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Abstract

Objective:Advancedmachine learning technology provides an opportunity to improve

clinical electrocardiogram (ECG) interpretation, allowing non-cardiology clinicians to

initiate care for atrial fibrillation (AF). The Lucia Atrial Fibrillation Application (Lucia

App) photographs the ECG to determine rhythmdetection, calculates CHA2DS2-VASc

and HAS-BLED scores, and then provides guideline-recommended anticoagulation.

Our purpose was to determine the rate of accurate AF identification and appropriate

anticoagulation recommendations in emergency department (ED) patients ultimately

diagnosedwith AF.

Methods:We performed a single-center, observational retrospective chart review in

an urban California ED, with an annual census of 70,000 patients. A convenience sam-

ple of hospitalizedpatientswithAFas aprimaryor secondarydischargediagnosiswere

evaluated for accurate EDAFdiagnosis and EDanticoagulation rates. Thiswas done by

comparing the Lucia App against a gold standard board-certified cardiologist diagno-

sis and using the American College of Emergency Physicians AF anticoagulation guide-

lines.

Results: Two hundred and ninety seven patients were enrolled from January 2016

until December 2019. The median age was 79 years and 44.1% were female. Com-

pared to the gold standard diagnosis, the Lucia App detected AF in 98.3% of the cases.

Physicians recommended guideline-consistent anticoagulation therapy in 78.5% ver-

sus 98.3% for the Lucia App. Of the patients with indications for anticoagulation and

discharged from the ED, only 25.0%were started at discharge.
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Conclusion: Use of a cloud-based ECG identification tool can allow non-cardiologists

to achieve similar rates ofAF identification as board-certified cardiologists and achieve

higher rates of guideline-recommended anticoagulation therapy in the ED.

KEYWORDS

artificial intelligence, atrial fibrillation, clinical decision support, emergency department,
guidelines, machine learning, oral anticoagulation

1 INTRODUCTION

1.1 Background

It is estimated that 5.2 million Americans are living with atrial fibril-

lation (AF) and account for 4.6 million annual emergency department

(ED) visits.1,2 Each year there are an estimated 600,000 newly diag-

nosed AF patients visiting the ED, the number of whom is increasing.2

The number of patients with AF is expected to increase to 12.1 million

by the year 2030.1

Anticoagulation therapy is one of the most effective strategies to

reduce cardiovascular morbidity and mortality in patients with non-

valvular atrial fibrillation (NVAF) and is recommended in both the

American Heart Association/American College of Cardiology/Heart

Rhythm Society (2014 and 2019) and American College of Emergency

Physicians (ACEP) guidelines.3–5 Although these guidelines support

the initiation of anticoagulation in the ED, real-world studies have

demonstrated that asmany as 53%of high-risk patients are discharged

from the EDwithout anticoagulation.6

The decision to anticoagulate requires individual assessment of

stroke risk and risk of bleeding. Use of risk tools, such as CHA2DS2-

VASc (congestive heart failure, hypertension, age ≥ 75, diabetes melli-

tus, prior stroke or TIA or thromboembolism, vascular disease, age 65

to 74, sex category; score ranges 0 to 9) and HAS-BLED (hypertension,

abnormal renal and/or liver function, previous stroke, bleeding history,

or predisposition, labile international normalized ratios, elderly, and

concomitant drugs and/or alcohol excess; score ranges 0 to 9) can help

to inform the choice of oral anticoagulation (OAC) agent and manage-

ment strategy.7 The CHA2DS2-VASc score is a validated tool to assess

the risk of stroke and systemic emboli in patients with NVAF. OAC is

recommended for those patients with a score of 2 or greater. However,

treatmentwithOACor aspirin in this populationmaybe considered for

a score of 1. A HAS-BLED score of 3 or greater indicates a high risk of

bleeding. HAS-BLED should not be used on its own to exclude patients

from OAC therapy. Clinicians should evaluate each identifiable bleed-

ing risk factor and determine if OAC is appropriate.

The consequences of misdiagnosis and treatment failure contribute

to morbidity and mortality. It has been reported that AF patients dis-

charged from the ED without anticoagulation are 2.7x more likely to

die, suffer a stroke, or be readmitted over the next year, compared to

those receiving anticoagulation.8 A large multicenter study in patients

previously diagnosed with AF found 84% of 94,474 patients were

not on guideline-recommended anticoagulation before their stroke.9

Finally, evenamong cardiologists, guideline compliance rates are inade-

quate. The National Cardiovascular Data Registry Practice Innovation

and Clinical Excellence (PINNACLE) Registry found that 40% of mod-

erate to high-risk AF patients seen by a cardiologist receive inadequate

anticoagulation.10

The advent of machine-assisted diagnosis and anticoagulation rec-

ommendation prompts has held the promise of improved diagnostic

accuracy, with the goal of higher rates of appropriate anticoagulation.

Unfortunately, the results to date have been inconsistent. In one 2019

European study, computer-based AF diagnoses were incorrect in at

least 9%of cases,with EDandprimary care physicians failing to correct

themissed diagnoses in 47%of cases.11 Higher quality clinical decision

support tools that leverageexistingEDstaff canbeused to furtheropti-

mize patient care.

The Lucia (Lucia Health Guidelines, San Francisco, CA) Atrial Fib-

rillation Application (Lucia App) leverages machine learning and cloud

computing to interpret an ECG photograph and provide a rhythm

detection. Once the clinician inputs data points used to calculate the

CHA2DS2-VAScandHAS-BLEDscores, it thenpresents guideline com-

pliant treatment recommendations.

The Lucia AF detection algorithmhas been previously internally val-

idated, though these data have not been published. The algorithm was

tested against a set of randomly chosen 12-lead resting ECGs from

1 hospital; including 335 patients adjudicated as having AF and 76

patients adjudicated as having normal sinus rhythm (NSR). The algo-

rithm correctly identified the NSR patients 75 times for a specificity

of 96.8% (95% confidence interval [CI] = 92.9%, 99.8%) and correctly

identified the AF patients 331 times for a sensitivity of 98.8% (95%

CI= 97.0%, 99.5%).12 Given the strong clinical accuracy of this test set

and retrospective nature of the current study, the study was designed

as a proof of concept to test the entire clinical decision support tool,

including AF guideline recommendations.

1.2 Importance

A clinical decision support tool that streamlines the detection and

treatment of AF can improve guideline adherence, when appropriate,

and reduce treatment times in the ED, especially in settings with lim-

ited access to cardiologists, with the ultimate goal of reducing the inci-

dence of stroke.
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1.3 Goals of this investigation

Our primary objective was to confirm the accuracy of the Lucia

App to detect the presence of AF on 12-lead resting ECG. Sec-

ondary objectives included determining the potential impact of app-

derived guideline-consistent anticoagulation recommendations versus

discharge therapy patterns and determining the accuracy of calcula-

tion and documentation of the CHA2DS2-VASc and HAS-BLED scores

in themedical record.

2 METHODS

2.1 Study design and setting

We performed an observational cohort study consistent with the

Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) guidelines, using a convenience sample obtained by retro-

spective chart review from January 2016 to December 2019, apply-

ing standardmethodology.13,14 The studywas institution review board

approved and did not require informed consent as all data were de-

identified when extracted from the chart and entered into the Lucia

App. Patients were assigned a numerical study identifier that was

entered into the app in place of usual patient identifiers. Data were

collected by trained chart abstractors using a standardized collection

form. Disagreements among abstractors was resolved by an indepen-

dent panel of cardiology experts, blinded to the app results.

2.2 Selection of participants

Eligible patients were ≥ 18 years of age who presented to the ED and

were ultimately discharged directly from the ED or hospitalized and

discharged from the hospital, with either a primary or secondary diag-

nosis of AF (all patients included in this analysis had a gold standard

ECG diagnosis of AF). Patients were not eligible for inclusion if they

were receiving anticoagulation for an indication other than AF, were

already enrolled in another clinical study, were admitted with an acute

stroke, had known valvular AF, were hemodynamically unstable at ED

admission, or if the patient transferred to another facility. Missing data

were managed by complete case analysis (ie, cases with missing data

were excluded).

2.3 Interventions

The gold standard AF diagnosis was determined by a board-certified

cardiologist, reading only the ED ECG and blinded to the app result. At

this institution, all ECGs initially reviewed by the ED physician are sent

to cardiology for a second read. To determine the presence of AF, the

app requires that aphoto is takenof theECG,withonly thepatient’s sex

and birthdate documented. Data are entered into the app for calcula-

tion of CHA2DS2-VASc and HAS-BLED scores. These data are submit-

The Bottom Line

A machine learning clinical decision support tool was com-

pared to emergency department physician detection and

treatment of non-valvular atrial fibrillation (AF) in the emer-

gency department (ED). In a convenience sample of 297 AF

cases, the Lucia AF algorithm performed better (98.3% vs

78.5%) than the ED physician recommendation for following

national guideline-based anticoagulation.

ted securely to the Microsoft Azure Cloud (Microsoft, Inc, Redmond,

WA) for detection of AF and treatment recommendations. Based on

these calculations, guideline-recommended therapy is presented to the

clinician for each subject.

2.4 Measurements

Collected data included age, gender, ethnicity, photograph of ECG,

admission diagnosis from the ED, duration of AF (< 48 hours, ≥

48 hours, or unknown), antithrombotic medication at admission (eg,

warfarin, factor Xa inhibitors, or direct thrombin inhibitors), concomi-

tant antiplatelet agents at admission (eg, P2Y12 inhibitors, aspirin),

discharge antithrombotic medications, concomitant dischargemedica-

tions thatmay increase bleeding risk, arrhythmiamanagement, and cal-

culation of CHA2DS2-VASc andHAS-BLED scores.

2.5 Outcomes

The primary outcome variable was the detection of AF by the Lucia

App. The app is designed to have 95% accuracy for the detection of

AF at a certainty level of 70%. All ECG results returned by the app

are classified as AF (certainty level ≥ 70%), NSR (certainty level ≥

70%), or undetermined (certainty level < 70%). Secondary outcome

variables included guideline-compliant discharge rates of anticoagu-

lation therapy as documented by the discharging physician and those

recommended by the app and documentation of the CHA2DS2-VASc

and/or the HAS-BLED score in the medical record. A CHA2DS2-VASc

score of 1, regardless of whether it was because of female gender, was

defined as a flexible indication treatment and was considered appro-

priate regardless of whether the providers chose to initiate anticoagu-

lation therapy or not.

2.6 Statistical analysis

Validation of the Lucia App to detect AF in an ED setting was per-

formed and presented with 95% CI versus the gold standard diagno-

sis. This provides a direct measure of diagnostic (clinical) sensitivity.
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Guideline-compliant anticoagulation scores and discharge treatment

reporting rates are presented with 95% CI for both physicians and the

app. The interrater reliability of the chart abstractors, using intraclass

correlation coefficient, was calculated at 86%.

3 RESULTS

3.1 Characteristics of study subjects

Overall, 297 patients met the entry criteria and had no exclusion cri-

teria. The median age of all subjects was 79 years, with 183 (61.6%)

non-Hispanic, 113 (38.0%) Hispanic, and 1 (0.3%) not documented. A

total of 166 (55.9%) were male and 131 (44.1%) were female. Of the

total patients, 239 (80.5%) had a prior diagnosis of AF and 171 (57.6%)

were on anticoagulation at presentation (Appendix Table 1). Of the

total patients, 212 (71.4%) were hospitalized, with the remaining 85

(28.6%) discharged directly home from the ED (Appendix Figure 1).

3.2 Main results

The app accurately detectedAF in 292 (98.3%; 95%CI=96.4%, 99.4%)

enrolled patients as compared to the gold standard. Three (1.0%) of

the AF ECGs were read by the app as NSR. Of these, 1 was sinus

rhythm that converted to AF midway through the ECG. Two (0.7%)

ECGs fell below the app threshold of 70% and were read as undeter-

mined (Appendix Table 2).

Additionally, correct diagnosis was evaluated in patients discharged

directly home from the ED. Of the 85 (28.6%) ED discharged patients,

only 71 (83.5%) were correctly diagnosed as AF by the ED physician.

Fourteen (16.5%) ECGs that were initially read by the ED physician as

NSR were subsequently confirmed as AF by cardiology. In the ED dis-

charged cohort the Lucia App detected 83 (97.6%) as AF, 1 (1.2%) as

NSR, and 1 (1.2%) was undetermined.

Anticoagulation recommendations by physicians at hospital dis-

charge were consistent with ACEP guidelines in 233 (78.5%; 95%

CI = 73.5%, 82.9%). This compared with 292 (98.3%; 95% CI = 96.4%,

99.4%) for the Lucia App. Because all the ECGs were known AF as a

criterion for inclusion in this analysis, the 5 (1.7%) that the app did not

detect as AF would have resulted in non-compliant treatment recom-

mendations.

Of enrolled patients, 171 (57.6%) were already on anticoagulation

upon admission and 126 (42.4%) had never been on anticoagulation

therapy (Appendix Table 1). The cohort with no prior anticoagu-

lation thus represents an opportunity for therapeutic interventions. Of

the 85 ED discharged patients, 65 (76.5%) were already on anticoag-

ulation therapy and 20 (23.5%) were not. Of the 20 ED patients not

on anticoagulation, only 5 (25.0%)were discharged on anticoagulation,

leaving 15 (75.0%) dischargedwithout.

A total of 212 (71.4%) AF patients were hospitalized. Of these, 115

(54.2%) were already anticoagulated. No hospitalized AF patient had

anticoagulation started by the ED physician. At subsequent discharge,

the admitting team continued anticoagulation therapy on 115 (54.2%),

leaving 97 (45.8%) dischargedwithout anticoagulation.

The app calculated CHA2DS2-VASc on all 297 (100%) patients

with mean (SD) score of 4.3 (1.76). Documented physician-calculated

CHA2DS2-VASc scores were reported in only 40 (13.5%) patients with

a mean (SD) score of 3.4 (1.58). Interclass correlation (ICC) results

showed that, when documented, CHA2DS2-VASc physician scores

were in significant agreement with app-derived scores (ICC = 0.883,

P < 0.01). The app calculated HAS-BLED on all 297 (100%) patients

with mean (SD) score of 2.8 (1.31). Documented physician-calculated

HAS-BLED scores were reported in only 7 (2.4%) patients with a mean

(SD) score of 3.3 (0.76) (Appendix Table 3). ICC results showed that,

when documented, HAS-BLED physician scores were not in signifi-

cant agreement with app-derived scores (ICC = 0.585, P = 0.154).

There was very little variation in antithrombotic therapy or lack

thereof regardless of the mean CHA2DS2-VASc score (Appendix

Figure 2).

4 LIMITATIONS

Our study has several limitations. This study was designed as a retro-

spective chart review and thus our findings are hypothesis generating.

The study design also limited the ability to determine the algorithm’s

full range of true negatives or false positives, as inclusion criteria

looked at only 1 rhythm, AF. Of note, the lack of non-AF cases is a

significant limitation that prevents defining the predictive value of this

algorithm in all presentations. However, when the algorithm’s results

are positive for AF, the ability to objectively confirm the detection has

the potential to improve clinical management. Additionally, the rela-

tively small sample size and single-center investigation may provide

challenges in generalizability. Further, lower rates of emergency physi-

cian implementation of indicated anticoagulation may have been a

function of intentionally delayed therapy in hospitalized patients (with

the intent of allowing the admitting team to select among the number

of reasonable therapeutic options) or because the non-valvular etiol-

ogy of the AF could not be determined in the ED. Because the inability

to determine non-valvular etiology of the atrial fibrillation restricts the

initiation of anticoagulation, this may be a significant limitation in the

study. Finally, if the risk scores (CHA2DS2-VASc and HAS-BLED) were

not recorded, they were assumed to have not been performed, which

may explain the low level of documentation by physicians seen in the

study.

5 DISCUSSION

Based on the comparison with board-certified cardiologist diagnosis

AF, we found that the Lucia App had a high ability to accurately detect

AF. Only 5 of 297 ECGs were not detected as AF. The app’s 97.6% ver-

sus the ED physician’s 83.5% accuracy rate for ED discharged patients

suggests opportunity for improvement in AF detection if the app was

routinely applied. Furthermore, treatment recommendations by the
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Lucia App (98.3%) were more consistent with ACEP guidelines than

the treatment decision of discharging physicians (78.5%). This is

the first cloud-based app intervention to demonstrate the potential

for increased AF detection and anticoagulation treatment recom-

mendations. Prior studies have demonstrated low rates of guideline

consistent anticoagulation in patients presenting with AF but have not

provided clear solutions to improve compliance.6,15 The accessibility of

a mobile (tablet or phone) app suggests new compliance opportunities

could be implemented at low cost and without a significant disruption

in operational flowmanagement.

Appropriate anticoagulation is an important facet of care for

patients with NVAF to prevent stroke and other thromboembolic

events. However, based on data from the PINNACLE Registry, antico-

agulation rates have fallen short of guideline-based expectations, as

less than half of high-risk patients receiveOAC.10 Anticoagulation pre-

scribing rates do seem to be improving however, as a recent review

study of the PINNACLE Registry found OAC rates from 2013 to 2017

increased from 52.7% to 65.2%.16 This gap in care is even more appar-

ent in EDs in the United States, with some studies seeing anticoagula-

tion in only 18.9% of eligible high-risk patients.17

Numerous barriers need to be overcome in prescribing OAC in the

ED and at hospital discharge, including deferment to outpatient col-

leagues, difficulty of establishing follow-up with primary care physi-

cians or cardiologists, or lack of knowledge of existing guidelines for

the ED or acute management.15,18 Other factors may include lack of

cardiologist access, especially in settings where staffing may be con-

strained owing to logistical and financial constraints. However, one

recent study found that AF patients discharged from the EDwhowere

eligible for OACwere muchmore likely to be receiving it 1 year later if

they were provided with a prescription in the ED (67.8%), compared

to those for whom initiation was left to the primary care provider

(37.2%).17 The Lucia App provides an opportunity to serve as a clinical

decision support tool to help guide providers towardmaking guideline-

recommended therapy, even in rural communities that may not have

access to cardiologists or electrophysiologists. As Lucia’s algorithms

were trained by cardiac electrophysiologists, it is promising that its

detection capabilities are consistent with that of board-certified car-

diologists.

It is important to consider the app’s advantages in recommending

guideline-based anticoagulation. Because the Lucia App facilitates cal-

culation and documentation of a patient’s CHA2DS2-VASc and HAS-

BLED scores, this shows potential for allowing physicians to adhere

more strongly to guidelines as it streamlines steps that physicians

would have to take in order to assesswhether anticoagulation is appro-

priate for the patient.

In this retrospective chart review, we found that the Lucia App

had comparable rates of accurate AF detection as cardiologists and

higher rates compared to emergency physicians. The high degree of

guideline-consistent recommendations provided by the Lucia App sug-

gests the potential for an app-based solution to guide providers toward

an appropriate starting point upon which to make more personal and

nuanced decisions.
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APPENDIX

TABLE 1 Patient demographics

Frequency %

Gender

Female 131 44.1

Male 166 55.9

Hispanic

No 183 61.6

Yes 113 38.0

No answer 1 0.3

AF diagnosis

Preexisting 239 80.5

New 56 18.9

Not addressed 2 0.7

Medications at admission

Apixaban 72 24.2

Rivaroxaban 41 13.8

Edoxaban 3 1.0

Dabigatran 14 4.7

Warfarin 41 13.8

Aspirin 86 29.0

Clopidogrel, ticagrelor, or prasugrel 15 5.1

Dual antiplatelet therapy 6 2.0

Medications at discharge

Apixaban 85 28.6

Rivaroxaban 53 17.8

Edoxaban 5 1.7

Dabigatran 11 3.7

Aspirin 91 30.6

Clopidogrel 23 7.7

Prior anticoagulant discontinued 4 1.3

No antiplatelet at discharge 192 64.6

N/A 139 46.8

AF rhythm detection

Cardiology panel 297 100.0

Lucia 292 98.3

ACEP guideline compliance

Physician 233 78.5

Lucia 292 98.3

(Continues)

TABLE 1 (Continued)

Frequency %

Choice of Discharge Treatment

Anticoagulation (including warfarin) 175 58.9

Warfarin only 13 4.4

Aspirin 52 17.5

LAA 1 0.3

Appropriate anticoagulation dose at discharge

No 13 4.4

Yes 130 43.8

N/A 154 51.9

Abbreviations: ACEP, American College of Emergency Physicians; AF, atrial

fibrillation; LAA, left atrial appendage.

TABLE 2 Confirmed versus predicted rhythm classification for
Lucia App

Confirmed

AF

NSR or

undetermined

Predicted AF 292 0

NSR or Unde-

termined

5 0

Abbreviations: AF, atrial fibrillation; NSR, normal sinus rhythm.

TABLE 3 Descriptive statistics for numerical scale variables

N Mean SD

Age 297 76.55 13.18

Days Hospital Stay 296 3.72 4.70

MDCHA2DS2-VASc 40 3.4 1.58

LUCIA CHA2DS2-VASc 297 4.32 1.76

MDHAS-BLED 7 3.29 0.76

LUCIAHAS-BLED 297 2.8 1.31



8 of 8 SCHWAB ET AL.

F IGURE 1 Patient disposition

F IGURE 2 CHA2DS2-VASc score and antithrombotic variables
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