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BACKGROUND Handheld single-lead electrocardiographic (1L ECG) devices are increasingly used for atrial fibrillation

(AF) screening, but their real-world performance is not well understood.

OBJECTIVES The purpose of this study was to quantify the diagnostic test characteristics of 1L ECG automated in-

terpretations for prospective AF screening.

METHODS We calculated the diagnostic test characteristics of the AliveCor KardiaMobile 1L ECG (AliveCor, US)

algorithm using unblinded cardiologist overread as the gold standard using single 30s tracings administered by medical

assistants among individuals aged $65 years participating in the VITAL-AF trial (NCT03515057) of population-based AF

screening embedded within routine primary care.

RESULTS A total of 14,230 individuals (mean age 74 � 7 years, 60% women, 82% White) had 31,376 tracings reviewed

by 13 cardiologists. A total of 24,906 (79.6%) tracings had an AliveCor interpretation of normal, 5,046 (16.1%) were

unclassified, 797 (2.5%) were possible AF, and 573 (1.8%) were no analysis. Cardiologists read 808 (2.6%) tracings as AF.

AliveCor possible AF had a PPV of 51.7% (95% CI: 47.8%-55.6%). AliveCor normal had an NPV of 99.8% (95% CI:

99.7%-99.8%). The AliveCor algorithm had an overall sensitivity of 51.0% (95% CI: 47.1%-54.9%) and a specificity of

98.7% (95% CI: 98.6%-98.9%). AliveCor tracings interpreted as unclassified (PPV 5.9%, 95% CI: 5.1%-6.7%) and no

analysis (PPV 6.5%, 95% CI: 4.6%-8.9%) had low predictive values for AF and were increasingly prevalent at older ages

(13.7% for age 65-69 years to 28.1% for age $85 years, P < 0.01).

CONCLUSIONS In an older primary care population undergoing AF screening with handheld 1L ECGs, automated

algorithm interpretations were sufficiently accurate to exclude the presence of AF but not to establish an AF diag-

nosis. (JACC Adv 2023;2:100616) © 2023 The Authors. Published by Elsevier on behalf of the American College of

Cardiology Foundation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
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U ndiagnosed atrial fibrillation (AF) is
an important cause of stroke. AF
screening can detect undiagnosed

AF,1-4 and use of oral anticoagulants can pre-
vent strokes. However, oral anticoagulants
also increase bleeding risk, and AF screening
may lead to preferential detection of very
low-burden AF, whose association with
stroke risk is not well understood.5 There-
fore, it remains unclear whether
population-based screening for AF leads to
net clinical benefit.2 As a result, consensus
guidelines offer conflicting endorsements,
with cardiology societies from Europe6 and
Australia/New Zealand7 providing a Class I recom-
mendation for AF screening among individuals aged
>65 and $65 years, respectively, but the United
States Preventive Services Task Force concluding
that there is insufficient evidence for or against AF
screening.8 Newer technologies, such as single-lead
electrocardiograms (1L ECGs) obtained using mobile
devices2 that are marketed directly to consumers
and may be used in real-world care represent a
contemporary approach to screening.9 However, the
ability of such devices to facilitate accurate AF detec-
tion is not well understood.

Most 1L ECG sensors employ automated AF detec-
tion algorithms, which may enable more resource-
efficient screening by reducing the need for manual
interpretation.2 Although current AF detection algo-
rithms demonstrate reasonable accuracy in small
testing samples enriched for individuals with known
AF,10 their performance when deployed prospectively
for population-based screening in clinical practice is
not well understood. Additionally, automated algo-
rithms may return equivocal interpretations (eg, un-
classified), whose frequency and potential clinical
implications have not been adequately described. A
better understanding of the performance of 1L
ECG-based automated AF detection is critical to
inform future AF screening efforts and define the
extent to which automated 1L ECG interpretations
require manual clinician overreading or confirmatory
follow-up testing.

VITAL-AF was a cluster-randomized trial
(NCT03515057) that assessed the efficacy of AF
screening with 30-second 1L ECGs among primary
care patients aged $65 years. In the current analysis,
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and Food and Drug Administration guidelines, including patien

thor Center.
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we quantified the diagnostic test characteristics of the
AliveCor automated 1L ECG interpretation on tracings
taken during AF screening among individuals without
prevalent AF, using manual cardiologist review as the
gold standard.

METHODS

TRIAL DESIGN AND PARTICIPANTS. The design,
conduct, and primary outcome results of VITAL-AF
have been published previously.3,11 Briefly,
VITAL-AF recruited patients from 16 primary care
practices within the Massachusetts General Hospital
(MGH) Practice-Based Research Network. VITAL-AF
was a pragmatic cluster randomized trial, in which
practices were randomized in a 1:1 ratio to AF
screening versus usual care. Patients were eligible for
inclusion if they were aged $65 years and attended an
outpatient clinic appointment at a participating pri-
mary care practice with a primary care physician,
nurse practitioner, or physician’s assistant. The trial
enrolled patients between July 31, 2018 and October
8, 2019. In the current analysis, we specifically focus
on individuals who had $1 1L ECG screening per-
formed after randomization to a screening practice
(ie, the per-protocol screening population) who did
not have a prior diagnosis of AF at the time of
screening. The research protocol was approved by the
Mass General Brigham Institutional Review Board.

AF SCREENING INTERVENTION. Eligible individuals
visiting intervention practices were offered AF
screening with the AliveCor Kardia (AliveCor, US)
1L ECG at each encounter during the assessment of
vital signs. The 1L ECG was administered by practice
medical assistants who received dedicated training in
the use of the Kardia device prior to study start as
well as monthly refreshers. Each tracing underwent
automated interpretation using the AliveCor AF
detection algorithm (KardiaAI version 1), resulting in
one of 5 possible interpretations (Supplemental
Table 1). In addition to the automated interpretation
generated by the AliveCor device, all 1L ECG tracings
were later reviewed by one of the 13 study cardiolo-
gists. Cardiologists reviewing 1L ECG tracings were
not blinded to the AliveCor automated interpretation,
mirroring the usual process of clinical ECG reading in
which an automated interpretation is typi-
cally provided.
es and animal welfare regulations of the authors’
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Although not required by the study protocol,
12-lead ECGs could be performed at clinician’s
discretion. When obtained, 12-lead ECGs were adju-
dicated by clinical cardiologists at MGH as part of
routine clinical workflows. In addition to review by a
study cardiologist, potentially actionable 1L ECG
findings (eg, new AF, sinus arrest $3 seconds) were
also reviewed by study electrophysiologists and trig-
gered notification of the primary care provider.
Potentially actionable findings are listed in
Supplemental Table 2.

ASSESSMENT OF 1L ECG AUTOMATED INTERPRETATION

PERFORMANCE. For the primary analysis, we assessed
the AliveCor 1L ECG automated algorithm’s perfor-
mance using cardiologist review as the gold standard.
For the purposes of this analysis, we collapsed the
5 observed AliveCor interpretations into 4 classes, as
follows: AF ¼ possible AF; normal ¼ normal;
unclassified ¼ unclassified; and too short or noise ¼ no
asnalysis (Supplemental Table 1). Since cardiologist
review of 1L ECG tracings may represent an imperfect
reference standard,12 we performed secondary ana-
lyses in which we compared the 1L ECG automated
algorithm interpretation to: 1) a subset of tracings
reviewed by 2 board-certified cardiac electrophysiol-
ogists (separate from the cardiologist reviewers); and
2) the 12-lead (12L) ECG interpretation for the
n ¼ 2,230 individuals who had a same-day 12L ECG
performed. We also assessed the effect by reversing
progressively greater fractions of cardiologist in-
terpretations. In accordance with VITAL-AF study
protocols, all same-day 12L ECGs were performed at
the discretion of treating clinicians (ie, were not part
of the trial protocol) and were interpreted by clinical
cardiologists at MGH separate from the VITAL-AF
cardiologist reviewers. An overview of the study
design is provided in the (Central Illustration).

STATISTICAL ANALYSIS. To quantify the perfor-
mance of the 1L ECG automated algorithm interpre-
tation for detecting AF, we calculated the positive
predictive value (PPV) and the negative predictive
value (NPV) for each AliveCor reading. For this anal-
ysis, a cardiologist’s review result of AF was consid-
ered AF, while reviews not indicating AF (ie, normal
or other) were classified as non-AF. We also tabulated
the distribution of 1L automated interpretations
among tracings read as AF and separately tracings
read as not AF by the cardiologist reviewer. For
calculation of 1L ECG automated algorithm sensi-
tivity, specificity, and predictive values, we decided
a priori to analyze equivocal interpretations
(ie, unclassified and no analysis) in 2 ways. First, we
considered equivocal interpretations as an AliveCor
non-AF interpretation (ie, a negative test result),
therefore defining only AliveCor possible AF tracings
as AF. Second, we considered equivocal in-
terpretations as an AliveCor AF interpretation (ie, a
positive test result), therefore defining AliveCor
possible AF, unclassified, or no analysis tracings as AF
by the automated algorithm.12 Since the true fre-
quency of AF on equivocal tracings is unknown, we
performed secondary analyses in which 25%, 50%,
and 75% of equivocal tracings were randomly
assigned as positive test results, as well as an analysis
in which equivocal tracings were excluded.

While administering the 1L ECG, medical assistants
were instructed to repeat the screening procedure
once if the results of the initial screen were either
unclassified or no analysis. Therefore, since in-
dividuals could have multiple tracings performed in
the context of a single encounter, in the primary
analysis we calculated test characteristics for indi-
vidual tracing results, but in a secondary analysis we
quantified test characteristics at an encounter level
(see below). The generalized estimating equations
with independent working correlation structure
approach was used to account for the repeated mea-
sures data structure (multiple tracings per individual)
when estimating the 95% CIs for test characteristics.
Since the within-cardiologist intraclass correlation
was low, we did not make any adjustment for clus-
tering by cardiologist.

To assess whether the AliveCor algorithm’s per-
formance may differ on the basis of key sociodemo-
graphic factors or clinically estimated AF risk, we
repeated the primary analysis within subgroups
divided by age (ie, 65-70 years, 70-75 years,
75-80 years, 80-85 years, and $85 years), sex, race
(White or other race), and categories of predicted
5-year AF risk estimated using the Cohorts for Aging
and Genomic Epidemiology Atrial Fibrillation
(CHARGE-AF) score (ie, <5%, 5%-10%, 10%-25%,
25%-50%, and $50%). To calculate predicted 5-year
AF probabilities, CHARGE-AF scores were
converted to probabilities using the equation: 1�
0:9718412736expðSbX�12:5815600Þ, where SbX is the in-
dividual’s CHARGE-AF score.13

We performed several sensitivity analyses to
assess the robustness of our findings. First, we
repeated the main analyses described above using: 1)
electrophysiologist review; and 2) cardiologist
interpretation of a 12-lead ECG performed the same
day as alternative reference standards (Central
Illustration). Second, we assessed 1L ECG perfor-
mance on a per-encounter (as opposed to per-tracing

https://doi.org/10.1016/j.jacadv.2023.100616
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CENTRAL ILLUSTRATION Study Overview and Predictive Values of AliveCor Algorithm Interpretations

Khurshid S, et al. JACC Adv. 2023;2(8):100616.

(A) An overview of the current study. A total of 38,190 handheld 1L ECG tracings were generated in the context of screening within the VITAL-AF trial. Of these, we

excluded tracings performed among individuals with known AF at the time of screening, as well as those overread as uninterpretable by cardiologist readers, resulting

in 31,376 tracings in the primary analysis (see text). We quantified the test characteristics of the AliveCor 1L ECG algorithm against cardiologist overread (primary

analysis), against electrophysiologist overread (secondary analysis), and against clinical interpretation of a 12-lead ECG performed on the same day as screening

(secondary analysis). (B) The positive predictive values (PPVs) (red) and negative predictive values (NPVs) (green) for the 4 AliveCor automated 1L ECG in-

terpretations (x-axis), using cardiologist overread as the gold standard. Only PPV is depicted for possible AF, which always denotes a positive test, while only NPV is

depicted for normal which always denotes a negative test. Since unclassified and no analysis represent equivocal findings, both PPV and NPV are shown. AF ¼ atrial

fibrillation; ECG ¼ electrocardiogram.
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level), utilizing the last tracing taken during a study
visit in which screening was performed. Third, we
calculated test characteristics when reversing 0.5%,
1%, 1.5%, 2%, and 5% of cardiologist 1L ECG
interpretations to account for expected misclassifi-
cation rates.14

We considered 2-sided P values <0.05 to indicate
statistical significance. All analyses were performed



TABLE 1 Baseline Characteristics of the Primary Analysis Sample

(N ¼ 14,230)a

Age 73.9 � 6.7

Female 8,474 (59.6%)

Race

White 11,701 (82.2%)

Black 769 (5.4%)

Hispanic 321 (2.3%)

Other 1,168 (8.2%)

Unknown 271 (1.9%)

Active smoker 644 (4.6%)

Systolic blood pressure, mm Hg 131 � 16

Diastolic blood pressure, mm Hg 75 � 9

Body mass index, kg/m2 27.8 � 5.4

Antihypertensive medication use 7,566 (53.2%)

Hypertension 10,756 (75.6%)

Diabetes 3,450 (24.2%)

Myocardial infarction 1,007 (7.1%)

Coronary heart disease 2,989 (21.0%)

Heart failure 1,467 (10.3%)

Stroke 1,177 (8.3%)

Vascular diseaseb 2,768 (19.5%)

CHA2DS2-VASc score 3.4 � 1.4

CHARGE-AF score 13.5 � 0.9

Values are mean � SD or n (%). aAll characteristics obtained at study enrollment.
bDefined as myocardial infarction, peripheral arterial disease, or aortic plaque.

CHARGE-AF ¼ Cohorts for Aging and Research in Genomic Epidemiology-Atrial
Fibrillation.13

TABLE 2 Distribution of AliveCor Algorithm Interpretations

Using Cardiologist Overread as Reference Overall and Stratified

by Age

Alivecor
Interpretation

Cardiologist Interpretation

AF
(n ¼ 808)

No AF
(n ¼ 30,568)

Overall Possible AF 412 (51.0%) 385 (1.3%)

Normal 62 (7.7%) 24,898 (81.5%)

Unclassified 297 (36.8%) 4,749 (15.5%)

No analysis 37 (4.6%) 536 (1.8%)

Cardiologist Interpretation

AF
(n ¼ 123)

No AF
(n ¼ 9,801)

Age 65-69 y Possible AF 54 (43.9%) 65 (0.7%)

Normal 10 (8.1%) 8,435 (86.1%)

Unclassified 50 (40.7%) 1,161 (11.8%)

No analysis 9 (7.3%) 140 (1.4%)

Cardiologist Interpretation

AF
(n ¼ 174)

No AF
(n ¼ 8,537)

Age 70-74 y Possible AF 93 (53.4%) 82 (1%)

Normal 17 (9.8%) 7,059 (82.7%)

Unclassified 60 (34.5%) 1,263 (14.8%)

No analysis 4 (2.3%) 133 (1.6%)

Cardiologist Interpretation

AF
(n ¼ 187)

No AF
(n ¼ 6,099)

Age 75-79 y Possible AF 88 (47.1%) 85 (1.4%)

Normal 14 (7.5%) 4,911 (80.5%)

Unclassified 75 (40.1%) 990 (16.2%)

No analysis 10 (5.3%) 113 (1.9%)

Cardiologist Interpretation

AF
(n ¼ 154)

No AF
(n ¼ 3,638)

Age 80-84 y Possible AF 79 (51.3%) 72 (2%)

Normal 8 (5.2%) 2,771 (76.2%)

Unclassified 60 (39%) 709 (19.5%)

No analysis 7 (4.5%) 86 (2.4%)

Cardiologist Interpretation

AF
(n ¼ 170)

No AF
(n ¼ 2,493)

Age $85 y Possible AF 98 (57.6%) 81 (3.2%)

Normal 13 (7.6%) 1,722 (69.1%)

Unclassified 52 (30.6%) 626 (25.1%)

No analysis 7 (4.1%) 64 (2.6%)

Value are n (%).

AF ¼ atrial fibrillation.
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using R v4.015 and SAS v9.4 (SAS Institute, Cary
NC).

RESULTS

Among 18,199 unique patients with visits to inter-
vention practices during the study period, 16,496 in-
dividuals had at least one 1L ECG tracing (median
2 per individual, quartile 1: 1, quartile 3: 3), with a
total of 38,190 1L ECG tracings generated. We
excluded 5,908 tracings (15.5%) generated among
individuals with prior AF known at the time of
screening (Supplemental Table 3) as well as an addi-
tional 906 tracings (2.4%) manually reviewed as un-
interpretable, resulting in 31,376 tracings
representing 14,230 individuals and 29,497 encoun-
ters in the primary analysis (Central Illustration). Of
the 906 tracings excluded for a manual review of
uninterpretable, 54% had an AliveCor reading of no
analysis (Supplemental Table 4). The mean age was
73.9 years, and 59.6% were female. Other baseline
characteristics are listed in Table 1. The median time
from screening to overread was 10 hours (quartile 1: 5,
quartile 3: 18), and each reader interpreted a median
of 2,414 (quartile 1: 1,974, quartile 3: 2,678) tracings.

Of the 31,376 tracings in the primary analysis, 808
(2.6%) were read by a cardiologist as AF. A total of
24,960 (79.6%) tracings had an AliveCor interpreta-
tion of normal, 5,046 (16.1%) unclassified, 797 (2.5%)
possible AF, and 573 (1.8%) no analysis. The distribu-
tion of AliveCor automated interpretations stratified
by cardiologist overread is shown in Table 2 and
Figure 1.

https://doi.org/10.1016/j.jacadv.2023.100616
https://doi.org/10.1016/j.jacadv.2023.100616


FIGURE 1 Distribution of AliveCor Algorithm Interpretations

Stratified by Cardiologist Overread

Depicted is the distribution of AliveCor interpretations (see

legend), stratified by cardiologist overread as AF (right bar) vs

non-AF (left bar). The proportion of tracings represented by

each AliveCor interpretation within each stratum of cardiolo-

gist overread is depicted within the corresponding bar, with

the exception of not AF–possible AF (1.3%) and not AF–no

analysis (1.8%), which are unlabeled for graphical purposes.

AF ¼ atrial fibrillation.
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When equivocal interpretations (ie, unclassified or
no analysis) were considered negative results (ie, no
evidence of AF), the sensitivity of the automated al-
gorithm for detecting AF was 51.0% (95% CI: 47.1%-
54.9%) and the specificity was 98.7% (95% CI: 98.6%-
98.9%). The PPV of possible AF was 51.7% (95% CI:
47.8%-55.6%), and the NPV was 99.8% (95% CI:
99.7%-99.8%). Assessed individually, PPV for un-
classified (5.9%, 95% CI: 5.1%-6.7%) and no analysis
(6.5%, 95% CI: 4.6%-8.9%) was low but not negligible
(Central Illustration). When equivocal interpretations
were considered positive test results, test character-
istics changed substantially. The sensitivity of a
positive result increased to 92.3% (95% CI: 90.3%-
94.0%), and the specificity decreased to 81.5%
(95% CI: 80.8%-82.1%). The PPV of a positive test
decreased to 11.6% (95% CI: 10.7%-12.7%), and NPV
was stable at 99.8% (95% CI: 99.7%-99.8%) (Table 3).
Test characteristics were intermediate when 25%,
50%, and 75% of equivocal tracings were considered
positive tests (Supplemental Table 5). Sensitivity was
86.9% (95% CI: 83.5%-89.7%), specificity was 98.5%
(95% CI: 98.3%-98.6%), PPV was 51.7% (95% CI:
47.8%-55.6%), and NPV was 99.8% (95% CI: 99.7%-
99.8%) when equivocal tracings were excluded.

In general, the frequency of equivocal results
increased with older age among screened patients
(n ¼ 1,360 [13.7%] for age 65-69 years to n ¼ 749
[28.1%] for age $85 years, P < 0.01) (Figure 2). Despite
an increasing AF prevalence, the proportion of
equivocal tracings with a cardiologist review result of
AF remained generally similar across strata of age
(roughly 4%-8%), and therefore the higher frequency
of equivocal results observed among older in-
dividuals appeared driven largely by a greater num-
ber of equivocal tracings read as non-AF (Figure 2,
Supplemental Figure 1). As a result, the specificity of
the AliveCor algorithm generally decreased with age,
particularly when equivocal results were considered
positive tests (Figure 3). In contrast, the sensitivity of
the algorithm was generally stable with greater age.
Consistent with a rising prevalence of AF with older
age, the PPV of the algorithm increased and the NPV
decreased with age (Figure 3).

In secondary analyses, patterns of variation in
AliveCor diagnostic performance were similar across
categories of predicted AF risk (Supplemental
Tables 6 and 7), and performance was largely
consistent across strata of sex and race (Supplemental
Table 8). When assessing algorithm results against
electrophysiologist review and same-day 12L ECG as
alternative reference standards in subsets of tracings,
the sensitivity of possible AF was moderately higher
(72.8%, 95% CI: 66.3%-78.4%; 12L ECG 87.7%, 95% CI:
75.8%-94.2%), while the PPV of possible AF was lower
(44.3%, 95% CI: 39.5%-49.3%; 12L ECG 14.5%, 95% CI:
11.2%-18.6%). Similar to cardiologist review, the NPV
of normal was very good using both electrophysiolo-
gist review (92.7%, 95% CI: 79.6%-97.6%) and
same-day 12L ECG (99.8%, 95% CI: 99.4%-100%)
(Supplemental Tables 9 and 10). Results were similar
when algorithm performance was assessed at the
encounter level as opposed to the tracing level
(Supplemental Tables 11 and 12). When progressively
greater fractions of cardiologist interpretations were
reversed, specificity, PPV, and NPV estimates
remained largely stable even at reversal rates up to
5%. Although sensitivity estimates were more vari-
able, the sensitivity of possible AF remained in the
range of 20% to 50% (Supplemental Table 13).

DISCUSSION

In a primary care screening trial including approxi-
mately 14,000 individuals without known AF who
underwent over 30,000 handheld 1L ECG tracings
administered by trained medical assistants, we found
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TABLE 3 Test Characteristics of AliveCor Algorithm Interpretations of 1L ECG Tracings Using Cardiologist Overread as Reference Overall and Stratified by Age

Sensitivity
(95% CI)

Specificity
(95% CI)

Positive Predictive Value
(95% CI)

Negative Predictive Value
(95% CI)

Overall (N ¼ 31,376)

Possible AF 51.0% (47.1%-54.9%) 51.7% (47.8%-55.6%)

Possible AF or unclassified or no analysis 92.3% (90.3%-94.0%) 11.6% (10.7%-12.7%)

Normal 81.5% (80.8%-82.1%) 99.8% (99.7%-99.8%)

Normal or unclassified or no analysis 98.7% (98.6%-98.9%) 98.7% (98.5%-98.9%)

Unclassified 5.9% (5.1%-6.7%) 94.1% (93.3%-94.9%)

No analysis 6.5% (4.6%-8.9%) 93.5% (91.1%-95.4%)

Age 65-69 y (n ¼ 9,924)

Possible AF 43.9% (34.4%-53.8%) 45.4% (36.1%-55.0%)

Possible AF or unclassified or no analysis 91.9% (85.4%-95.6%) 7.6% (6.1%-9.6%)

Normal 86.1% (85.0%-87.1%) 99.9% (99.8%-99.9%)

Normal or unclassified or no analysis 99.3% (99.1%-99.5%) 99.3% (99.1%-99.5%)

Unclassified 4.1% (3.0%-5.7%) 95.9% (94.3%-97.0%)

No analysis 6.0% (3.0%-11.7%) 94.0% (88.3%-97.0%)

Age 70-74 y (n ¼ 8,711)

Possible AF 53.4% (45.1%-61.6%) 53.1% (44.6%-61.5%)

Possible AF or unclassified or no analysis 90.2% (85.0%-93.8%) 9.6% (7.9%-11.6%)

Normal 82.7% (81.4%-83.9%) 99.8% (99.6%-99.9%)

Normal or unclassified or no analysis 99.0% (98.8%-99.2%) 99.1% (98.8%-99.3%)

Unclassified 4.5% (3.3%-6.2%) 95.5% (93.8%-96.7%)

No analysis 2.9% (1.1%-7.4%) 97.1% (92.6%-98.9%)

Age 75-79 y (n ¼ 6,286)

Possible AF 47.1% (39.2%-55.1%) 50.9% (42.3%-59.4%)

Possible AF or unclassified or no analysis 92.5% (87.5%-95.6%) 12.7% (10.5%-15.3%)

Normal 80.5% (79.0%-82.0%) 99.7% (99.5%-99.8%)

Normal or unclassified or no analysis 98.6% (98.2%-98.9%) 98.4% (97.9%-98.7%)

Unclassified 7.0% (5.3%-9.2%) 93.0% (90.8%-94.7%)

No analysis 8.1% (4.3%-15.0%) 91.9% (85.0%-95.7%)

Age 80-84 y (n ¼ 3,792)

Possible AF 51.3% (42.4%-60.1%) 52.3% (43.6%-60.9%)

Possible AF or unclassified or no analysis 94.8% (90.0%-97.4%) 14.4% (11.9%-17.3%)

Normal 76.2% (73.9%-78.3%) 99.7% (99.4%-99.9%)

Normal or unclassified or no analysis 98.0% (97.5%-98.5%) 97.9% (97.3%-98.4%)

Unclassified 7.8% (5.9%-10.3%) 92.2% (89.7%-94.1%)

No analysis 7.5% (3.7%-14.8%) 92.5% (85.2%-96.3%)

Age $85 y (N ¼ 2,663)

Possible AF 57.6% (48.7%-66.1%) 54.7% (46.5%-62.7%)

Possible AF or unclassified or no analysis 92.4% (87.3%-95.5%) 16.9% (14.1%-20.2%)

Normal 69.1% (66.1%-71.9%) 99.3% (98.7%-99.6%)

Normal or unclassified or no analysis 96.8% (95.9%-97.4%) 97.1% (96.2%-97.8%)

Unclassified 7.7% (5.5%-10.6%) 92.3% (89.4%-94.5%)

No analysis 9.9% (4.6%-19.9%) 90.1% (80.1%-95.4%)

AF ¼ atrial fibrillation.
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that the 1L ECG automated interpretation had
moderate PPV for new AF, with 52% of tracings
identified as AF by the algorithm confirmed by
cardiologist readers. An AliveCor interpretation of
normal had excellent NPV, with only 0.2% of tracings
ultimately overread as AF. Equivocal AliveCor in-
terpretations were common, representing nearly 20%
of tracings, and roughly 4% to 8% of such tracings
were reviewed as AF. Age of screening was an
important determinant of diagnostic accuracy, with
older age associated with decreasing specificity of
AliveCor algorithm, due in large part to a higher fre-
quency of equivocal interpretations ultimately over-
read by cardiologists as non-AF. Although current US
clinical practice guidelines do not specifically endorse
AF screening,8 use of consumer devices for
arrhythmia detection is nevertheless growing
increasingly prevalent in primary care.16 In this
context, our findings provide important evidence that
1L ECG tracings with an automated interpretation of



FIGURE 2 Frequency of Unclassified and No Analysis Tracings

Stratified by Age of Screening

(A) The frequency of equivocal tracings (ie, unclassified or no

analysis, orange) as a fraction of the total tracings taken (gray)

within each subgroup of age (x-axis). (B) The frequency of

tracings overread as AF (red) as a fraction of the total number

of equivocal tracings (green) observed within each subgroup

of age (x-axis). Percentages depict the minority fraction (ie,

proportion of equivocal tracings in A and proportion of tracings

read as AF in B). AF ¼ atrial fibrillation.
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normal appear useful for ruling out the presence of
AF, while all other interpretations merit confirmatory
testing.

Our results extend previous findings by quanti-
fying the diagnostic performance of a commonly used
1L ECG automated AF-detection algorithm when used
in a large primary care screening setting.6,7 Of note,
multiple early studies of 1L ECG algorithms have
assessed performance in small samples enriched for
patients with known AF and with inconsistent
handling of equivocal results, each of which may lead
to inflated estimates of diagnostic performance. In a
hospital-based sample of 200 patients (38 with known
AF), Rajakariar et al12 found that a wrist-worn
wearable-based algorithm analyzing 30s 1L ECG
tracings had a PPV of 54.8% for AF when unclassified
tracings were treated as negative results, although
they reported nearly 95% sensitivity against an
immediately subsequent 12-lead ECG reference.
Similarly, in a validation set of 204 patients (48 with
known AF), Lau et al14 observed 98% sensitivity and
97% specificity for AF using a handheld 1L ECG. In
contrast to prior evaluations, our analysis included a
large sample of primary care patients without known
AF and therefore likely provides a more accurate
estimation of how 1L ECG algorithms may perform
when applied prospectively in clinical practice.

Our findings suggest that an automated 1L ECG
interpretation of AF possesses a reasonable PPV for
AF, but is not sufficiently accurate to replace manual
overread or confirmatory testing. Overall, only 52% of
tracings interpreted as AF by the automated algo-
rithm were confirmed to show AF upon cardiologist
review. As expected, we observed that the PPV of
possible AF was influenced by pretest probability. For
example, the PPV of possible AF increased from 45.4%
among individuals aged 65 to 69 years to 54.8%
among individuals aged $85 years. Given the effects
of pretest probability on the predictive value of
algorithmic screening, future work is warranted to
assess whether focusing AF screening efforts on in-
dividuals estimated to be at high short-term AF risk
(eg, based on clinical risk factors or biomarkers17), or
less likely to receive regular AF-related medical care
(eg, persons of color, underinsured)18,19 may increase
screening efficiency. Of note, current consensus
guidelines from the United States20 and Europe6

support the clinical diagnosis of AF on the basis of a
rhythm strip but do not offer specific guidance for 1L
ECG findings based on automated algorithms. Our
findings generally support recommendations from a
recent European expert consensus statement21 sug-
gesting that abnormal findings on 1L ECG automated
algorithms should be confirmed prior to taking clin-
ical action and likely merit consultation with a
cardiologist or rhythm specialist. Optimal manage-
ment of an isolated 1L ECG finding of AF that cannot
be confirmed with follow-up monitoring requires
future study, particularly given emerging evidence
linking AF burden and stroke risk.5

In contrast to the limited accuracy of the algorithm
for positive results, we found that an automated 1L
ECG interpretation of normal was very accurate in
identifying tracings that did not represent underlying
AF. Specifically, the NPV of normal was above 99%
both overall and across all subgroups of age. Like-
wise, we observed very good accuracy for excluding
AF across subgroups of AF risk, and also when



FIGURE 3 Effect of Unclassified and No Analysis Tracings on 1L ECG Diagnostic Performance Stratified by Age of Screening

Depicted are the test characteristics (sensitivity, top left; positive predictive value [PPV], top right; specificity, bottom left, negative predictive value [NPV], bottom

right) of the AliveCor 1L ECG algorithm using cardiologist overread as the gold standard. In each plot, the relevant metric is plotted across age group (X-axis), and

stratified by whether equivocal tracings (ie, unclassified or no analysis) are considered positive vs negative results. In each plot, the hashed horizontal line depicts the

corresponding estimate in the overall sample. ECG ¼ electrocardiogram.
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utilizing same-day 12L ECG and electrophysiologist
overread as alternative reference standards. Although
randomized trials have suggested varying estimates
of the yield of incident AF with population-based
screening, the proportion of individuals diagnosed
with new AF is consistently a minority despite vary-
ing methods of selecting screening candidates (eg,
age thresholds).2 As a result, the ability to accurately
exclude the presence of AF on 1L ECG in an auto-
mated fashion may increase the efficiency of
population-based screening. For example, a future
staged screening protocol might infer the absence of
AF solely based on automated 1L ECG interpretations,
whereas any positive or equivocal results would
trigger clinician review or confirmatory testing.

Our results suggest that efforts to reduce equivocal
results may greatly increase the efficiency and accu-
racy of automated algorithms for AF screening.
Consistent with some prior observations,12 a
substantial proportion of tracings in our study were
labeled with equivocal interpretations (ie, unclassified
or no interpretation) by the 1L ECG automated algo-
rithm. As a result, the test characteristics of the al-
gorithm changed substantially based on whether
equivocal findings were considered positive results
(ie, indicative of potential AF), negative results (ie,
not indicative of potential AF), or excluded entirely.
For example, when considering equivocal findings as
indicative of AF, the sensitivity of the 1L ECG algo-
rithm increased from 51% to 93%, while the specificity
decreased from 99% to 82%. Analogous findings were
observed with PPV and NPV. We observed a greater
proportion of equivocal reads among older in-
dividuals, which may be driven by a higher frequency
of non-AF-related abnormalities (eg, tremor, prema-
ture atrial contractions, atrial tachycardias), which
are more common with older age22 and are known to
adversely affect the accuracy of 1L ECG algorithms.23
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Since AF screening may be most effective in elderly
individuals,4,24 the benefit of automated algorithms
is likely to be maximized if such algorithms can offer
greater accuracy and lower frequency of equivocal
findings when applied among older individuals at risk
for AF. To this end, future work is needed to elucidate
specific mechanisms underlying equivocal tracings.
In the meantime, given that roughly 5% to 10% of
tracings with AliveCor equivocal interpretations were
ultimately reviewed as AF, equivocal findings appear
sufficiently high-risk to merit confirmatory testing for
possible AF.

Our study should be interpreted in the context of its
design. First, we utilized a unique resource of over
30,000 1L ECG tracings reviewed by cardiologists to
define the reference standard. Although a simulta-
neously performed 12-lead ECG may have provided a
more accurate gold standard, routine acquisition of
such tracings was not performed and would have been
incompatible with the design of the VITAL-AF trial,11 a
pragmatic intervention embedding 1L ECG screening
as part of routine primary care visits. Nevertheless, a
previous analysis has shown that cardiologist in-
terpretations of 1L ECGs are w95% accurate against a
simultaneous 12L ECG in a sample with 25% AF prev-
alence. Although we submit a 5%misclassification rate
in our sample would be unlikely because of our 10-fold
lower AF prevalence, even when up to 5% of tracing
classifications were reversed, PPV, specificity, and
NPV remained largely stable, and sensitivity remained
in the range of 20% to 50%.14 Furthermore, we also
performed analyses utilizing electrophysiologist
overread and same-day 12L ECG (when performed for
clinical reasons) as alternative reference standards
and observed largely similar results. Since not all
tracings underwent electrophysiologist overread or
had a same-day 12-lead ECG available, however, we
acknowledge that these secondary analyses are sub-
ject to bias (eg, greater prevalence of AF). Use of single
cardiologist’s review as the reference standard also
prevented us from assessing the performance of the
AliveCor algorithm on the 2% of tracings that were
manually uninterpretable or quantifying any potential
effects of inter-reader variability. Third, we analyzed
automated interpretations obtained using the Alive-
Cor KardiaAI version 1. Although this was the current
version available for consumer use throughout the
VITAL-AF study period, our results may not generalize
to other 1L ECG algorithms or devices or subsequent
versions of AliveCor KardiaAI. Nevertheless, our
findings suggest that marked improvements in diag-
nostic accuracy would be required before an auto-
mated algorithm result would be sufficient to establish
an AF diagnosis. Fourth, we are unable to report
specific mechanisms of equivocal AliveCor in-
terpretations, althoughwe submit that 1L ECG tracings
obtained by trainedmedical assistants likely represent
higher-quality tracing acquisition than regular con-
sumer use. Fifth, cardiologist readers received indi-
vidual tracings for review, which were not explicitly
batched according to encounter or patient. Therefore,
we submit that it is unlikely that the presence of
multiple tracings from the same patient on the same
day would have influenced interpretations, but we
cannot rule out this possibility. Sixth, our results
reflect those in a population comprising primarily
White individuals who receive regular primary care. As
a result, our findings may not generalize to other
populations.

In summary, in an analysis including over 30,000
tracings obtained from roughly 14,000 primary care
patients without prior known AF who underwent
handheld 1L ECG screening within the context of a
large randomized trial, we found that the AliveCor 1L
ECG automated interpretation had moderate PPV for
new AF and very good NPV for the absence of AF
when using cardiologist review as the gold standard.
Equivocal interpretations were common, became
even more frequent with older age, and substantially
influenced diagnostic performance. Abnormal find-
ings on automated 1L ECG algorithms, including
equivocal results, merit confirmation prior to taking
clinical action, while normal interpretations appear
sufficiently accurate to exclude the presence of AF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Auto-

mated 1L ECG algorithm interpretations appear suffi-

ciently accurate to exclude AF but not to establish an AF

diagnosis.

COMPETENCY IN PATIENT CARE: Abnormal 1L ECG

findings, including equivocal results, merit confirmatory

testing prior to taking clinical action.

TRANSLATIONAL OUTLOOK: Future staged AF

screening protocols may infer the absence of AF solely

based on automated 1L ECG interpretations, whereas any

positive or equivocal results would trigger clinician review

or confirmatory testing.
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