combining NWL (n=350) and North Wales (n=>50), there are at least 400 potentially
eligible study sites. We estimate that each GP practice will have at least 60 eligible
patients per year who will receive a stethoscope examination as part of their routine
clinical care. Estimating a conservative recruitment ratio of only 50%, we anticipate
200 GP practices being recruited. This provides an eligible study population of 6,000
patients per study arm. A review of prior literature in the field indicates an intracluster
correlation coefficient of 0.0138.

Utilising these estimates and assumptions, we would have over 80% power to detect
a statistically and clinically significant mean difference if HF is diagnosed at a rate of
0.79/1000 patients in the intervention group, assuming a two-tailed test with a type |
error of 0.05. This corresponds to a relative increase of 22%, which is deemed to be
clinically meaningful (~17 to 22 HF diagnoses/GP practice).

The power calculation refers to overall HF, which includes all relevant ICD-10 and
SNOMED-CT codes (used in UK primary care), rather than the codes relating to
HFrEF specifically. There are three reasons for such an inclusive approach.

Firstly, we aim to mitigate an artificially low incidence of HFrEF due to coding
heterogeneity in primary care. Preliminary analysis of the Discover dataset revealed
substantial heterogeneity in clinical coding of HF subtypes. This is well recognised in
recent studies®.

Secondly, this approach captures the effect on clinician behaviour from participation
in the study — it is feasible that more of all HF subtypes may be detected during the
study period.

Finally, this approach enables rapid clinical and health economic endpoint analysis,
avoiding the time and cost burden of manual data entry/data collection from chart
arbitration, which would otherwise risk undermining the scalability of TRICORDER
and set an impractical precedent for longer-term outcomes analyses.

Inclusion and exclusion criteria

Eligible primary care practices must meet the following inclusion criteria:

- Caring for adult patients 218 years old.

- Able to request natriuretic peptide blood testing (a standard screening test for
HF in patients with symptoms); and initiating the HF diagnostic pathway
recommended by the National Institute for Health and Care Excellence
(NICE)3S

Exclusion criteria:
- Poor WiFi and/or mobile data connectivity within primary care consulting rooms,
prohibiting use of the Al-enabled stethoscope.
- Not providing face-to-face patient consultations.
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Patient and public involvement

Patients were involved in the conception and trial design via a patient steering group,
and through online survey of over 10,000 patients at Imperial College Healthcare NHS
Trust, UK. The study design was further developed in collaboration with the Pumping
Marvellous Foundation, the UK’s largest patient-led heart failure charity, and their
Patient Educator group.

Enrolment

Potential participating primary care practices will be approached by their parent NHS
organisations: the North West London (NWL) Integrated Care System, or Betsi
Cadwaladr University Health Board (BCUHB), in England and Wales, respectively.
Additionally, in NWL, primary care practices will be approached by the National
Institute for Health and Care Research Clinical Research Network, whose mandate is
to widen access to and diversify research participation. Practices expressing an
interest will be contacted by the study team with up to two further follow-up emails,
and a subsequent phone call if necessary. Written informed consent will be recorded
from leadership at each participating practice. Clinicians at all practices will be asked
to complete a baseline questionnaire measuring their confidence in detecting and
managing cardiovascular disease. The study team will have no direct contact with
patients.

Randomisation

Practices will be randomised 1:1 to the intervention or control arms using a validated,
automated and audited randomisation tool (Sealed Envelope, London, UK)* with
allocation concealment. Practices will be notified of their treatment allocation by
email.

Intervention arm: Artificial intelligence (Al)-enabled stethoscope

This study will investigate the impact of an Al-enabled stethoscope (henceforth
referred to as Al-stethoscope) with integrated sensor technology — electrodes and a
microphone — for recording digital single-lead ECG and PCG (Eko DUO, Eko Health
Inc, California, US). The Al-stethoscope works as a conventional stethoscope with
diaphragm and detachable tubing that enables conventional auscultation, with other
features including noise filtration and cancellation. The device connects to an app on
the user’s smartphone (Eko: Digital Stethoscope + ECG, Eko Health, US) using
Bluetooth connectivity for waveform visualisation. Connectivity via cellular/Wi-Fi
allows access to cloud-based Al algorithms for analysis of waveforms (no data is
stored in the Al-stethoscope or user’s smartphone).

The Al-stethoscope and associated Al algorithms are regulated by the UK Medicines
and Healthcare Products Regulatory Agency (MHRA) and are UKCA-marked as
Class lla medical devices, respectively. This means that they are authorised for use
in clinical care in the UK, in accordance with their regulated intended purpose.
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The Al-stethoscope is provided as a replacement stethoscope for routine patient
clinical examination. Use of the Al-stethoscope will be at the discretion of the
responsible clinician, with no patient-level inclusion or exclusion criteria. The additional
functionality in the form of Al algorithms for HFrEF, AF and VHD detection will be used
within its regulated intended purpose. As established by previous studies?6, the
optimum unit of examination to derive Al insights entails placing the device — “listening”
— over the pulmonary position (upper left sternal border) and taking a fifteen second
recording.

In an NHS first, the clinical guidelines for actioning Al outputs have been agreed by
the Cardiovascular Executive Groups of the NHS North West London Integrated Care
System and Betsi Cadwaladr University Health Board (Supplementary Figure 1).
Patients will be examined with the Al-stethoscope in accordance with these guidelines,
and/or where stethoscope examination is deemed clinically appropriate by the primary
care clinician. Patients will provide verbal consent for examination with the Al-
stethoscope as per any physical examination performed by healthcare professionals
for direct care purposes, in accordance with UK law and General Medical Council
guidelines*'.

Primary care clinicians at practices in the intervention arm will be provided with one
session of in-person training in use of the Al-stethoscope. The training includes:

1. Delivery and setup of the Al-stethoscope in each consultation room

2. Smartphone application installation and login (for either iOS or Android
systems) on each clinician’s smartphone for use of the Al-stethoscope

3. Pairing of all clinician smartphones with all Al-stethoscopes in the same
practice

4. Demonstration of patient examination, single-lead ECG capture from the ‘spot
check’ auscultation position and Al recommendation

5. Troubleshooting signal capture
6. Visual summary sheet for patient examination and troubleshooting affixed
next to Al-stethoscope in each consultation room.

7. Update on the local clinical guideline and summary sheet affixed next to the
Al-stethoscope in each consultation room (Supplementary Figure 1).

If any clinicians (who can initiate diagnostic pathways for HF, AF or VHD) decline to
install the application on their smartphone, this will be logged by the study team.

GP practices in the intervention arm will receive six-monthly updates (three total) from
the clinical research team. These will be communicated via direct email to a nominated
clinician from each practice team and include relevant data on numbers of positive
screening results and subsequent clinician actions such as specialist referrals and
implemented medical therapies. The reports will include monthly results of:
1. Number of patients with positive screening results
2. Proportion of patients with positive screening results referred for specialist
review
3. Proportion of patients with positive screening results receiving guideline-direct
medical therapies
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At the end of the study, clinicians in the intervention arm will be asked to complete a
validated usability questionnaire for the Al-stethoscope (System Usability Scale*?).

Control arm

Primary care practices in the control arm will continue with usual clinical care, with
decision-making for consideration of HF, and initiation of the NICE diagnostic pathway
based on clinical judgement alone.

Participating practices can withdraw at any time. If a primary care practice ceases
face-to-face consultations during the study, they will be withdrawn from the study by
the research team.

Data sources

In the NWL ICS, patient-level complete primary and secondary care clinical and cost
data is pseudonymised and pooled within Discover-NOW, a UK Trusted Research
Environment*3. Al-stethoscope usage statistics and Al predictions will be integrated
into the Discover-NOW and tagged to appropriate patient records. The study team will
access this real-world data platform to measure population-level clinical and health
economic outcomes, in addition to patient-level sensitivity analyses for NWL ICS.

At BCUH, only the direct care team will access medical records and record population-

level outcomes as part of a service evaluation (co-primary endpoints), using
epidemiological methods only.

Study Outcomes

Outcomes are summarised in Table 1.

Study outcomes comparing intervention and control groups
Co-primary endpoints
i. Incidence of coded new diagnoses of HF
i. Ratio of coded diagnoses of HF via hospital admission-based versus
community-based pathways
Secondary endpoints
iii. New coded diagnosis of atrial fibrillation (AF)

iv. New coded diagnosis of valvular heart disease (VHD)

V. Cost-consequence differential (HF, AF, VHD)

Vi. Health service utilisation for diagnostics

Vii. Prescription of guideline-directed medical therapy for HF, AF, VHD

vii.  New implantation of cardiac resynchronisation therapy (CRT) and/or
implantable cardiac defibrillator (ICD) devices

iX. Differential rates of uptake and utilisation of Al-stethoscope in primary
care

X. Determinants of utilisation of Al-stethoscope in primary care

Xi. Quality of life — healthy days at home (HDAH)*45
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Independent variables for sensitivity and subgroup analyses
Xil. GP practice population social deprivation
xiii.  GP practice national target performance
xiv.  GP practice clinical staffing model

Table 1. Study outcomes

Statistical analysis

Baseline patient-level data in NWL will be extracted at the index date, defined as the
date of first examination using the Al-stethoscope at each primary care practice. Data
will be summarised as mean (SD) or median (interquartile range) for skewed data.
Comparisons between groups will be undertaken on an intention-to-treat basis, using
two-sample t-tests for continuous variables, and x2 tests for binary and categorical
variables. For each outcome, we will perform generalised mixed-effect logistic
regression to compare the study arms, with the GP practice as a random effect.

Subgroup analyses for patient-level outcomes will be performed, stratified by age, sex,
ethnicity and geography, patient comorbidities and GP practice characteristics (mean
age of clinicians, size of clinical team, number of registered patients).

Patient-level sensitivity analyses will be performed for patients with abnormal Al-
stethoscope predictions for HF, to identify direct associations between Al-stethoscope
predictions and specific diagnostic codes for HF, AF and VHD.

We will measure relationships between items in the clinician questionnaire, utilisation
rates of the Al-stethoscope, compliance with recommendations and the primary
endpoints. These analyses will identify domains that are most strongly related to
utilisation and compliance, which will help improve the technology, and guide future
implementation and clinical pathways.

Interim Analysis

An interim analysis will be performed 6 months after the first site has been
randomised. The interim analysis will report the following selected outcomes and will
be reviewed by the Trial Steering Committee, who will remain blinded to the
treatment allocation of each group until the study end:

Co-primary endpoints:
a. Difference in incidence of coded HF between groups;
b. Difference in ratio of coded HF incidence via hospital admission-based versus
community-based diagnostic pathways between groups

Secondary endpoints
a. Healthcare diagnostics utilisation

b. Primary care appointments
c. Emergency department presentations
d. Non-elective hospital admissions
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e. Al-stethoscope utilisation rates
f. Completion of site setup for all practices in intervention group
g. Data fidelity - ascertainment

The following interim outcomes will be considered significant and warranting
intervention:

a. Mean Al-stethoscope utilisation rate of less than five recordings per
month per practice in the intervention arm

b. Healthcare diagnostics utilisation differential affecting patient safety

c. Incomplete site setup in intervention group

In keeping with formative evaluations in implementation research?®-3! and
behavioural change frameworks#6, adaptive interventions will be considered
prospectively to maximise the success of the implementation of Al-stethoscope
(given the established confidence for the technology “working” on the basis of widely
validated statistical accuracy). In addition, pre-specified interventions will be
available to the Steering Committee following the interim analysis.

e Semi-structured interviews of high and low-use participants

e Provision of repeat training in use of the Al-stethoscope

e Redistribution of the Al-stethoscope to new, prospectively
enrolled GP practices

e Provision of latest generation of the Al-stethoscope hardware
and software to intervention group

¢ Integration of the Al-stethoscope system with the electronic
health record system

To mitigate lead-time effects, interim analysis of the co-primary endpoints will not
incur a stopping rule at 6 months. If at 6 months there is no statistically significant
difference between treatment arms for the co-primary endpoints, then a further
interim review will be performed at 12 months. If there remains no clinically
significant difference in the co-primary endpoint at 12 months, the Trial Steering
Group will have the option to stop the trial on the basis of futility.

ETHICS AND DISSEMINATION

TRICORDER will not require written/signed consent from individual patients since
the Al-stethoscope has full regulatory (MHRA) approval for use in direct clinical care,
and will be used within its regulatory approved intended purpose. The NHS
Integrated Care Systems involved in TRICORDER have developed and approved a
clinical guideline for use of the Al-stethoscope in direct

care, through agreement between executive primary and secondary care
stakeholders (Supplementary Figure 1), which are anchored in best practice national
guidelines from the UK National Institute for Health and Care Excellence (NICE). As
with any clinical test, the decision to perform it and act on results in line with
guidelines is ultimately the underpinned by the clinical judgement of the responsible
medical professional, and involves informed consent of the patient. This protocol has
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been reviewed and received favourable opinion from a UK Health Research
Authority (HRA) Research Ethics Committee (reference: 23/LO/0051), including its
cluster design and confirmation that patient-level research consent is not indicated.
For use of Discover-NOW, there is existing UK HRA approval for access procedures,
pseudonymisation and use of this platform for outcomes research
(reference:18/WM/0323). A scientific manuscript with the primary outcomes of the
study will be published in a peer-reviewed journal. Further manuscripts reporting
secondary outcomes will also be published in peer-reviewed journals. Results will be
presented at scientific meetings, and conferences with local and national
stakeholders, including the national funder (National Institute for Health and Care
Research), NHS organisations, and patient and public groups such as the Pumping
Marvellous Foundation.

Trial registration

TRICORDER is registered with the NIH National Library of Medicine (NCT05987670).
The study protocol has been reported in accordance with the SPIRIT-Al Extension*’

(Supplementary Table 1) and outcomes will be reported in accordance with the
CONSORT-AI Extension?8,

Discussion

TRICORDER is the first cluster-randomised implementation trial to evaluate a real-
time, Al-dependent point-of-care diagnostic in primary care. The study is designed to
meet the specifications of the NICE Evidence Standards Framework for Digital Health
Technologies*® and therefore underpin recommendations for subsequent NHS-wide
commissioning. This protocol — and lessons from execution of the trial — will inform a
replicable blueprint for evaluation of other similar digital health technologies.

The study is designed to address the unacceptable reality that cardiovascular disease,
heart failure particularly, is most frequently detected at a late stage, after disease
progression precipitates a hospital admission'”-8. The NHS Long Term plan prioritises
the need to reverse this trend, emphasising the need for increased rates of diagnosis
through community (primary care initiated) pathways. '. We have recently highlighted
the £2,500 saving unlocked by every patient diagnosed with heart failure through such
community pathways'®. Similar models inform a compelling health economic case for
community-based detection of AF and VHD.19.20

By spanning primary care practices across urban and rural geographies and serving
populations with varied sociodemographic and ethnic backgrounds, this study will
encompass a uniquely representative patient population. This is intended to consider
the well-established concerns around Al bias®0, the digital maturity for technology
adoption®'!, and to demonstrate the Al-stethoscope’s suitability for deployment across
diverse patient and clinician populations. The research team will collate qualitative
data via clinician surveys, ensuring the Al-stethoscope’s efficient integration into
primary care, preservation of the traditional clinician-patient interaction and high-level
usability of the device.
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This study is both decentralised and principally uses “real-world” data; there is no
lead/central study site or logistics/travel outside each GP practice. Each will contribute
data equally, but without the need to complete any study-specific (cumbersome) data
collection instruments. Instead, our use of Discover-NOW enables outcomes
measurement with routinely recorded (real world) data. The platform’s offer of
comprehensive linked (primary and secondary care) clinical and cost data affords
patient-level sensitivity analyses. This will allow robust measurement of associations
between diagnostic outcomes and use of the Al-stethoscope. Separate to such novel
elements of this study, TRICORDER has set several other important precedents for
translational Al research, including approval of the first regional NHS clinical guideline
for use of a primary care focused Al technology; and sector-wide data governance
approval covering use of an Al technology across hundreds of disparate primary care
sites.

This research protocol is best interpreted in the context of its limitations. The pragmatic
design, which aims to have a minimal impact on GP workflows, may in some cases
limit sustained use of the technology by not setting any expectations or requirement
for use — though this may somewhat mitigate any Hawthorne effect®2. This study is the
first to accompany a novel Al technology with an NHS sector-approved clinical
guideline for use, but variable adherence may limit impact attributable to the
technology. This will be addressed systematically, taking an implementation science
approach to maximise uptake of the intervention. Finally, the examination of real-world
data is universally limited by the inconsistency and variable fidelity of medical coding
in capturing specific variables of interest. For example, for HF, this is rarely coded with
a granularity that describes preserved, moderately reduced, or reduced ejection
fraction. However, the otherwise comprehensive dataflows associated with this study
will allow holistic scrutiny of a broad selection of outcomes that need to be understood
to underpin any recommendations for system-wide uptake. Ultimately, this will serve
to provide a realistic estimate of the potential clinical and health economic impact of
the Al-stethoscope technology in NHS primary care.
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Figure 1. NICE diagnostic pathway for HF. There are substantial delays to confirmatory echocardi@z@hic testing and specialist review

for those are referred for suspected HF through this pathway, such that only 10% of patients con&@@ the pathway to time and target.
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18 testing and specialist review for those are referred for suspected HF through this pathway, such that only
10% of patients complete the pathway to time and target.
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North-West London Deprivation Deciles, 2019

Most 2 3 4 5 6 7 8 9 |Least
deprived deprived

Source: English Indices of Deprivation (2019), MHCLG
Contains Ordnance Survey data © Crown copyright and database right 2019
*H&F - Hammersmith and Fulham / **K&C - Kensington and Chelsea

Figure 2: Map of London, with the boroughs of North West London stratified by Index of Multiple Deprivation
deciles

352x364mm (300 x 300 DPI)

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 22 of 27

‘salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buiuiw elep pue 1xa] 01 palejal sasn Joj Buipnjoul ‘ybluAdoo Aq paloslold

" |ooyosaboysnwsei]
V17-739 1wawiiedaq 1e G20z ‘0T aunr uo jwoo [wg uadolway:diy woly papeojumoq 'szoz AeN TZ U0 0£0860-20z-uadolwag/9eTT 0T Se paysiignd 1sJi4 :uado rINg


http://bmjopen.bmj.com/

Page 23 ?£27_ _______________________________________ _BMJOPen . 9

| i |
.1 Clinical suspicion of heart failure |
2 Refer for urgent | | |
. Clinical suspicion Al _l-ot\{v Refer for/send | | ——— specialist :

- - ejection -proBNP > -

;o of heart failure stethoscope | | fection NT-proBNP g > review + start |
o | therapy* |
10
1 | |

| Normal . . |
z | o . R:Ili?r frorésl\lel:r:d { NT-proBNP <400 > Cons:;j_er alternative |
is : fraction -pro iagnosis :
e : =
7 < NT-proBNP 400-200@» Routine specialist :
e review |
20 | — |
21| .< NT-proBNP >2000 SUEJEL & SR B |
;; : review :
24 v - J
25
26
27 L L L A
28 =

| |
» Low/no clinical suspicion of heart failure |
31 | |
2 | ) X Low Refer for urgent |

Patient undergoing routine stethoscope i o - -

34 : examination - Iow?no glinical suspicion ofpheart Al > ejection | —» Send and await —QT—proBNP > 40(D> SpeC|a||St review :
35 | failure stethoscope fraction NT-proBNP |
6 + start therapy* |
w |
39 | , |
2? : NT-proBNP < 400>—> . :
2 s | <, g Continue usual care |
43 -
“ | orma = Continue I
o | &lection o usual care |
| fraction E |
48 | = |
49 | 28 |
50 | < |
51 ) z |
> .- _ L ___________________ ® J
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54 % o
55 g o
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= *Initiating Heart Failure prognostic therapy in Primary Care with Al stethoscope
60 .~ - S

i f E eGFR>45 3 & Ii Bisoprolol 1.25mg PO OD

; " | HR >70bpm in SR (>90bpf i AF) AND

! o SBP > 120mmHgs i Ramipril 1.25mg PO OD

NT-proBNP >400 « .~~~ T

i O L

i | . eGFR 2(2 45b §§§ ) i Bisoprolol 1.25mg PO OD

| ' HR >70bpm in SR (>90bpmiti AF) | AND Titrate

i = SBP > 120mmHg 352 | SGLT2 inhibitor according Check renal )

i AN D o Not on insulin =3% I to license* function Furosemide as

| B 573 within four needed to

i T R I ] weeks of i

i i | eGFR20-45 g | Ramipril 1.25mg PO OD starting symptoms. Zomg

: ' | HR <70bpm in SR (<90bpm ih AF) | AND medications to 40mg PO OD

i AI Steth osco pe o SBP > 120mmHg E E ! SGLT2 inhibitor according

i o Noton insulin 8 5 i to license*

i E L::::::::::::::::::::::::::::%'ZQZZZZZZJ

| @ Low Ejection Fraction Detected | e 5 é‘ 3

i S Il i eGFR >20 g £ E o

i T ao% | ' | HR <70bpm in SR (<90bpr in AF) | SGLT2 inhibitor

| _ 4 _ ‘ o S —] - . *

: Consider referral for an echocardlc?gra.m, whlct? can confirm : l SBP < 110mmHg é : aCCOTdIng to Ilcense

S e iR Not on insulin - |

*e.g. Dapagliflozin /
Empagliflozin 10mg PO OD
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SPIRIT-Al Checklist: Recommended items to address in a protocol and related documents for clinical trials ev&u

0-#202-Uadolwa/ogT

SPIRIT-AI 1(i) Indicate that the:m ntion involves artificial intelligence /
Elaboration machine learnin@.andspecify the type of model.
Title 1 Descriptive title identifying the study design, population, interventions, and, 3 g S
if applicable, trial acronym SPIRIT-AI 1(ii) ) - gz29 ) ) 1
Elaboration Specify the mtenrgieg g‘e of the Al intervention.
xo%
=}
2 Trial identifier and registry name. If not yet registered, name of intended % 25 5
a regist o0
. . . gistry a
Trial registration oo
. iy 4 4 . ) oo Throughout
2b  Allitems from the World Health Organization Trial Registration Data Set D= protocol
= o]
. N 5 3 1
Protocol version 3 Date and version identifier 5 =
E ~—+
Funding 4 Sources and types of financial, material, and other support > -i 4
— =
5a Names, affiliations, and roles of protocol contributors o 3 2
S o 4
5b Name and contact information for the trial sponsor 2 2
- . . s g 1
Role of study sponsor and funders, if any, in study design; collection, a =
| d 5¢ management, analysis, and interpretation of data; writing of the report; v 3
Ro es,g,?, : and the decision to submit the report for publication, including whether 3 3
responsibilities they will have ultimate authority over any of these activities 5 o
5 o 7
Composition, roles, and responsibilities of the coordinating centre, b S
steering committee, endpoint adjudication committee, data management S o
5d A h i . 2
team, and other individuals or groups overseeing the trial, if applicable = B8
(see Item 21a for data monitoring committee) S ~

Explain the intended gse of the Al intervention in the 9, 10
SPIRIT-AI 6a (i) context of the cIinical-Sathway, including its purpose and
Description of research question and justification for undertaking the trial, Extension its intended users (e.g healthcare professionals, patients,
Background and : : ; ; i ublic) )
rationale 6a |nc|ud_|n_g summary of relevant studies (publlsheq and unpublished) p! . I
examining benefits and harms for each intervention — 10
SPIRIT-AI 6a (i) - . . . .
. Describe any pre-exigting evidence for the Al intervention.
Extension N
o~
_|
>
Cite as:
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s 3
23 SPIRIT-AI
o R (\
a @ ’
| S 3
~ON
2 . . 5T 10
3 6b Explanation for choice of comparators % g
4 o o S 11
5 Objectives 7 Specific objectives or hypotheses a
6 3 o
7 Description of trial design including type of trial (eg, parallel group, E g 1
Trial design 8 crossover, factorial, single group), allocation ratio, and framework (eg, » E
8 superiority, equivalence, noninferiority, exploratory) o =
2 » _ o 2
10 Methods: Participants, Interventions and Outcomes ] = N
@
‘I’I .. . . . R . o ZN
) Desgnpnon of Stl.de settings (eg, _commumty clinic, academic hOSp'tal). SPIRIT-Al 9 Describe the ong‘téaﬂ"d offsite requirements needed to e
12 Study setting 9 and list of countries where data will be collected. Reference to where list Extension intearate the Al it \}gntion into the trial settin
13 of study sites can be obtained 9 § % ) 9
14 , o ~ , o SPIRIT-Al 10 (i)  State the inclusi&%@- exclusion criteria at the level of 16
Inclusion and exclusion criteria for participants. If applicable, eligibility Elaboration participants. 298
15 Eligibility criteria 10 criteria for study centres and individuals who will perform the e
16 interventions (eg, surgeons, psychotherapists) SPIRIT-AI 10 (ii) State the inclusiwgrﬁ exclusion criteria at the level of the 17
17 Extension input data. T =
18 SPIRIT-AI11a () g0 \which version dBthe Al algorithm will be used. e
19 Extension 5 =
20 SPIRIT-Al 11a Specify the proé%dur@_’for acquiring and selecting the input 19, 20
(i) Extension data for the Al i@rv@ion.
21 SPIRIT-Al 11a Specify the proc”du@for assessing and handling poor 17, 20
22 (iiiy Extension quality or unavatgible@nput data.
23 11a Interventions for each group with sufficient detail to allow replication, SPIRIT-Al 11a Specify whethegZher&Sis human-Al interaction in the 19, 20
24 including how and when they will be administered (iv) Extension handling of the i‘gput gata, and what level of expertise is
25 required for users.
(o]
26 SPIRIT-Al 11a . @) . . 21
- (v) Extension Specify the outpgt ofgle Al intervention.
28 Interventions SPIRIT-Al 11a Explain the pro@durgfor how the Al intervention’s output 20
. ; will contribute togleciglpn-making or other elements of
29 (o) islen clinical practice.0
30 Criteria for discontinuing or modifying allocated interventions for a given g @ 23
31 11b trial participant (eg, drug dose change in response to harms, participant o _'S
32 request, or improving/worsening disease) Q N
33 Strategies to improve adherence to intervention protocols, and any * N 23
o ol
34 11c  procedures for monitoring adherence (eg, drug tablet return, laboratory @
tests) =
35 11d Relevant concomitant care and interventions that are permitted or g 23
36 prohibited during the trial o
37 Primary, secondary, and other outcomes, including the specific § 9, 16
38 measurement variable (eg, systolic blood pressure), analysis metric (eg, )
39 Outcomes 12 change fr_om baselln_e, final val_ue, tlmg to event), method of aggreggtlon o
(eg, median, proportion), and time point for each outcome. Explanation m
40 of the clinical relevance of chosen efficacy and harm outcomes is N
41 strongly recommended :
42 >
43 Cite as: . ) . . . .
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SPIRIT-XI

Participant
timeline

13

Time schedule of enrolment, interventions (including any run-ins and
washouts), assessments, and visits for participants. A schematic
diagram is highly recommended (see Figure)

12

Sample size

14

Estimated number of participants needed to achieve study objectives
and how it was determined, including clinical and statistical assumptions
supporting any sample size calculations

11

Recruitment

15

Strategies for achieving adequate participant enrolment to reach target
sample size

11

Methods: Assignment of Interventions (For Controlled Trials)

Sequence
generation

16A

Method of generating the allocation sequence (eg, computer-generated
random numbers), and list of any factors for stratification. To reduce
predictability of a random sequence, details of any planned restriction
(eg, blocking) should be provided in a separate document that is
unavailable to those who enrol participants or assign interventions

|poyoasaboysnwselq

19

Allocation
concealment
mechanism

16b

Mechanism of implementing the allocation sequence (eg, central
telephone; sequentially numbered, opaque, sealed envelopes),
describing any steps to conceal the sequence until interventions are
assigned

19

Implementation

16¢c

Who will generate the allocation sequence, who will enrol participants,
and who will assign participants to interventions

19

Blinding (masking)

17a

Who will be blinded after assignment to interventions (eg, trial
participants, care providers, outcome assessors, data analysts), and how

23

17b

If blinded, circumstances under which unblinding is permissible, and
procedure for revealing a participant’s allocated intervention during the
trial

24

Methods: Data Collection, Management, And Analysis

Data collection
methods

18a

Plans for assessment and collection of outcome, baseline, and other trial
data, including any related processes to promote data quality (eg,
duplicate measurements, training of assessors) and a description of
study instruments (eg, questionnaires, laboratory tests) along with their
reliability and validity, if known. Reference to where data collection forms
can be found, if not in the protocol

salbojouyaal Jejiwis pue ‘Buidiely |y |Buluiw elep pue 1xal oj Palg|aJ sasn 1oj Buipnjou| ‘1ybuAdoo Aq |

22

18b

Plans to promote participant retention and complete follow-up, including
list of any outcome data to be collected for participants who discontinue
or deviate from intervention protocols

222

Data management

19

Plans for data entry, coding, security, and storage, including any related
processes to promote data quality (eg, double data entry; range checks
for data values). Reference to where details of data management
procedures can be found, if not in the protocol
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23 SPIRIT-AI
: & 8 N
> I
~ON
2 o
N
3 Statistical methods for analysing primary and secondary outcomes. a S 22
4 20a Reference to where other details of the statistical analysis plan can be g_ 8
5 found, if not in the protocol 5 8
o
6 “::itt'ﬁggg' o0p  Methods for any additional analyses (eg, subgroup and adjusted o g 22
lyses) - >
7 analy c =2
8 Definition of analysis population relating to protocol non-adherence (eg, o 2 22
9 20c  asrandomised analysis), and any statistical methods to handle missing z 2
10 data (eg, multiple imputation) o Ti
@ 2 S
11 Methods: Monitoring =
12 St o
o L . ) ® >0
13 Composition of data monitoring committee (DMC); summary of its role % 8_ s 24
and reporting structure; statement of whether it is independent from the D =
14 d ting struct tat t of whether it is independent from th o5 3
15 2la  sponsor and competing interests; and reference to where further details g_ A 8
16 Dat itori about its charter can be found, if not in the protocol. Alternatively, an a g %
ata monttoring explanation of why a DMC is not needed 2o
QO T —
17 Description of any interim analyses and stopping guidelines, including 3 g 23
18 21b  who will have access to these interim results and make the final decision =) >
19 to terminate the trial a =
. . . R .. - O
20 Plans for collecting, assessing, reporting, and managing solicited and SPIRIT-Al 22 Specify any plarE to @ntify and analyse performance 23
21 Harms 22 spontaneously reported adverse events and other unintended effects of Ny errors. If there age noplans for this, explain why not
trial interventions or trial conduct : o = ! )
22 =:
]
=. O
23 Auditin 23 Frequency and procedures for auditing trial conduct, if any, and whether 8 @ =
24 9 the process will be independent from investigators and the sponsor - =
D =
25 =
2% Ethics and Dissemination 3 9
27 Research ethics o4 Plans for seeking research ethics committee/institutional review board :3 \g 1
[
28 approval (REC/IRB) approval = 3
29 Plans for communicating important protocol modifications (eg, changes o é‘ 4
30 Protocol o5 to eligibility criteria, outcomes, analyses) to relevant parties (eg, > 3
amendments investigators, REC/IRBs, trial participants, trial registries, journals, 8 2
31 regulators o ©O
9 ) S 2 .
32 26a Who will obtain informed consent or assent from potential trial o Q 19
33 participants or authorised surrogates, and how (see Item 32) : 5
Consent or ascent o) 1 -
34 26b Additional consent provisions for collection and use of participant data 5 Not applicable
35 and biological specimens in ancillary studies, if applicable o
36 = !
37 How personal information about potential and enrolled participants will = P 2
38 Confidentiality 27 be collected, shared, and maintained in order to protect confidentiality %
before, during, and after the trial =
39 :
40 Declaration of o8 Financial and other competing interests for principal investigators for the % 25
interests overall trial and each study site N
41 =
_|
42 >
43 Cite as: . ) . . . .
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. SPIRIT-4I
S O (\
& 2 ’
> 7
- N
o
Statement of who will have access to the final trial dataset, and State whether agHl hdi¥ the Al intervention and/or its code 24
’ L SPIRIT-AIl 29 P o
Access to data 29 disclosure of contractual agreements that limit such access for T can be accessed inctpding any restrictions to access or
investigators re-use. 2 9
~7 1 .
Ancillary and post- 40 Provisions, if any, for ancillary and post-trial care, and for compensation s Not applicable
trial care to those who suffer harm from trial participation o
S
Plans for investigators and sponsor to communicate trial results to N 25, 26
31a participants, healthc_are_professmr_\als_, the public, and other relevant =
groups (eg, via publication, reporting in results databases, or other data )
Dissemination sharing arrangements), including any publication restrictions gli .
policy 31b Authorship eligibility guidelines and any intended use of professional » 8 25
writers § o
31c Plans, if any, for granting public access to the full protocol, participant- 2 g Not applicable
level dataset, and statistical code 2 g
CD —_
Appendices 23
To
Informed consent 32 Model consent form and other related documentation given to 8 8 Appendix
materials participants and authorised surrogates — =
. . Plans for collection, laboratory evaluation, and storage of biological § Not applicable
Biological : . o ;
- 33 specimens for genetic or molecular analysis in the current trial and for =
specimens =
o

future use in ancillary studies, if applicable

21t is strongly recommended that this checklist be read in conjunction with the SPIRIT 2013 Explanation & Elaboration for important clarification on t

b Indicates page numbers to be completed by authors during protocol development.
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