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Aims Single-lead electrocardiograms (ECGs) can be recorded using widely available devices such as smartwatches and handheld
ECG recorders. Such devices have been approved for atrial fibrillation (AF) detection. However, little evidence exists on the
reliability of single-lead ECG interpretation. We aimed to assess the level of agreement on detection of AF by independent
cardiologists interpreting single-lead ECGs and to identify factors influencing agreement.

Methods In a population-based AF screening study, adults aged >65 years old recorded four single-lead ECGs per day for 1—4 weeks

and results using a handheld ECG recorder. Electrocardiograms showing signs of possible AF were identified by a nurse, aided by an
automated algorithm. These were reviewed by two independent cardiologists who assigned participant- and ECG-level diag-
noses. Inter-rater reliability of AF diagnosis was calculated using linear weighted Cohen’s kappa (#.). Out of 2141 partici-
pants and 162 515 ECGs, only 1843 ECGs from 185 participants were reviewed by both cardiologists. Agreement was
moderate: x,, =0.48 (95% confidence interval, 0.37-0.58) at participant level and x,, = 0.58 (0.53-0.62) at ECG level.
At participant level, agreement was associated with the number of adequate-quality ECGs recorded, with higher agreement
in participants who recorded at least 67 adequate-quality ECGs. At ECG level, agreement was associated with ECG quality
and whether ECGs exhibited algorithm-identified possible AF.

Conclusion Inter-rater reliability of AF diagnosis from single-lead ECGs was found to be moderate in older adults. Strategies to improve
reliability might include participant and cardiologist training and designing AF detection programmes to obtain sufficient
ECGs for reliable diagnoses.

* Corresponding author. Tel: +01223 331063. E-mail address: pc657@cam.ac.uk

© The Author(s) 2024. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0009-0008-7040-7881
https://orcid.org/0000-0002-3443-3256
https://orcid.org/0000-0003-0764-3095
https://orcid.org/0000-0002-3809-2911
https://orcid.org/0000-0002-2157-4797
https://orcid.org/0000-0001-7976-7172
https://orcid.org/0000-0002-7566-1626
https://orcid.org/0000-0002-9531-0268
https://orcid.org/0000-0003-3638-028X
https://orcid.org/0000-0002-6188-9363
https://orcid.org/0000-0003-3836-8655
mailto:pc657@cam.ac.uk
https://creativecommons.org/licenses/by/4.0/

K. Hibbitt et al.

Graphical Abstract

Reliability of(S8ingle-lead[@lectrocardiogramlinterpretationfodetect

atrialfiibrillation:linsightsfromihe[SAFERfeasibility study

—

In[An(atrialffibrillation(Screening(Study,
1843[Single-leadECGsfrom[185
participantsiwerelihdependently
reviewedby(fwoldardiologists.

What’s new?

® \We observed a moderate agreement between cardiologists when
diagnosing atrial fibrillation (AF) from single-lead electrocardiograms
(ECGs) in an AF screening study.

® This study indicates that for every 100 screening participants diag-
nosed with AF by 2 cardiologists, there would be complete disagree-
ment over the diagnosis of 70 further participants.

® We found that the quality of ECG signals greatly influenced the re-
liability of single-lead ECG interpretation.

® |n addition, when multiple ECGs were acquired from an individual,
the reliability of participant-level diagnoses was influenced by the
number of adequate-quality ECGs available for interpretation.

Introduction

The electrocardiogram (ECG) is a fundamental technique for assessing
the functionality of the heart. The process for recording a 12-lead ECG
was described 70 years ago," and to this day, the 12-lead ECG remains
widely used for the diagnosis and management of a range of heart con-
ditions.? Whilst the 12-lead ECG is highly informative, providing several
‘views’ of the heart’s electrical activity, it can only be measured by clin-
icians in a healthcare setting. Recently, clinical and consumer devices
have become available which allow individuals to record a single-lead
ECG on demand via a smartwatch or handheld device.® This approach
has a number of useful features: such ECGs can be measured by pa-
tients themselves with no clinical input, can be acquired synchronously
with symptoms, can be repeated on multiple occasions with minimal in-
convenience, and can be transmitted electronically to healthcare
providers.4

Atrial fibrillation (AF) is a common arrhythmia which confers a five-
fold increase in the risk of stroke® which can be mitigated through antic-
oagulation.® A significant proportion of AF remains unrecognized’ as it
may be asymptomatic or occur only intermittently. Self-captured,
single-lead ECGs could greatly assist in the detection of AF® when
(i) used by device owners, with ECGs acquired opportunistically,
upon symptoms, or when prompted by a device,” and when (i) used
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in screening programmes, allowing multiple ECGs to be acquired
from an individual over a period of weeks® Indeed, the European
Society of Cardiology guidelines support the use of single-lead ECGs ac-
quired from wearable or mobile devices to identify AF.” Whilst auto-
mated algorithms can be used to identify those ECGs which show
evidence of AF and therefore warrant clinical review,'® a final diagnosis
of AF must be made by a physician interpreting an ECG.” To date, there
is little evidence on the reliability of single-lead ECG interpretation for
AF diagnosis, and most existing evidence is derived from ECGs col-
lected from hospital patients.”"~"*

We aimed to assess the level of agreement on detection of AF by in-
dependent cardiologists interpreting single-lead ECGs and to identify
factors which influence agreement.

Methods

We assessed inter-rater agreement using ECG data collected in a
population-based AF screening study, in which each participant recorded
multiple ECGs. Agreement between cardiologist interpretations was as-
sessed at the participant level (i.e. the overall participant diagnosis) and
the ECG level (i.e. interpretations of individual ECGs). In addition, we inves-
tigated the influence of several factors on the level of agreement (e.g. par-
ticipant age and ECG quality).

Data collection

We collected the data for these analyses in the SAFER (Screening for Atrial
Fibrillation with ECG to Reduce stroke) feasibility study (ISRCTN
16939438), conducted in 2019 and approved by the London Central
Research Ethics Committee (REC ref: 18/LO/2066). Participants were old-
er adults aged > 65 years old, who were not receiving long-term anticoagu-
lation for stroke prevention, not on the palliative care register, and not
resident in a nursing home. All participants gave written informed consent.

In this study, older adults (aged 65 and over) recorded single-lead ECGs
at home using the handheld Zenicor EKG-2 device (Zenicor Medical
Systems AB).'® This device measures a 30-s, single-lead ECG between
the thumbs, using dry electrodes. Participants were invited to attend a
screening visit at their general practice, where a practice nurse showed
the participant how to use the device, and supervised the participant re-
cording the first ECG including reviewing ECG quality.” Participants
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2141
Participants took part

603 didn’'t have abnormal ECG after algorithm assessment
652 didn’t have abnormal ECG after nurse review
696 had abnormal ECG(s), but none exhibiting potential AF

1951
Participants excluded

A A

190
Participants underwent cardiologist review
and included in participant-level analyses

A4

Didn’t have an ECG reviewed by both cardiologist with initial
diagnosis recorded

5
Participants excluded

A A

185
Participants had 21 ECG reviewed by both cardiologists
and included in ECG-level analyses

Figure 1 Data selection at the participant level.

were then asked to record 4 ECGs per day for either 1, 2, or 4 weeks. The
ECGs were transferred to a central database for analysis and review.

Participant- and ECG-level diagnoses were obtained as follows (and as sum-
marized in Figure 1). First, a computer algorithm was used to identify abnormal
ECGs (Cardiolund ECG Parser algorithm, Cardiolund AB, Sweden). The algo-
rithm has previously been found to have a sensitivity for AF detection of
~98%.1° Second, a nurse reviewed all the ECGs which were classified by the
algorithm as abnormal and manually corrected any algorithm misclassifications
based on their clinical judgement. The nurse then identified participants for car-
diologist review as those participants with at least one ECG classified as abnor-
mal which the nurse deemed exhibited signs of possible AF (as detailed in
Pandiaraja et al."®). Third, these participants were sent for review by two highly
experienced cardiologists, both of whom had substantial ECG-reviewing ex-
perience including reviewing single-lead ECGs acquired by handheld devices
using dry electrodes (G.Y.H.L. and M.R.C.). The cardiologists had access to
all the ECGs from these participants, though it was not anticipated that
ECGs that were classified as normal would be reviewed, or that all abnormal
ECGs would be reviewed, once a participant-level diagnosis had been reached.
Each cardiologist independently provided a diagnosis for each participant. For
AF to be diagnosed, it was required to be present for the whole 30 s or the
entire trace where the ECG was interpretable. No other formal definition of
AF was provided for the cardiologists to use. In addition, on an ad hoc basis,
the cardiologists also provided diagnoses for individual ECGs and labelled
ECGs as ‘low quality’. Diagnoses were categorized as AF > 30-s duration, can-
not exclude AF, or non-AF. Labels of ‘low quality’ were typically provided
where there was baseline wander or artefact making the rhythm uninterpret-
able by the cardiologist.

We extracted a subset of the collected data for the analysis as follows. Only
data from those participants who were reviewed by both cardiologists were
included in participant-level analyses. In addition, only those ECGs which
were reviewed by both cardiologists were included in ECG-level analyses.
We excluded from analyses any ECGs for which a cardiologist’s initial diagnosis
was not recorded (prior to subsequent resolution of disagreements).

Data processing

We obtained the characteristics of each ECG as follows. First, the computer
algorithm extracted the following characteristics: heart rate, ECG quality (ei-
ther normal or poor quality), level of RR interval variability (calculated as the
standard deviation of RR intervals divided by the mean RR interval), and
whether or not an ECG exhibited algorithm-identified possible AF (defined
as the ECG having either irregular RR intervals or a fast regular heart rate).
Second, the quality of ECGs was obtained by combining the quality assess-
ment provided by the algorithm with cardiologist comments on ECG quality:
any ECGs which the algorithm or at least one cardiologist deemed to be of
poor quality were classed as low quality in the analysis. ECGs for which the
algorithm was unable to calculate heart rate or RR-interval variability were
excluded from analyses requiring those characteristics.

Statistical analysis

We assessed the reliability of ECG interpretation using both participant-
level diagnoses and ECG-level cardiologist diagnoses. First, we reported
the overall levels of agreement. Second, we assessed the influence of different
factors on levels of agreement, such as the influence of ECG quality. The fac-
tors assessed at the participant level were age, gender, number of adequate-
quality ECGs recorded by a participant, and the number of ECGs recorded by
a participant exhibiting algorithm-identified possible AF. The factors assessed
at the ECG level were heart rate, RR interval variability, ECG quality, and
whether or not an ECG exhibited algorithm-identified possible AF. We inves-
tigated factors which were continuous variables (such as heart rate) by group-
ing values into categories with similar sample sizes (e.g. heart rates were
categorized as 30-59 bpm, 60-69 bpm, etc.).

We assessed agreement between cardiologists using inter-rater reliability
statistics. The primary statistic, Cohen’s kappa, x, provides a measure of the
difference between the actual level of agreement between cardiologists and
the level of agreement that would be expected by random chance alone.
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15258

ECGs recorded by the 190 participants

who underwent cardiologist review
Including: *
4040 (26.5%) Irregular rhythm
155 (1.0%) Fast regular rhythm
438 (2.9%) Low quality
7681 (50.3%) No abnormality

13415
N ECGs excluded
"| 13386 Not reviewed by both cardiologists
29 Initial diagnosis not recorded
A 4
1843
ECGs reviewed by both cardiologists
and included in ECG-level quality analysis
Including: *
1184 (64.2%) Irregular rhythm
65 (3.5%) Fast regular rhythm
67 (3.6%) Low quality
6 (0.3%) No abnormality
64 67
ECGs excluded ECGs excluded
Algorithm unable to calculate | | Algorithm unable to calculate
heart rate RR-interval variability
A 4 v
1779 1776
ECGs included in heart rate analysis ECGs included in RR-interval variability analysis

*ECGs could also be classified with other abnormalities by the computer algorithm, so these figures do not total 100%.
We considered ‘irregular rhythm’ and ‘fast regular rhythm’ as indicating signs of possible AF.

Figure 2 Data selection at the ECG level.

Values for x range from —1 to 1, with —1 indicating complete disagree- o .
ment; O the level expected by chance; 0.01-0.20 slight agreement; 0.21— Table 1 Agreement between cardiologists on participant-level AF
0.40 fair agreement; 0.41-0.60 moderate agreement; 0.61-0.80 substan- diagnoses

tial agreement; 0.81-0.99 almost perfect agreement; and 1 perfect agree-
ment."” The second statistic, a weighted Cohen’s kappa, k,, reflects the Cardiologist 2

greater consequences of a disagreement of ‘AF’ vs. ‘non-AF, compared ~  crrrrrrrssrssesssessesssessessssseene

to a disagreement of ‘cannot exclude AF’ vs. either ‘AF" or ‘non-AF. AF Non-AF Cannot exclude AF

We weighted disagreements of ‘AF vs. ‘Non-AF’ as complete disagree- — «xreerssereeseeeee i
ments, whereas disagreements including ‘cannot exclude AF were Cardiologist 1

weighted equivalently to the level expected by chance. We reported

the third statistic, percentage agreement, to facilitate comparisons with AF H“ 2 2 2

previous studies. Non-AF 5 78 4 87
We calculated 95% confidence intervals for x and ,, using bootstrapping. Cannot exclude AF 1 2 4 31

We undertook tests for significant associations between factors (e.g. heart

rate) and the level of agreement using a y* test for independence between >0 130 10 190

the proportions of agreement in each category.

Results 190 had ECGs who underwent cardiologist review and were

therefore included in the participant-level analyses, as shown in
A total of 2141 participants were screened, who recorded a total Figure 1. Most participants’ ECGs were not sent for cardiologist

of 162515 ECGs. Of the 2141 participants who were screened, review (1951 participants) because either (i) the computer
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Participant-level

Age Gender
0.7
0.6
0.5
K, k, °%
0.3
0.2
0.1
0
66/69»\0/1 b‘/\%;\q%o/‘bb‘ " ?e(«o\e R
No. of high-quality ECGs* No. of possible AF ECGs
10 10
K, Ky
0/@& 66/@66\/,\9% \,ng
ECG-level
Heart rate (bpm) RR-interval variability (%)
0.7
0.6
05}
K, k, %4
0.3F
0.2+
0.1+
0
o= 60/69/\0;\9%0}69 o
ECG quality* ECG exhibits possible AF?*

Figure 3 Relationships between the level of agreement between cardiologists and factors at the participant and ECG levels. Asterisk (¥) denotes a
significant association.
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Table 2 Relationships between the level of agreement between cardiologists and factors at the participant and ECG levels
Factor Categories ky, k Yoagree P-value
Agreement at the participant level

Age (years)
65-69 0.46 (0.13-0.71) 0.36 (0.10-0.65) 67.6 1.000
70-74 0.47 (0.24-0.67) 0.42 (0.21-0.62) 66.0
75-79 0.46 (0.25-0.68) 0.42 (0.25-0.62) 66.0
80-84 0.42 (0.18-0.68) 0.40 (0.17-0.65) 66.7
85+ 0.57 (0.30-0.80) 0.45 (0.21-0.73) 65.0

Gender
Female 0.36 (0.19-0.56) 0.34 (0.17-0.52) 63.2 0.452
Male 0.55 (0.40-0.67) 0.47 (0.34-0.59) 68.4

Number of adequate-quality

ECGs
0-54 0.21 (0.02-0.40) 0.21 (0.06-0.40) 477 0.001*
55-66 0.33 (0.15-0.55) 0.26 (0.10-0.47) 56.9
67-108 0.74 (0.51-0.88) 0.64 (0.41-0.82) 80.4
109+ 0.67 (0.43-0.83) 0.62 (0.40-0.80) 79.6

Number of algorithm-identified

possible AF ECGs
04 0.63 (0.35-0.86) 0.62 (0.34-0.84) 83.7 0.070
5-9 0.20 (—0.09-0.54) 0.19 (—0.07-0.50) 60.0
10-19 0.31 (0.06-0.53) 0.24 (0.06-0.46) 55.8
20-39 0.53 (0.32-0.74) 0.45 (0.26-0.67) 639
40+ 0.47 (0.22-0.72) 0.38 (0.17-0.60) 66.7

Agreement at the individual ECG level

Heart rate (bpm)
30-59 0.65 (0.54-0.75) 0.60 (0.49-0.71) 89.2 0.262
60-69 0.56 (0.45-0.65) 0.48 (0.38-0.57) 84.7
70-79 0.49 (0.36-0.61) 0.43 (0.31-0.55) 85.9
80-89 0.57 (0.43-0.69) 0.51 (0.37-0.62) 83.4
90+ 0.60 (0.47-0.71) 0.53 (0.40-0.64) 85.0

RR interval variability (%)
0.0-9.9 0.57 (0.47-0.65) 0.50 (0.42-0.59) 86.0 0.858
10.0-19.9 0.57 (0.48-0.64) 0.49 (0.41-0.57) 85.2
20.0+ 0.59 (0.50-0.68) 0.54 (0.44-0.63) 86.3

ECG quality
Adequate quality 0.61 (0.56-0.66) 0.55 (0.51-0.61) 88.0 0.000%*
Low quality 0.17 (-0.01-0.37) 0.13 (—0.03-0.30) 63.3

Algorithm-identified possible AF?
No 0.24 (0.11-0.43) 0.23 (0.09-0.39) 925 0.000*
Yes 0.59 (0.54-0.64) 0.53 (0.47-0.58) 828

algorithm did not find any abnormalities in their ECGs (603
participants) or (ii) the nurse reviewer judged that none of
their abnormal ECGs exhibited signs of possible AF (1348
participants).

The 190 participants whose ECGs underwent cardiologist re-
view recorded a total of 15258 ECGs, with a median (lower—
upper quartiles) of 67.0 (56.0-112.0) ECGs each. The two cardi-
ologists assigned diagnoses to 1996 and 4411 of these ECGs,

respectively, of which 1872 ECGs were assigned diagnoses by
both cardiologists. Initial diagnoses (prior to subsequent reso-
lution of disagreements) were not recorded for 29 of these
ECGs, leaving 1843 available for ECG-level analyses (see
Figure 2). The difference in the number of ECGs assigned diagnoses
by each cardiologist demonstrates their different approaches to re-
viewing, with the cardiologists assigning diagnoses to 9.8 (3.9-18.5)
vs. 18.6 (6.8-48.8)% of participants’ ECGs.
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Table 3 Agreement between cardiologists on ECG-level AF
diagnoses

Cardiologist 2

AF non-AF cannot exclude AF
Cardiologist 1
AF 144 84 7 235
Non-AF 28 1424 37 1489
Cannot exclude AF 7 93 19 119
179 1601 63 1843

Reliability of atrial fibrillation diagnosis at

the participant level

The inter-rater reliability of AF diagnosis at the participant level, when
the cardiologists had access to all the ECGs recorded by a participant,
was moderate (x, = 0.48 (0.37 — 0.58); x = 0.42 (0.31 — 0.52); and
%agree = 66.3%; Table 1).

The results for the relationship between the level of agreement be-
tween cardiologists and factors at the participant and ECG levels are
presented in Figure 3 and Table 2. At the participant level, the level of
agreement was significantly associated with the number of adequate-
quality ECGs recorded by a participant. Participants who recorded at
least 67 adequate-quality ECGs had a significantly higher level of agree-
ment in their diagnoses than those who recorded fewer than 67. There
was agreement on 52.6% of participant level diagnoses in those partici-
pants with <67 adequate-quality ECGs compared to 80.0% in those
with 67 or more. Of the 31 participants for whom there was complete
disagreement (where one cardiologist diagnosed AF and the other di-
agnosed non-AF), 23 (74%) recorded <67 adequate-quality ECGs.
There was no significant association between the level of agreement
and age or gender.

Reliability of electrocardiogram

interpretation

The inter-rater reliability of AF diagnosis at the individual ECG level was
moderate (x, = 0.58 (0.53 —0.62); x= 0.51 (0.46 — 0.56); and
%agree = 86.1%; Table 3). Referring to the ECG-level results in Figure 3
and Table 2, the level of agreement was significantly associated with
ECG quality, with low-quality ECGs associated with a lower level of
agreement. This remained regardless of whether quality was assessed
using cardiologist comments on ECG quality (for which 94 ECGs,
5.1%, were deemed low quality), the automated algorithm assessment
(67 ECGs, 3.6%), or a combination of both (139 ECGs, 7.5%). The level
of agreement was also significantly associated with whether or not an
ECG exhibited algorithm-identified possible AF, where ECGs exhibiting
possible AF were associated with a higher level of agreement. There
was no significant association between the level of agreement and heart
rate or RR interval variability.

Comparison of cardiologists’ reviewing

practices

The two cardiologists’ reviewing practices differed. At the participant
level, one cardiologist diagnosed more participants with AF than the
other (72 out of 190, i.e. 38%, vs. 50, i.e. 26%) (see Table 7). Similarly,
at the ECG level, this cardiologist diagnosed more ECGs as AF than
the other (235 out of 1,843, ie. 13%, vs. 179, i.e. 10%), and more

ECGs as ‘cannot exclude AF’ than the other (119, i.e. 6%, vs. 63, i.e.
3%; see Table 3). Most of the ECGs diagnosed as AF by the cardiologists
exhibited an irregular rhythm as identified by the algorithm (95% of the
235 ECGs diagnosed as AF by one cardiologist, 88% of the 179 ECGs
diagnosed as AF by the other cardiologist, and 95% of the 137 ECGs
diagnosed as AF by both cardiologists). Examples of ECGs are provided
in Figures 4 and 5: Figure 4 shows ECGs on which there was complete
agreement of (i) non-AF and (ii) AF; Figure 5 shows ECGs on which
there was complete disagreement with one cardiologist diagnosing
AF and the other non-AF.

Discussion

Summary of findings

This study provides evidence on the inter-rater reliability of single-lead
ECG interpretation and the factors that influence this. Moderate agree-
ment was observed between cardiologists on participant-level diagno-
ses of AF in a population-based AF screening study when this diagnosis
was made using multiple ECGs per participant. The key factor asso-
ciated with the level of agreement at the participant level was the num-
ber of adequate-quality ECGs recorded by a participant, with higher
levels of agreement in those who recorded more adequate-quality
ECGs. Moderate agreement was observed between cardiologists on
the diagnoses of individual ECGs. Similarly, at the ECG level, low-quality
ECGs were associated with lower levels of agreement. In addition, low-
er levels of agreement were observed on those ECGs not exhibiting
algorithm-identified possible AF.

Comparison with existing literature

The levels of agreement in AF diagnosis from single-lead ECGs observed in
this study are lower than in many previous studies. Previous studies have
found almost perfect agreement when interpreting 12-lead ECGs, but low-
er levels of agreement when interpreting single-lead ECGs. In an analysis of
12-lead ECGs from the SAFER AF Screening Trial, cardiologists agreed on
the diagnosis of 99.7% of ECGs (all but 7 of 2592 analysed ECGs)."® In com-
parison, in the present study of single-lead ECGs, cardiologists agreed on
the diagnosis of 86.1% of ECGs (1587 out of 1843 ECGs). However, the
proportion of normal ECGs included in this study was substantially lower
than in the SAFE AF Screening Trial (<1% in this study, vs. 93% in SAFE), so
the simple level of agreement is not directly comparable. Similarly, ina study
of the diagnosis of supraventricular tachycardia in hospital patients, an al-
most perfect agreement of x = 0.97 was observed in interpretation of
12-lead ECGs, compared to a substantial agreement of x = 0.76 when
using single-lead ECGs from the same patients.’” The previously reported
levels of agreement for the diagnosis of AF from single-lead ECGs have var-
ied greatly between studies: fair agreement was observed by Kearley et al.*°
(= 0.28); moderate agreement was observed by Lowres et al®'
(weighted x = 0.4); substantial agreements were observed by Poulsen
etal” (x = 0.65) and Kearley et al.”® (x = 0.76); and almost perfect agree-
ments were observed by Desteghe et al."* (x = 0.69 to 0.86), Koshy et al.**
(x=0.80 to 0.83), Wegner et al'* (x=0.90), and Racine et al>
(x = 0.94). The variation in levels of agreement may have been contrib-
uted to by study setting and underlying frequency of AF, since those
studies which reported the lowest levels of agreement took place
out-of-hospital.>**" The present study, conducted in the community,
similarly observed lower levels of agreement than many other studies
(x = 0.42 at the participant level and x = 0.51 at the ECG level). In
the context of AF screening, a 69.2% level of agreement has been reported
in a previous AF screening study by Pipilas et al,** compared to 86.1% in
the present screening study. The low levels of agreement in the present
study could have been contributed to by (i) the ECGs being more challen-
ging to review as an algorithm and a nurse filtered out most ECGs which
did not exhibit signs of AF (and are therefore easier to interpret) prior to
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Figure 4 Examples of single-lead ECGs on which the cardiologists agreed. Each image shows a 30-s ECG, with 10 s per line. (A) Agreed diagnosis of
non-AF. (B) Agreed diagnosis of AF.
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Figure 5 Examples of single-lead ECGs over which the cardiologists completely disagreed, with Cardiologist 1 diagnosing AF and Cardiologist 2 diag-
nosing non-AF. Each image shows a 30-s ECG, with 10 s per line. (A) An ECG for which one cardiologist diagnosed AF and the other commented that it
was uninterpretable. (B) An ECG for which one cardiologist diagnosed AF and the other suggested frequent premature atrial contractions (PACs). (C)
An ECG for which there was complete disagreement. (D) An ECG for which there was initial disagreement where one cardiologist diaghosed AF and
the other commented on atrial tachycardia. An AF diagnosis was subsequently agreed.
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Figure 5 Continued
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Figure 5 Continued

recorded ECGs themselves without clinical supervision; and (iii) the use of
an additional diagnostic category of ‘cannot exclude AF'.

This study’s findings about factors which influence the reliability of
ECG interpretation complement those reported previously.12714'24'25
It has previously been reported that ECGs exhibiting baseline wander,
noise, premature beats, or low-amplitude atrial activity are associated
with mis-diagnoses.'>?* In this study, low-quality ECGs were similarly
associated with lower levels of agreement between cardiologists. The
significant proportion of low-quality ECGs obtained when using a hand-
held ECG device has been reported previously, with 12% of ECGs being
judged as ‘very low quality’ in Pipilas et al,>* 13% as ‘not useable’ in
Poulsen et al,'® and 20% as ‘inadequate quality’ in Wegner et al."* In
comparison, in this study, 7.5% of ECGs were deemed low quality ac-
cording to the cardiologists or algorithm, which likely represents an
underestimate since cardiologist labels were obtained on an ad hoc ba-
sis. In contrast, in the STROKESTOP study, which also utilized the
Zenicor One device, only 0.99% of ECGs were classified by the algo-
rithm as low quality,’® as compared to 3.6% in our study. Differences
in population (SAFER, people aged 70 and over with no upper age limit;
STROKESTOP, people aged 75 or 76 years) or training (SAFER, in gen-
eral practice; STROKESTOP, in a screening centre) may have contrib-
uted to this difference.

The accuracy of both automated and manual diagnosis of AF from
single-lead ECGs has been assessed previously. A recent meta-analysis
found pooled sensitivities and specificities of automated ECG diagnoses
of 89 and 99%, respectively, in the community setting.*® The accuracy
of manual diagnoses has varied greatly between previous studies,
with sensitivities and specificities in comparison to reference 12-lead
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ECGs reported as 77.4% and 73.0%,%* 90% and 79%,% 76-92% and
84-100%,”” 89-100% and 85-88%,” 92.5% and 89.8%,” 93.9% and
90.1%,”° 100% and 94%,"* and 100% and 100%.>” In all of these studies,
the single-lead ECGs were recorded under supervision. In contrast, the
present study considered ECGs collected using a telehealth device at
home without supervision.

Strengths and limitations

There are several strengths to this study. First, we assessed the level of
agreement in both participant-level and ECG-level AF diagnoses which
is of particular relevance in AF screening, whereas most previous work
has been limited to ECG-level diagnoses. Second, the ECGs used in this
study were collected in a prospective population-based AF screening
study and are therefore representative of ECGs captured in telehealth
settings by older adults without clinical supervision. The ECGs were re-
corded using dry electrodes, as opposed to the gel electrodes used in
clinical settings. Dry electrodes can result in poorer conduction and
therefore lower signal quality, making interpretation more challenging.
Since smartwatches also use dry electrodes, the findings are expected
to be relevant to the growing use of ECG-enabled consumer devices.
Third, the ECGs included in the analysis are representative of those
which would be sent for clinical review in real-world settings: ECGs
without signs of abnormalities were excluded using an automated,
CE-marked analysis system, leaving only those ECGs with signs of ab-
normalities for review. Fourth, the study included a large number of
ECGs (1843), each interpreted by two cardiologists. Fifth, we used
Cohen’s kappa statistic to assess the level of agreement between



Reliability of single-lead electrocardiogram interpretation to detect atrial fibrillation

1

U DN VN N DN D N DN N DN S DN S N N P N DN DN N D D

Fast frequency 136 bpm

0 1 2 3 4 5 6 7 8 9 10

NS NI PN N N NI NS S N N NS DN DN NI /N AN DA DN N DN A N

20 21 22 23 24 25 26 27 28 29 30
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cardiologists: this statistic takes into account agreement by chance un-
like the percentage agreement."”

The key limitations to this study are as follows. First, the findings are
based on data from only 190 participants who had an abnormal ECG
flagged in the study, and mostly abnormal ECGs (i.e. the less straightfor-
ward to review). Second, inter-rater agreement was assessed using
diagnoses provided by only two cardiologists. Whilst the findings would
be more generalizable with additional cardiologists, we anticipate that
the observed levels of agreement are towards the higher end of the
range of expected levels of agreement since the cardiologists in this
study were highly experienced. Indeed, both had considerable prior ex-
perience of reviewing ECGs from handheld devices, although no formal
comparison of their experience was made prior to the study. Indeed,
the percentage agreement at the ECG level in this study (86.1%) was
higher than the analogous mean variability reported in an analysis of
15 cardiologists reviewing VITAL-AF data.®* where pairs of cardiolo-
gists agreed on 69% of ECGs. Third, not all ECGs sent for review
were interpreted by both cardiologists, with those not interpreted by
both cardiologists excluded from the analysis. Fourth, the initial diagno-
sis was not recorded for a small minority of the ECGs reviewed by both
cardiologists (29 out of 1872, 1.5%), so these were not included in the
analysis. Fifth, the investigation of factors influencing the level of agree-
ment was limited to those factors collected during a screening pro-
gramme, and the study may have been underpowered to identify
some further associations: future research may elucidate further fac-
tors which were not identified in this study. Sixth, we did not investigate
intra-rater variability in this study, which may change over time as more
experience is gained. Seventh, this study was conducted using ECGs re-
corded using one particular device after in-person training, and it is not

clear how generalizable the findings are to other devices or with other
levels of training, which may impact ECG quality. Finally, it should be re-
membered that the study assessed the reliability of ECG interpretation
(i.e. the level of agreement between two cardiologists), rather than the
accuracy of ECG interpretation (i.e. a comparison of cardiologist inter-
pretation against an independent reference). In doing so, the study iden-
tified factors associated with reduced levels of agreement, providing
evidence on how to improve the level of agreement and subsequently
the reliability of interpretation.

Implications

This study indicates that steps should be taken to ensure diagnoses
based on single-lead ECGs are as reliable as possible. Out of 2141 par-
ticipants screened for AF, there was agreement between cardiologists
on diagnoses of AF for 44 participants, complete disagreement for 31
participants (AF vs. non-AF), and partial disagreement for 33 partici-
pants (AF or non-AF vs. cannot exclude AF). In terms of disease preva-
lence, there was agreement on AF diagnosis in 2.1% of the sample
population, complete disagreement in 1.4%, and partial disagreement
in 1.5%.

The findings could inform the design of AF screening programmes.
Atrial fibrillation screening programmes often include collection of mul-
tiple short ECGs (or a continuous ECG recording) over a prolonged
period to capture even infrequent episodes of paroxysmal AF. The re-
sults of this study indicate that a prolonged period is also required to ob-
tain reliable diagnoses: at least 67 adequate-quality ECGs were required
for a reliable diagnosis in this study, providing evidence that screening
programmes should be designed to capture at least this many adequate-
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quality ECGs from all participants (i.e. at least 17 days of screening when
recording 4 ECGs per day, and potentially 21 days of screening to ac-
count for missed or low-quality ECGs). In addition, no association was
found between participant gender or age and the reliability of diagnoses,
indicating that it is reasonable to use single-lead ECGs in older adults of a
wide range of ages (from 65 to 90+ in this study).

The findings of this study could also underpin strategies to obtain
more reliable participant-level diagnoses through personalized
screening. Those individuals who are likely to receive a less reliable diag-
nosis could be identified by using an automated algorithm to analyse the
quality of incoming ECGs, and then, the duration of screening could be
extended in those individuals without sufficient adequate-quality ECGs.
This could help increase reliability by increasing the number of
adequate-quality ECGs available for diagnosis. Second, participants
with a high proportion of low-quality ECGs could be offered additional
training on ECG measurement technique, potentially by telephone.

This study highlights the need to ensure single-lead ECG interpreters
receive sufficient training. The ECGs in this study were interpreted by
highly experienced cardiologists, and yet there was still disagreement
over diagnoses for 16% of those participants sent for cardiologist re-
view. If single-lead ECG-based AF screening is widely adopted in the fu-
ture, then it will be important to ensure all ECG interpreters receive
sufficient training and gain sufficient experience in single-lead ECG in-
terpretation to provide reliable diagnoses. We note that single-lead
ECG interpretation presents additional challenges beyond those en-
countered in 12-lead ECG interpretation: ECGs may be of lower qual-
ity,* P-waves may not be as visible,'> and only one lead is available. It is
notable that in a hospital-conducted study where 12-lead ECGs were
performed at the same time as Zenicor One ECGs, independent read-
ing of the single-lead ECGs by two senior cardiologists with a review by
a third where there was disagreement resulted in a sensitivity of 98%
and specificity of 99% for AF present on the 12-lead ECG."" This sug-
gests that accurate (and therefore reliable) single-lead ECG interpret-
ation is possible, raising the prospect that training might be effective.

The findings of this study indicate that it is important that the
quality of single-lead ECGs is as high as possible, particularly given
the implications of an AF diagnosis such as recommendations for
anticoagulation treatment which increases the risk of bleeding. The
development of consumer and telehealth ECG devices involves mak-
ing a range of design decisions which can influence the quality of
ECGs sent for clinical review, including the size, type, and anatomical
position of electrodes; the filtering applied to signals to reduce noise;
and whether to exclude ECGs of insufficient quality from clinical re-
view (and if so, how best to identify these ECGs). Device designers
should consider the potential effects of these design decisions on
the reliability of diagnoses.

Conclusions

Moderate agreement was found between cardiologists when diagnos-
ing AF from single-lead ECGs in an AF screening study. The study indi-
cates that for every 100 screening participants diagnosed with AF by
two cardiologists, there would be complete disagreement over the
diagnosis of 70 further participants. This provides great incentive for en-
suring that the interpretation of single-lead ECGs is as reliable as pos-
sible. Key factors were identified which influence the reliability of
single-lead ECG interpretation. Most importantly, the quality of ECG
signals greatly influenced reliability. In addition, when multiple ECGs
were acquired from an individual, the reliability of participant-level diag-
noses was influenced by the number of adequate-quality ECGs available
for interpretation. This new evidence could help improve single-lead
ECG interpretation and consequently increase the effectiveness of
screening for AF using single-lead ECG devices. Future work should in-
vestigate how to obtain ECGs of the highest possible quality in the

telehealth setting and how best to train ECG interpreters to ensure
diagnoses are as accurate as possible.
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