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Abstract Background The rate-limiting step in STEMI diagnosis often is the availability of a 12-lead
electrocardiogram (ECG) and its interpretation. The potential may exist to speed the availability of 12-lead ECG information
by using commonly available mobile technologies. We sought to test whether combining serial smartphone single-lead ECGs to
create a virtual 12-lead ECG can accurately diagnose STEMI.

Methods Consenting patients presenting with symptoms consistent with a possible STEMI had contemporaneous standard
12-lead and smartphone ‘12-lead equivalent’ ECG (produced by electronically combining serial single-lead ECGs) recordings
obtained. Matched ECGs were evaluated qualitatively and quantitatively by a panel of blinded readers and classified as
STEMI/STEMI equivalent (LBBB), Not-STEMI, or uninterpretable. Interpretable ECG pairs were graded as showing good, fair,
or poor correlation.

Results Two hundred four subjects (age = 60 years, males = 57%, STEMI activation = 45%) were enrolled from 5
international sites. Smartphone ECG quality was graded as good in 151 (74.0%), fair in 32 (15.7%), poor in 8 (3.9%), and
uninterpretable in 13 (6.4%). A STEMI/STEMI equivalent diagnosis was identified by standard 12-lead ECG in 57/204
(27.9%) recordings. For all interpretable pairs of smartphone ECGs compared with standard ECGs (n = 190), the sensitivity,
specificity, and positive and negative predictive values for STEMI/STEMI equivalent by smartphone were 0.89, 0.84, 0.70
and 0.95, respectively.

Conclusions A ‘12-lead equivalent’ ECG obtained from multiple serial single-lead ECGs from a smartphone can identify
STEMI with good correlation to a standard 12-lead ECG. This technology holds promise to improve outcomes in STEMI by
enhancing the reach and speed of diagnosis and thereby early treatment. (Am Heart J 2020;221:125-135.)
ST-segment elevation myocardial infarction (STEMI) is a
severe form of acute coronary syndrome with high
morbidity and mortality if not diagnosed and treated
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quickly.1 The diagnosis of STEMI is differentiated from
other, often less severe forms of acute coronary
syndrome by the presence of ST segment elevation on a
12-lead electrocardiogram (ECG).2 Obtaining this impor-
tant information quickly is essential in initiating appro-
priate and timely triage and treatment.3, 4 Despite the
proliferation of ECG equipment in many modern
healthcare settings, there remain many locations where
this test is not easily accessible, such as in rural and
remote locations, airplanes, cruise ships, hotels, homes,
and many underdeveloped regions of the world. An
inexpensive, portable, readily available ECG system,
capable of diagnosing STEMI, may improve outcomes in
these currently underserved environments. Such tech-
nology may also improve triage for high-risk individuals in
more developed areas.
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The proliferation of smartphone technology has made
available a platform that may extend the availability of ECG
recordings. Smartphones are handheld computing devices
characterized by having the capability to access the
internet and including an operating system capable of
running installed applications. Smart devices such as many
tablet computers and media players are similar but lack the
ability to make voice calls, although they run comparable
operating systems and may have the ability to access the
internet. For practical purposes, these terms are often used
interchangeably and will be referred to collectively as
smartphones herein. Smartphones have become ubiqui-
tous, with over 2.1 billion smartphone users as of 2016, and
with numbers continuing to climb rapidly in both
developed and underdeveloped countries.5

The availability of powerful mobile computers has led
to the ability to run many highly sophisticated applica-
tions or ‘apps’. This ability makes possible specialized
applications that work with a small separate sensor to
provide single channel ECG rhythm recordings. One such
app and sensor combination has been shown to be
effective in detecting rhythm abnormalities such as atrial
fibrillation.6-8 In diagnosing atrial fibrillation, blinded
comparisons of smartphone-based rhythm strips, by
interpreting cardiologists and automated algorithms,
have shown sensitivities from 87% to 100% and specific-
ities from 90% to 97% with overall accuracies from 90% to
97% when compared to 12-lead ECGs.9 Similar function-
ality also has been incorporated into a new wearable
device, the Apple Watch Series 4, which was recently
introduced to the market as an FDA cleared class II
medical device.10

Thus far, smartphone-based electrocardiography has
been used primarily for rhythm analysis. The reason for
this is largely technical, as a single-lead rhythm strip
requires only two sensors, which are easily embedded in a
case.7 In contrast, a typical 12-lead ECG requires 9
electrodes to be placed on the limbs and chest.11 One
solution to this challenge, and which requires only 2
electrodes on the smartphone-associated sensor, is to use
sequential single-lead ECG measurements that are then
electronically averaged and shown as a single representa-
tive tracing called a ‘12-lead ECG equivalent’. A test device
has beenmade that works on this principle and is based on
the AliveCor™ Heart Monitor (Figure 1). The technical
differences between a 12-lead equivalent ECG tracing and a
traditional 12-lead ECG are detailed in Table I. In brief, it
presents serial data measurements as averaged beats rather
than raw voltage data, requires vector summation of
multiple tracings, and uses a single limb lead as the ground
for the precordial leads. However, howwell such a 12-lead
equivalent ECG compares to a standard 12-lead ECG,
especially in relation to diagnosing STEMI is not known.
A pilot study testing the operational feasibility of

obtaining a 12-lead equivalent ECG in patients with
STEMI was recently reported.12 This pilot study showed
that it was possible to obtain 12-lead equivalent ECGs
with commonly available smartphone technology. That
study also showed promising correlations to standard 12-
lead ECGs. It also demonstrated some of the operational
difficulty in using the current device to obtain useable
tracings. Based on the experience learned from the pilot
study, a large trial was therefore designed and conducted,
the results of which we now report.
Methods
Trial design
The Smartphone ECG for Evaluation of ST-Segment

Elevation Myocardial Infarction Study (ST LEUIS) trial
was a multicenter, international, prospective, non-
randomized, open trial with each patient serving as his
or her own control. ST LEUIS is registered at clinicaltrials.
gov as number NCT02498405. The details of the trial
design have been previously published.13 Briefly, a total
of five different institutions associated with the Duke
University Cooperative Cardiovascular Society (DUCCS)
organization participated in the trial. Each site obtained
approval from their individual Institutional Review
Boards. Informed consent was obtained for all patients
prior to enrollment. Two distinct patient populations
were investigated. The first population included patients
for which the STEMI protocol had been activated. The
second population was broader, including any patient
presenting to the emergency department with chest pain.
Inclusion and exclusion criteria are detailed in Online
Table I. Baseline characteristics for each patient were
collected, including age, gender, subjective grade of
chest pain (typical or atypical), and location where
tracings were obtained.
The device used for this study was a modified version of

the AliveCor™ Heart Monitor, an FDA-approved Class II
medical device, paired with a 5th generation iPod Touch
device (see Figure 1). This modified device has two
electrical leads connected to wires with alligator clips,
which are then attached to the same adhesive stickers
used in the standard 12-lead ECG. This is the same device
used previously in the pilot study.12

The tracings for the first population, in which the
STEMI protocol had been activated, were obtained at the
earliest possible opportunity that did not interfere with
patient care. This could have been in the emergency
department, in the catheterization laboratory, or in the
coronary care unit within 1 hour following the angio-
graphic procedure. Tracings for the second population,
in which there was no activation of the STEMI protocol,
were performed in the emergency department.
The initial step in the process of collecting ECGs was to

obtain a standard 12-lead ECG. The smartphone device
was then connected to the same stickers and used to

http://clinicaltrials.gov
http://clinicaltrials.gov


Figure 1

AliveCor ™ Heart Monitor and Representative ‘12-lead ECG equivalent’. Left figure: The AliveCor ™ Heart Monitor, with two
alligator clips, linked to a 5th generation iPod Touch. This is one of the devices used in the trial. Right figure: Representative ‘12-lead ECG
equivalent’ showing acute anterior MI.
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collect 9 sequential tracings of at least 10 seconds each.
Leaving the same ECG stickers used in the standard 12-
lead ECG in place for use in the smartphone 12-lead
equivalent ECG was done to eliminate variation based on
lead placement. Details of lead placement are shown in
Figure 2. For leads V1-V2, the left arm lead was used as
ground; for V3-V6, the right arm lead was used as ground.
The obtained smartphone tracings were uploaded
wirelessly for processing remotely (see Online Figure
1). The augmented limb leads were obtained via vector
summation of leads L1, L2 and L3 (as shown in Figure 2)
during post processing. The 12-lead equivalent ECG could
then be accessed immediately via the internet.

ECG analysis
A subjective evaluation of the technical quality (graded

as good, fair, poor, or unreadable) of all smartphone ECGs
was performed by a single investigator. For comparison
of the standard 12-lead and smartphone ECGs, tracings
from both groups were combined to create a single
cohort with an adequate number of ECGs both with and
without evidence of STEMI.
Two ECG sets were created. The first set included all

tracings (12-lead ECGs and smartphone 12-lead equiva-
lent ECGs) in a random order with no ordered connection
between tracings from the same patient. The second set
included all the same tracings but with tracings from the
same patient displayed in juxtaposition. Both sets were
interpreted in a blinded fashion by an expert reading co-
author panel of 5 cardiologists. It should be noted that,
although all ECGs were blinded, the standard 12-lead and
smartphone 12-lead equivalent ECGs could be easily
distinguished because of the differences in their tracing
formats.
For the first ECG set, the reading panel was instructed

to designate each independent ECG as STEMI/left bundle
branch block (LBBB)/’STEMI equivalent’, ‘Not-STEMI’, or
uninterpretable, according to accepted guidelines for the
standardization of interpretation of ECGs.14 STEMI was
defined as ST-segment elevation of at least 1 mm (0.1 mV)
in any 2 adjacent leads except V2 and V3, which required
at least 2 mm ST elevation, the simplification in this
criterion due to the reading panel being blinded to
patient age and gender. LBBB with chest pain was
regarded as a STEMI equivalent. This definition, as well as
additional grading criteria, are detailed further in the
previously published study design manuscript.13 For the
second set, the juxtaposed ECGs were subjectively



Table I. Technical differences between the smartphone ‘12-lead
equivalent’ ECG, obtained using only two electrode sensors, and
a traditional 12-lead ECG.

1. The smartphone technique requires sequential measurements to be
made, which produces tracings that are contemporaneous
but non-simultaneous.

2. Augmented limb leads are a computer averaged summation of
multiple tracings.

3. Precordial leads are obtained using a single limb lead for ground.
4. All tracings are presented as an averaged tracing, so no raw signal
data are preserved. To minimize the potential for morphological
corruption by signal averaging, computer algorithms are employed to
exclude premature ventricular complexes from the averaging process.
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assessed to have good, fair, or poor correlation in tracing
morphology.
Following initial interpretation of the un-matched

ECGs, any discrepant interpretations were adjudicated
by discussion among the reading panel until a consensus
was reached. The interpreted ECGs were then re-
matched by patient, and the presence of discordant
reads between the two ECG modalities was identified.
Quantitative analysis of ST segments was performed on all
discordant ECG sets by a single member of the reading
panel, and the average difference in ST segment deviation
was quantified.

Trial objectives
The primary objective of this trial was to determine

whether the 12-lead equivalent ECG obtained via
smartphone is an acceptable equivalent to a standard
12-lead ECG in diagnosing or excluding STEMI. To
evaluate this objective, the following specific aims were
proposed:

1. Obtain contemporaneous recordings of a standard
12-lead ECG and smartphone 12-lead equivalent
ECG on patients presenting with chest pain for
which the STEMI protocol was activated and also on
patients presenting to the emergency department
for evaluation of chest pain but not necessarily
presenting with STEMI.

2. Assess the operational feasibility of using the
smartphone to obtain 12–lead equivalent ECG
recordings in patients suspected to have STEMI, or
those presenting with chest pain in which STEMI
was a possibility.

3. Determine the sensitivity, specificity, and positive
and negative predictive values of the smartphone
12–lead equivalent ECG using a paired contempo-
raneous standard 12–lead ECG as the gold standard.

Statistical analysis
Variables were summarized as mean ± standard devia-

tion (SD) for continuous variables and frequencies for
discrete variables. The Pearson's chi-square test was used
to determine significant differences between subgroups
for non-interpretable vs. interpretable and equivalent vs.
discrepant tracings. The sensitivity, specificity, positive
predictive value, and negative predictive value were
calculated for STEMI/LBBB and Not-STEMI. Two-tailed p-
values are presented with 0.05 designated as nominally
significant.

Results
Baseline demographics of the trial cohort
The trial cohort was comprised of 204 patients

evaluated for chest pain to assess for STEMI at the 5
participating medical centers (Table II). Age averaged
59.8 ± 15.7 years (median 60; range, 21 to 95), and 56.9%
were male. Chest discomfort was rated as typical for
ischemia in 121 (59.3%), atypical in 81 (39.7%), and was
unknown in 2 patients (1.0%). A total of 92 (45.1%)
patients, for whom the STEMI protocol was activated,
and 112 (54.9%) patients who presented to the emergen-
cy department for evaluation of acute chest pain, were
enrolled. Paired study ECGs were obtained in the
following locations: emergency departments in 104
(51.0%), catheterization laboratory pre-procedure in 2
(1.0%), catheterization laboratory post-procedure in 41
(20.0%), the coronary intensive care unit (CICU) in 56
(27.5%), and unknown in 1 (0.5%),

Smartphone ECG technical quality
ECG technical quality was graded as good or fair in 183

(89.7%) and poor or unreadable in 21 (10.3%) of the 204
smartphone tracings (Online Table II). Technical quality
differed significantly between high and low enrolling
sites: 10/40 (25%) ECGs were uninterpretable among
those obtained in the 2 lowest enrolling sites (n = 13 and
n = 27 patients) compared to only 3/164 (1.8%) for the 3
highest enrolling sites (n = 50, n = 52 and n = 62
patients; P b .0001). The distribution of fair/poor ECGs
was 14/40 (35.0%) for low enrolling sites and 26/164
(15.9%) for high enrolling sites (P b .0001). The lowest
enrolling site (n = 13) was a quality outlier. Excluding
this site, respective ECG quality metrics of the other 191
smartphone ECGs were: good or fair in 179 (93.7%) and
poor or uninterpretable in 12 (6.3%).

Comparisons between standard 12-lead and smart-
phone ECG diagnostic interpretations
Preliminary reading panel ECG diagnosis adjudication

resulted in full initial agreement between the 5 panel
members in 285 (70%) of the 408 available ECGs (Table
III, Table IV). Thereafter, panel discussion to reach an
interpretive consensus was required for 45 (22.1%) of
the 12-lead and 78 (38.2%) of the smartphone ECGs.
Using the ‘gold-standard’ 12-lead ECGs, the diagnosis of
STEMI was made in 46 (22.5%), LBBB in 11 (5.4%), Not-



Figure 2

Anatomic diagram of lead placement locations for sequential ECG measurements. Augmented limb leads were obtained, via
post-processing, using leads L1, L2 and L3 according to the formulas: Lead aVR = (−L1 – L2)/2; Lead aVL = L1 – (L2/2); Lead aVF = L2 – (L1/2).
LA = Left arm; RA = Right arm; LL = Left leg.
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STEMI in 146 (71.6%), and uninterpretable in 1 (0.5%),
which was due to ventricular pacing (Table II).
Corresponding diagnoses by smartphone ECG were:
STEMI in 60 (29.4%), LBBB in 11 (5.4%) (3 [1.5%] also
had qualifying ST-elevation for STEMI and 8 [3.9%] did
not), Not-STEMI in 120 (58.8%), and uninterpretable in
13 (6.4%).
Blinded, separate readings of interpretable smartphone

and 12-lead ECG pairs resulted in the same/equivalent
diagnosis (STEMI/STEMI equivalent/LBBB [with or



Table III. The distribution of diagnoses among the 12-lead ECG
and smartphone ECG.

iagnosis 12-lead
ECG

Smartphone
ECG

TEMI (all 204 patients) 46 (23%) 60 (29%)
–STEMI with STEMI protocol activation 41 (22%) 43 (21%)
–STEMI without STEMI protocol
activation

5 (3%) 17 (8%)

BBB (all 204 patients) 11 (5%) 11 (5%)
–Without qualifying ST elevation 11 (5%) 8 (4%)
–With qualifying ST elevation – 3 (1%)
ot-STEMI 146 (72%) 120 (59%)
ot interpretable 1 (1%)⁎ 13 (6%)

CG, electrocardiogram; STEMI, ST-segment elevation myocardial infarction; LBBB,
ft bundle branch block.
Due to ventricular pacing during 12-lead ECG acquisition.

Table II. Patient characteristics, overall, and stratified by whether
the STEMI protocol was activated or not activated. All
characteristics between the STEMI and not STEMI protocol
activation were significantly different (all P ≤ .002).

Overall,
n = 204

Chest pain, with
STEMI protocol
activation, n = 92

Chest pain, with
STEMI protocol not
activated, n = 112

Age (years)
Mean ± SD 59.8 ±

15.7
65.6 ± 13.2 55.0 ± 16.0

Median
(range)

60
(21–95)

64.5 (32–92) 55.0 (21–86)

Gender
Female 88

(43%)
29 (32%) 59 (53%)

Male 116
(57%)

63 (68%) 53 (47%)

Presenting
chest pain type
Typical 121

(59%)
78 (85%) 43 (38%)

Atypical 81
(40%)

12 (13%) 69 (62%)

Unknown 2 (1%) 2 (2%) 0 (0%)
Location of ECG

Cath lab after
procedure

41
(20%)

40 (43%) 1 (1%)

Cath lab
before procedure

2 (1%) 1 (1%) 1 (1%)

Emergency
department

104
(51%)

3 (3%) 101 (90%)

CICU 56
(27%)

47 (51%) 9 (8%)

Unknown 1 (1%) 1 (1%) 0 (0%)

STEMI, ST-segment elevation myocardial infarction; SD, standard deviation; ECG,
electrocardiogram; CICU, coronary intensive care unit.
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without STEMI qualifying ST-elevation], or Not-STEMI) in
163 of 190 pairs (85.8%) (see Table IV). Subsequent,
unblinded side-by-side comparison suggested diagnostic
equivalency in an additional 4 (2.1%) pairs, increasing
diagnostic accuracy to 87.9%. Technically suboptimal but
still interpretable smartphone recordings were present in
5 of the paired, discrepant reading comparisons, repre-
senting 2.6% of interpretable paired recordings. The 18
remaining discrepancies (9.5% of interpretable paired
readings) were explained by small voltage differences in
ST-segment elevation, which met criteria for STEMI in
one but not the other ECG; these differences led to a
STEMI diagnosis by smartphone but not 12-lead ECG in 15
pairs and by 12-lead but not smartphone ECG in 3 pairs.
The average difference in ST elevation in diagnostic leads
between discrepant diagnostic pairs was generally b1
mm (b0.1 mV; mean difference, 0.09 mV).
D

S

L

N
N

E
le
⁎

Side-by-side comparisons between standard 12-lead
and smartphone ECG pairs
The reading panel consensus correlations between

interpretable side-by-side smartphone and 12-lead ECGs
(n = 190 pairs) were considered good in 166 (87.4%) (see
Figures 3 and 4 and Online Figure 2), fair in 23 (12.0%)
(see Online Figure 3), and poor in 1 (0.5%). Side-by-side
comparisons were not attempted in the remaining 14
pairs because of unreadable technical quality (see Online
Figure 4) in the smartphone ECGs (n = 13) or because of
ventricular pacing in the 12-lead ECG (n = 1).

Subgroup analyses of paired comparisons
Key subgroups were analyzed for the proportion with

interpretable smartphone ECGs and, within each sub-
group, of those with equivalent (versus discrepant)
diagnoses (compared with the 12-lead ECG) (Online
Table III). Successful performance of an interpretable
smartphone ECG was not affected by patient gender or
age, whereas success did vary by location (with the CICU
being a poorly performing location) and by study site
(with low-recruiting site 5 being an outlier). There was no
significant heterogeneity among interpretable ECG pairs
in achieving a diagnosis equivalent to the 12-lead ECG
among these 4 subgroups (accounting for multiplicity of
testing).

Sensitivity and specificity for ECG diagnoses by
smartphone ECG
The sensitivity, specificity, positive, and negative

predictive values based on blinded, consensus ECG
diagnoses of STEMI/LBBB and Not-STEMI for interpret-
able pairs are shown in Table V. Of note are the high
sensitivity and negative predictive values for STEMI/LBBB
and the very high specificity and positive predictive
values for Not-STEMI (i.e., 89–95%). Of the 23 interpret-
able but discrepant diagnostic pairs noted above, the
smartphone ECG missed a 12-lead ECG STEMI/STEMI



Table IV. The number of similar and different diagnoses
between the smartphone and 12-lead ECG.

12 lead: STEMI/LBBB 12 lead: Not-STEMI Total

Smartphone:
STEMI/LBBB

49 21 70

Smartphone:
Not-STEMI

6 114 120

Total 55 135 190
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equivalent call in only 4, which was due to minor voltage
differences (in 3) or a wandering baseline and missing
leads (in 1). In 2 of the 3 recordings of good smartphone
quality, the smartphone clearly indicated an evolving Q-
wave inferior or anteroseptal MI (though not meeting the
definition for ‘acute’), and in the third, early repolariza-
tion was a more likely cause of ST-elevation in the 12-lead
ECG than true STEMI. In 18 of the other discrepant pairs,
the discrepancy was explained by small voltage differ-
ences in ST segment elevation, which just met criteria for
STEMI in one but not the other ECG. These observations
suggest that, in most circumstances, a technically
adequate smartphone ECG is capable of effectively
identifying true acute and evolving STEMI and STEMI
equivalent diagnoses as identified by the 12-lead ‘gold
standard’ ECG.

Discussion
Key trial findings
This trial represents the first large-scale evaluation of

the feasibility of using serial single-lead ECGs obtained
from a portable smartphone-based technology to detect
STEMI in acute chest pain patients. It demonstrates that
clinically interpretable tracings for the diagnosis of STEMI
can be obtained using a commonly available smartphone
platform with good correlation to the standard 12-lead
ECG. When performed technically correctly, correlation
improves such that the smartphone ECG can identify
essentially all true acute/evolving STEMI/STEMI equiva-
lent diagnoses indicated by the 12-lead ‘gold standard’
ECG. The disparity noted in this trial between the high
and low enrolling sites in successfully obtaining good
quality smartphone ECGs demonstrates that experience
and local expertise are necessary to successfully obtain
technically adequate smartphone ECGs using our pres-
ently available simple modifications to the standard
single-lead smartphone ECG devices. However, now
that the feasibility of successfully diagnosing acute
STEMI has been demonstrated, technical improvements
to the device can be accomplished that will make its
application more user-friendly and accurate.
The subjective aspect of all ECG interpretation,

especially when dealing with morphologic characteris-
tics, was made apparent in this trial. Despite the use of
expert cardiologists, there was far from complete
diagnostic agreement among the five reading panel
members in a quarter to a third of both 12-lead and
smartphone tracings, which required consensus adjudi-
cation. However, the overall discrepancy rate between

the 2 modalities was much lower (13.2%). In most cases,
discrepancies among readers related to borderline ST-
segment elevations or technical problems with the
recordings.

Comparison to prior studies
This trial represents a unique avenue of investigation,

with no previous trial of comparable extent present in the
reviewed literature. The only prior study evaluating the
diagnosis of STEMI with smartphone-based ECG record-
ings was the pilot study published by the present authors.
12 The present trial differs compared to the pilot study by
its choice of a single precordial grounding technique, the
inclusion of chest pain patients without a STEMI protocol
activation, participation of multiple international centers,
and a much larger patient population. Additionally, it
employed blinded (as well as unblinded) ECG interpre-
tations and comparisons. However, the hardware and
software used were identical in the present trial and the
pilot study.

Technical considerations
As described in Table I, the techniques used to produce

smartphone ‘12-lead equivalent’ ECGs differed in at least
four specific ways from those used to produce standard
12-lead ECGs. Each of these technical differences has the
potential to introduce variation between the two ECG
modalities. However, this trial demonstrated that, when
acquisition of the smartphone ECG was performed
correctly, these technical differences resulted in only
modest morphologic changes in comparison to the
matching standard 12-lead ECG. There was concern that
the signal averaging performed by the smartphone
system, and its resultant loss of the ability to see the
raw data (point 4 in Table I), may be a source of error.
Averaged tracings make it difficult to determine how
much the synthesized beat was influenced by noise or
ectopic beats such as PVCs or paced beats. However, in
the present trial, this did not prove to be a significant
problem, presumably because there were few instances
of ectopic beat interference or because the basic PVC
elimination algorithm used in the software worked
adequately.
Applying the manual techniques used in this trial to

consistently produce a high-quality smartphone ‘12-lead
equivalent’ ECG proved to be a more significant
challenge. A total of 9 separate ECG tracings were
required for each smartphone 12-lead equivalent ECG,
and each had to be acquired in a specific order and
pattern, with proper lead changes between each tracing.



Figure 3

Inferior wall myocardial infarction matched ECG pair. Standard 12-lead ECG and smartphone ECG matched pair adjudicated as
showing inferior wall myocardial infarction with good correlation.
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Figure 4

Acute anterior wall myocardial infarction matched ECG pair. Standard 12-lead ECG and smartphone ECG matched pair
adjudicated as showing acute anterior wall myocardial infarction with good correlation.
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This resulted in significant variations among the sites,
based on the local experience and training of the
operators. This observation emphasizes a need to simplify
the technique before considering widespread adoption of
the smartphone ECG system into less trained and
controlled environments. A solution that is expected to



Table V. The sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV) of the smartphone ECG
for a STEMI/LBBB and not-STEMI diagnosis.

Sensitivity Specificity PPV NPV

STEMI/LBBB 0.89 0.84 0.70 0.95
Not-STEMI 0.84 0.89 0.95 0.70

STEMI, ST-segment elevation myocardial infarction; LBBB, left bundle branch block.
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reduce potential technical variation, and is simpler to use,
has now been developed. In this newer version, a third
lead has been added, which allows for simultaneous
recordings of all limb leads by having a lead connected to
each arm and to the left leg. Therefore, the only
sequential tracings that will be required are the six
precordial leads, which can be obtained by leaving the
two arm leads in place and moving the lead previously
attached to the left leg across the precordium and taking
measurements at each precordial location. This system
should eliminate many of the disadvantages listed in
points 2 and 4 in Table I. Having both arms serve as
ground also should improve point 3 and make it
unnecessary to switch grounding leads across the
precordium. While adding a third ECG lead still
accomplishes the goal of maintaining relatively simple
hardware suitable for a portable, smartphone-based
system, the increased technical simplicity in obtaining
the 12-lead equivalent ECG tracing with this change
should make the entire process faster and more error-
free. A prototype of this proposed system developed by
AliveCor™ is shown in Online Figure 5.
Producing a more complete and refined smartphone

computer application to support the proposed hardware
should further improve the quality of the tracings obtained.
Tracings in this study were made using paper instructions
at the patient's side with no feedback regarding the quality
of tracings or whether leads were in the proper position.
Creating an applicationwith coaching functionality for lead
placement and with the diagnostic ability to identify
technical errors such as lead reversal, excessive noise,
and poor signal strength, should further improve tracing
reliability and decrease the training needed to obtain high
quality smartphone ECG tracings. Indeed, a computerized
ECG interpretation function that provides to the person
performing the smartphone ECG a near instantaneous
diagnosis of STEMI versus Not-STEMI and recommenda-
tions as to how to proceed in the care of the patient could
be added easily. Such functionality should be helpful in
providing rapid and appropriate care to possible STEMI
patients in the field.

Trial strengths and limitations
Some important strengths of the current trial include its

moderately large number of enrolled patients, the use of
the same ECG lead stickers for both ECGs to avoid lead
placement variation, and the close time proximity between
the obtained ECG tracings for both modalities. Also,
multiple trial sites, with a broad geographic distribution,
were employed. This allowed for excellent testing of the
generalizability of the proposed system. Another strength
was that a blinded panel of expert ECG readers was used
for interpretation and adjudication of the key trial results.
Limitations of the present trial include the fact that,

while the matched ECG tracings obtained were contem-
poraneous, they were not simultaneous. Thus, evolution
of the ECG signal between tracings could have occurred.
However, the time differential between matched tracings
was rarely more than 5 minutes. Also, we focused on the
potential diagnosis of STEMI to the exclusion of other
ECG changes. The use of strict, pre-defined definitions
left many clinically relevant nuances of the tracings
unaccounted for. For example, distinguishing early
repolarization ST-elevation from a true STEMI pattern
was not considered. Further, ischemic changes such as
ST-depression or T-wave inversion were also not
systematically graded and recorded, despite their pres-
ence in many tracings from both modalities and their
relevance to the diagnosis of acute coronary syndromes.
Additionally, the use of a highly selected population for
STEMI may have led to an increased positive predictive
value compared to a less selected population.
Finally, we used trained clinical researchers in controlled

hospital environments to obtain our smartphone tracings,
whereas the primary goal of developing smartphone ECG
technology is that it be used outside of general clinical
practice in the real-world environment. Now that feasibility
has been demonstrated, further real-world studies will be
needed.

Conclusions
This first-of-its-kind multicenter study demonstrates that

a 12-lead equivalent ECG obtained by combining serial
single-lead ECGs using a smartphone coupled to a
software application and an inexpensive 2-wire attach-
ment can identify STEMI vs Not-STEMI diagnoses with
good correlation with the standard 12-lead ECG. This
technology holds substantial promise for the future
diagnosis and management of patients experiencing
STEMI by enabling more rapid diagnosis and treatment,
leading to improved outcomes. Further refinement of
system software and hardware should further improve on
these results and broaden clinical application to many
common real-world scenarios through increased ease-of-
use and reliability.
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