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Abstract
Background. Simple electrocardiogram (ECG) rules, such as voltage criteria, Q waves and a corrected QT interval (QTc) above 500 ms,
are used daily. We found no study that tested several together against numeric criteria in routine hospital data.

Methods. Retrospective analysis of MIMIC-IV-ECG: 128,400 adults for development and 31,800 (rounded) in an internal test partition.
Thirteen claims about 10 rules were judged against criteria written down before the final runs, but after partial results of earlier script
versions. Six claims were tested in a second pass specified after the other test results were known; the replication is internal.

Results. Six claims were supported in development and 5 in test; none was not supported and 8 were inconclusive in test. For
Sokolow-Lyon voltage, Cornell voltage and Q waves, the specificity criterion was met in both partitions; diagnostic information is
limited at these marginal distributions (rules positive in 4% to 7%). Sokolow-Lyon and Cornell kept measurable information (positive
likelihood ratio 2.70 and 4.25), but the target of 5 was not reached for Sokolow-Lyon and not demonstrated for Cornell (95% confidence
interval [CI] 3.46 to 5.21). Q waves rested on fewer than 50 positive patients, too few for a stable sensitivity or likelihood ratio. QTc
above 500 ms was associated with death within 30 days (risk ratio 5.07, CI 4.52 to 5.68) and with ventricular events (3.69), as already
known, but only about 9% of deaths had a QTc above 500 ms. In a descriptive analysis added after the results were known, the risk
ratio for death was 9.5 below 60 and 2.2 above 100 per minute while the comparison group’s risk rose from 1.4% to 7.4%; Bazett
overcorrection is one possible explanation, not tested.

Conclusions. Measurement definition, reference availability and testability shaped most verdicts, and no rule was refuted.

Key findings.

• Thirteen claims about ten rules were tested against numeric criteria written down before the final runs, with partial earlier results and
several positivity rates already known: 6 supported in development, 5 in the test partition, none not supported.

• The specificity criteria for Sokolow-Lyon, Cornell and Q waves were met in both partitions; their diagnostic information is limited at
these marginal distributions. Sokolow-Lyon and Cornell keep measurable information (positive likelihood ratio 2.70 and 4.25 in the test
partition; target of 5 not reached and not demonstrated), whereas the Q-wave result rests on fewer than 50 reference-positive patients,
too few for a stable estimate of sensitivity or likelihood ratio.

• QTc above 500 ms marked patients with about five times the 30-day mortality, a known association, but identified only about 9% of
deaths, and adjusted ratios were 1.5 to 2.5.

• The risk ratio for death with QTc above 500 ms fell from 9.5 at heart rates below 60 per minute to 2.2 above 100 (descriptive, after the
results were known) while the risk of the comparison group rose from 1.4% to 7.4%; Bazett overcorrection is one possible explanation,
not tested here, and no recommendation follows.

Evidence status. Retrospective single-centre analysis. Development data plus an internal test partition of the same database that was
used in earlier analyses; no external validation and no blinded validation of measurements or references. The criteria were written
down before the final runs, but partial results of earlier script versions and several positivity rates were already known; amendments
followed partial results, and the second test pass for six claims, the cohort table, and the heart-rate and threshold analyses were
specified after earlier results were known (Supplement S1).

1. Introduction
Cardiologists use ECG rules every day: voltage criteria for left ventricular hypertrophy, pathological Q waves, a PR interval above 200
ms, right bundle branch block, and a QTc above 500 ms. Voltage criteria are specific but insensitive: in an autopsy series the Sokolow-
Lyon criterion had a sensitivity of 22% and a specificity of 100%, and the Cornell criterion 42% and 96%;[1] a systematic review in
hypertension advised against using them to rule out hypertrophy.[2] A prolonged PR interval and right bundle branch block carry
prognostic information in community cohorts.[3, 4] In hospital patients a QTc of 500 ms or more is associated with higher short-term
mortality,[5, 6] although not in every cohort.[7, 8] Guidance calls a QTc above 500 ms highly abnormal and links it to a two- to threefold
higher risk of torsade de pointes, based on congenital long QT data.[9]

The nearest work in the same database tested one rule at a time: machine-reported right axis deviation against echocardiographic
pulmonary hypertension,[10] and conventional hypertrophy criteria against a learned algorithm in 42,016 patients.[11] These findings
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come from different populations, definitions and thresholds. We found no earlier study that tested several classical ECG rules together,
against numeric criteria written down before the final runs (Section 2.7 states what was known by then), in routine hospital data with
device-reported intervals and automatically measured amplitudes. We searched PubMed and Europe PMC up to 16 October 2026. Each
rule has been studied separately, and the association of a long QTc with mortality is already established. We therefore did not ask
whether these rules carry information; we asked what a test with criteria written down before the final runs can show in routine data:
which claims can be supported, which can fail at all, and which cannot be tested because a measurement or reference is missing.

2. Methods

2.1 Data and cohort
We used MIMIC-IV-ECG (version 1.0) linked to MIMIC-IV (Beth Israel Deaconess Medical Center, Boston; ECGs from 2008 to 2019,
recorded with devices from various manufacturers).[12–14] Adults (18 years or older) with usable device metadata and signal quality
contributed one index ECG each, the first eligible ECG of the person within its partition. The development data are the training and
validation partitions (129,224 adults, 640,119 ECGs, 128,400 eligible index ECGs). The test partition is a person-disjoint partition of the
same database (31,800 index ECGs). Rule-specific exclusions removed ECGs with device-reported pacing, left bundle branch block
(voltage and Q-wave rules) or atrial fibrillation (QTc and PR rules).

2.2 Rules, claims and margins
Candidate rules were compiled before the analysis from guidelines, standardization statements and primary studies (25 candidates).
Ten rules were analysed, as 13 claims, each a testable statement about one rule with a numeric criterion (Table 1); the other
candidates were excluded because the measurement was not available in the data, the reference could not be constructed, or the rule
was already covered by other work (Supplement S3). Rule definitions follow the primary descriptions: Sokolow-Lyon,[1, 15] Cornell,[1,
16] Peguero-Lo Presti,[17] low voltage,[18, 19] Q waves,[20] bundle branch block,[21] PR interval,[22] QTc,[9, 23] and QRS duration
thresholds.[24] The numeric margins were set by us (Table 1; origin of each margin in Supplement S2). When we set them, the
unweighted positivity rates of several rules in the development ECGs were already known (Sokolow-Lyon 3.4%, Cornell 9.8%, Peguero-
Lo Presti 15.5%, low voltage 6.7%). Where we noted an expectation before the analysis, we report it (Supplement S2).
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Table 1
The ten rules, their definitions, the claims tested and the origin of the margins. Definitions follow the cited primary descriptions;

margins were set by the author. LVH, left ventricular hypertrophy; echo, echocardiographic; LVEF, left ventricular ejection fraction; AF,
atrial fibrillation; NSTE, non-ST-elevation; UDMI, Universal Definition of Myocardial Infarction.

Rule Definition used Claim tested (criterion) Origin of the margin

Sokolow-Lyon
voltage [1, 15]

SV1 + larger of RV5 and
RV6 above 3.5 mV

Specific for echo LVH: specificity
at least 0.90

Set by the author; upper end of the 85% to
90% range quoted in the standardization
statement [25]

Cornell voltage
[1]

RaVL + SV3 above 2.8 mV
(men) or 2.0 mV (women)

Specific for echo LVH: specificity
at least 0.90

Set by the author; same range as for
Sokolow-Lyon

Peguero-Lo
Presti [17]

Deepest S wave + SV4 at
least 2.8 mV (men) or 2.3
mV (women)

Specificity at least 0.90 and more
sensitive than Cornell

Specificity of 90% in the original
validation; difference above 0

Low voltage,
effusion [18]

All six limb leads below 0.5
mV

Specificity at least 0.98 and
sensitivity at most 0.10 for
moderate or large pericardial
effusion

Rounded from the original series (small
numbers: 29 positives, 126 negatives)

Low voltage,
amyloidosis [19]

All limb leads at most 0.5
mV

Sensitivity at most 0.60 (an
insensitive sign)

Prevalence 13% to 60% by definition in the
original series

Pathological Q
waves [20]

Q-wave criteria of the
Universal Definition, as
implemented in our
software

Specificity at least 0.80 for earlier
infarct codes

Set by the author

Normal ECG in
chest pain [26]

Device statement “normal
ECG” without qualifier

(1) Infarct risk after a normal ECG
at least 1%; (2) normal ECG in at
least one third of NSTE infarcts

(1) Set by the author, oriented on a
negative predictive value of 99%; (2)
guideline wording “more than one third”

Right bundle
branch block [4,
21]

Device statement Hazard ratio below 1.20 for death
and for newly documented AF (no
excess risk of 20% or more)

Set by the author (usual non-inferiority
margin); before the analysis we expected
the claim not to be supported
(Supplement S2)

PR above 200
ms [3, 22]

Device PR interval, sinus
rhythm

Hazard ratio below 1.20 for death
and for newly documented AF

As above

QTc above 500
ms [9]

Bazett correction of device
QT and RR

Risk ratio above 1 for death within
30 days and for ventricular events

Direction claim (“marker”)

QRS threshold by
sex [24, 27, 28]

Device QRS duration (130
or 150 ms thresholds in
guidelines)

Same risk of LVEF 35% or lower at
QRS durations differing by less
than 10 ms between women and
men

Set by the author; guideline simulations
quote 9 to 13 ms

2.3 Measurements
Intervals (RR, PR, QRS, QT) were taken from the device measurements of MIMIC-IV-ECG, as stored in the feature table of our analysis
pipeline. Amplitudes (voltage and Q-wave criteria) were measured by our own software (LoopLens) and passed to the rule calculations
through an interface; this software is the subject of related work.[29] For the test ECGs the amplitudes were extracted in a second pass
(Section 2.7). Each claim also had an alternative definition of the same rule (for example, Fridericia instead of Bazett correction, a
database label instead of a machine statement, or our own PR measurement).

2.4 References and outcomes

Echocardiographic hypertrophy was a left ventricular mass index above 115 g/m2 in men or 95 g/m2 in women, reported or computed
with the Devereux formula,[30] from the transthoracic echocardiogram nearest to the ECG within 30 days. Further references were a
moderate or large pericardial effusion against a small or trivial one, cardiac amyloidosis (amyloidosis code with a cardiomyopathy
code or a septum of 12 mm or more), an earlier infarct (infarct code from an earlier stay), and infarction in emergency visits with chest
pain and a troponin measurement (definitions in Supplement S2). Outcomes were death within 30 and 365 days, newly documented
atrial fibrillation within 365 days (cause-specific hazard, death as competing event), and ventricular tachycardia, fibrillation or cardiac
arrest in the same admission. Only a minority of patients had an echocardiogram near the ECG and these were mostly clinically
indicated, so reference-based claims used inverse-probability weights for having a reference and a 3 by 3 grid of selection scenarios
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(odds of the reference among patients without one 0.5, 1 or 2 times those with one, separately for positive and negative rule results); a
verdict counted as stable only if it held over the whole grid.

2.5 Verdicts
For each claim, one-sided Bonferroni-adjusted bounds were computed within families of related claims (family sizes 2 to 8; one-sided
alpha 0.025 divided by the family size) from a person-clustered bootstrap (4,000 repetitions), or from Wald intervals for the QTc claims.
A claim was “criterion supported” if the bound met the margin under the primary and the alternative definition, “criterion not supported”
if the bound excluded the margin under both, and otherwise “inconclusive”. A claim counted as replicated if it was supported in both
partitions; this says nothing about how informative the claim is. Two informative targets were fixed for Sokolow-Lyon and Cornell
voltage: a positive likelihood ratio of at least 5 (a conventional threshold for a large change in probability)[31] and a sensitivity of at
most 0.50.

To judge whether a criterion could fail at all, we computed from the weighted positivity rate P(T+) and the prevalence of the reference
the lowest specificity possible if every positive result were a false positive (floor, 1 - P(T+)/P(D-)), the specificity of a rule unrelated to
the reference (chance, 1 - P(T+)), and for sensitivity claims the highest sensitivity possible (ceiling, P(T+)/P(D+)). If the floor is at or
above the margin, the point estimate cannot miss the margin at these marginal distributions; the verdict also depends on the
confidence bound, the alternative definition and the selection grid (Section 3.3).

2.6 QTc claims
Exposure was a Bazett QTc above 500 ms (alternative definition: Fridericia), excluding device-reported atrial fibrillation. The primary
measure was the unadjusted risk ratio, because the claim is that QTc marks risk. Adjusted models (covariates in Supplement S2) were
a sensitivity analysis, together with linear heart-rate correction, sinus rhythm only, QRS below 120 ms, ECGs from the admission day
only, and QTc categories. A cohort table (Table 2), an analysis by heart-rate stratum (below 60, 60 to 100, above 100 per minute) and an
analysis of the thresholds 480, 500 and 520 ms were added after the results were known; they are descriptive, unadjusted and carry no
verdicts.

2.7 Specification, amendments and access history
The specification, the margins and the analysis script (version 3.2) were fixed and hashed before the final runs; the hashes and the
amendment history are in Supplement S1. Partial results of earlier script versions had been seen by then, and the specification was
amended afterwards in several points (Supplement S1c); no margin was changed. Statistics for the QTc rule against these outcomes
had been computed earlier in the project. The test partition had previously been used for a confirmatory analysis of a different marker
in a related study, for further bound test runs and for exploratory post hoc analyses of the project;[32] the related manuscripts use the
same database, the same partitions and some of the same reference labels, but not these rules.[29, 32–34] For this study it was first
analysed in one pass, after a row count without outcomes; seven claims could be computed, because amplitude measurements had
not been extracted for the test ECGs.

We then ran a second test pass for the six voltage-based claims, specified after the results of the other seven test claims were known.
It changed no rule, margin, population or decision rule. The amplitudes of 31,776 test ECGs (the exact number of index ECGs with
amplitudes; test counts elsewhere are rounded to 100) were extracted with the same software version and without access to labels.
The unchanged analysis script (version 3.2) ran through a driver script that only supplies these measurements and had reproduced all
development results exactly. Three code reviews by a separate model preceded the run. Technical details, hashes, times and a two-
minute discrepancy between the time stated in its rules file and the file-system time are in Supplement S1d. The test partition was not
unseen for this pass; the replication is internal and post hoc.

2.8 CODE-15%
For right bundle branch block and first-degree atrioventricular block we reproduced the death component in the open CODE-15% subset
(233,600 patients with positive follow-up time, 8,341 deaths; Cox model with age spline and sex; bounds at 0.025 divided by 2).[35, 36]
Its labels combine the cardiologist’s report with the Glasgow analysis program (right bundle branch block was rejected below a QRS
duration of 115 ms, first-degree block below a PR interval of 190 ms),[37] so they are neither our machine definitions nor an
independent reading.

2.9 Reporting, ethics and use of AI
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Reporting followed STROBE and RECORD (Supplement S7).[38] Counts are rounded to 10 (to 100 for some test cells), counts of 1 to 9
are shown as < 10, and percentages from rounded counts are approximate. Rates, intervals and likelihood ratios that would allow a
count below 10 to be recalculated are not shown (marked “not shown”). The author used generative AI tools (Anthropic Claude and
OpenAI Codex) to assist with analysis code, literature searches, data analysis workflows, drafting and editing of text, and figure
preparation. AI-assisted output was reviewed, corrected where necessary and approved by the author, who takes full responsibility for
the content. Patient-level analyses were run locally. AI tools are not listed as authors.

3. Results

3.1 Cohort and flow
Of 129,224 adults in the development partitions, 128,400 had an eligible index ECG; the test partition had 31,800 (Fig. 1). Patients with
QTc above 500 ms (Table 2) were older (median 68 vs 57 years), more often seen in the emergency or intensive care unit, and had a
faster heart rate (87 vs 73 per minute) and a wider QRS complex (120 ms or more in 48% vs 7.1%). Earlier diagnosis codes were
available for 11.3% of all patients (9.4% of those with QTc above 500 ms) and medication data for 32.6% (57.4%), so the shares of
heart failure and QT-prolonging drugs describe subgroups. Availability of outcomes and references depended on the analysis
(Supplement S4d): a mortality label existed for about 94% of patients with QTc above 500 ms and 86% of the others, ventricular labels
for about 65% and 33%, and an echocardiographic reference for about 16% of patients with an evaluable voltage rule. No cohort table
exists for the test partition.

Table 2
Characteristics of the development patients with an evaluable QTc, by QTc group (Bazett, device QT and RR; development partitions
only). Descriptive, specified after the results were known; counts rounded to 10, percentages from rounded counts. IQR, interquartile
range. Care setting: intensive care if the ECG fell into an intensive care stay, otherwise emergency department if an emergency visit

was linked, otherwise ward if a hospital stay was linked, otherwise other (no linked stay).
Characteristic QTc above 500

ms
QTc 500 ms or
less

All evaluable

Patients 2,230 118,030 120,260

Age, years, median (IQR) 68 (55 to 80) 57 (42 to 70) 57 (42 to 70)

Women 1,120 (50.2%) 62,700 (53.1%) 63,820
(53.1%)

Intensive care unit 140 (6.3%) 3,680 (3.1%) 3,820 (3.2%)

Emergency department (not intensive care) 1,250 (56.1%) 37,790 (32.0%) 39,040
(32.5%)

Ward 270 (12.1%) 13,900 (11.8%) 14,160
(11.8%)

Other (no linked stay) 580 (26.0%) 62,660 (53.1%) 63,240
(52.6%)

Earlier diagnosis codes available (share of all patients) 210 (9.4%) 13,360 (11.3%) 13,570
(11.3%)

Heart failure before the index ECG (share of patients with earlier
codes)

30 (14.3%) 270 (2.0%) 300 (2.2%)

Medication data available (share of all patients) 1,280 (57.4%) 37,880 (32.1%) 39,150
(32.6%)

QT-prolonging medication (share of patients with medication data) 320 (25.0%) 11,380 (30.0%) 11,710
(29.9%)

Heart rate, per minute, median (IQR) 87 (74 to 102) 73 (64 to 86) 74 (64 to 86)

QRS duration (device), ms, median (IQR) 116 (94 to 150) 90 (84 to 98) 90 (84 to 99)

QRS duration 120 ms or more 1,070 (48.0%) 8,360 (7.1%) 9,420 (7.8%)

3.2 Overall verdicts
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In the development data 6 of 13 claims were supported, none was not supported and 7 were inconclusive (Table 3). In the test partition
5 claims were supported (Sokolow-Lyon, Cornell, Q waves and the two QTc claims), none was not supported and 8 were inconclusive.
Five claims were supported in both partitions; 7 were inconclusive in both; the amyloidosis claim was supported in development and
inconclusive in the test partition, where fewer than 50 patients had an amyloidosis code. The five claims are not equivalent
confirmations: three are specificity criteria whose diagnostic information is limited at these marginal distributions (Section 3.3), and
two are direction claims for QTc that set a low bar (Section 3.4). The test results of six voltage-based claims came from the second
pass (Section 2.7).
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Table 3
Thirteen claims, the clinical question behind each, results and whether the point estimate could miss the margin. Values are estimates
with 95% confidence intervals; verdicts rest on one-sided Bonferroni-adjusted bounds (Methods, Section 2.5). Development n = 128,400

and test partition n = 31,800 index ECGs (analysed numbers in Fig. 1). The test results of the six voltage-based claims come from a
second pass specified after the other test results were known (Section 2.7). LR+, positive likelihood ratio. Floor, ceiling and chance are
defined in Section 2.5; the last column concerns the point estimate at the observed marginal distributions only, and Table 4 shows how

bounds, alternative definitions and selection scenarios can still decide differently. Values that would allow a count below 10 to be
recalculated are not shown.

Claim Clinical question Development Test partition Could the point estimate
miss the margin?

Sokolow-Lyon:
specificity at least
0.90

Does a positive
result reliably show
hypertrophy?

Supported. Specificity
0.973 (0.971 to 0.976);
sensitivity 0.065; LR + 
2.43 (2.11 to 2.82),
below the target of 5

Supported in both. 0.973
(0.968 to 0.978); sensitivity
0.072; LR + 2.70 (2.01 to
3.74), target of 5 not
reached

No: floor 0.954 (test
0.951)

Cornell: specificity
at least 0.90

Does a positive
result reliably show
hypertrophy?

Supported. 0.961
(0.959 to 0.963);
sensitivity 0.166; LR + 
4.25 (3.88 to 4.67),
target of 5 not reached

Supported in both. 0.963
(0.958 to 0.968); sensitivity
0.157; LR + 4.25 (3.46 to
5.21), target not
demonstrated (interval
includes 5)

No: floor 0.911 (test
0.915)

Peguero-Lo Presti:
specificity at least
0.90 and more
sensitive than
Cornell

Does it find more
hypertrophy than
Cornell, with a
specificity of at
least 0.90?

Inconclusive. Specificity
0.923 (Cornell 0.961);
sensitivity 0.243, 0.069
above Cornell; unstable
in 1 of 9 selection
scenarios

Inconclusive. 0.929 (0.922 to
0.935; Cornell 0.963);
sensitivity 0.245, 0.083
above Cornell (0.065 to
0.103); unstable in the
selection scenarios

Yes: floor 0.855 (test
0.858)

Low voltage,
effusion:
specificity at least
0.98 and
sensitivity at most
0.10

Does low voltage
point to a large
effusion?

Inconclusive. Specificity
0.985; sensitivity 0.052;
alternative definition
specificity 0.943

Inconclusive. 0.983 (0.980 to
0.986); sensitivity not shown
(fewer than 10 true
positives); alternative
definition 0.942, not
supported; reference in
about 1,000 patients

Primary specificity: no
(floor 0.982), but the
alternative definition
could (floor 0.935) and
was not supported;
sensitivity: yes (ceiling
0.36; test about 0.5)

Low voltage,
amyloidosis:
sensitivity at most
0.60

Is low voltage an
insensitive sign of
cardiac
amyloidosis?

Supported. Sensitivity
about 0.07 (about 200
patients)

Inconclusive (divergent).
Sensitivity not shown (fewer
than 50 patients)

No: ceiling about 0.07;
test value not shown
(fewer than 50 patients),
yet inconclusive in test
(upper bound 0.670)

Q waves:
specificity at least
0.80

Do Q waves point
to an earlier
infarct?

Supported. Specificity
0.928 (0.924 to 0.933);
sensitivity 0.158

Supported in both. 0.930
(0.920 to 0.940); sensitivity
and LR + not shown (fewer
than 50 reference positives)

No: floor 0.926 (test
0.930)

Normal ECG in
chest pain: infarct
risk at least 1%

Does a normal ECG
exclude infarction?

Inconclusive. 1.7% (1.0
to 2.6)

Inconclusive. Below 5%
(fewer than 10 events)

Yes

Normal ECG: at
least one third of
NSTE infarcts

How often is the
ECG normal in
NSTE infarction?

Inconclusive. 3.5%
(primary, not supported)
or 38% (alternative)

Inconclusive. Primary below
5% (fewer than 10 events) or
50% (alternative)

Yes

Right bundle
branch block:
hazard ratio below
1.20

Is the excess risk
with right bundle
branch block below
20%?

Inconclusive. Death
1.12 (0.98 to 1.27); AF
1.29 (1.14 to 1.47)

Inconclusive. 1.23 (0.97 to
1.57); 1.38 (1.08 to 1.76)

Yes

PR above 200 ms:
hazard ratio below
1.20

Is the excess risk
with a long PR
interval below
20%?

Inconclusive. Death
0.78 (0.66 to 0.91); AF
1.48 (1.32 to 1.67; not
supported under the
primary definition only)

Inconclusive. 1.07 (0.91 to
1.26); 1.56 (1.36 to 1.79)

Yes

QTc above 500
ms: risk ratio
above 1,
ventricular events

Does it mark
patients with
arrhythmia or
arrest in the same
stay?

Supported. 3.69 (3.12
to 4.35)

Supported in both. 3.18
(2.20 to 4.58)

In principle yes; low bar
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Claim Clinical question Development Test partition Could the point estimate
miss the margin?

QTc above 500
ms: risk ratio
above 1, death
within 30 days

Does it mark
patients who die
soon?

Supported. 5.07 (4.52
to 5.68)

Supported in both. 4.19
(3.28 to 5.37)

In principle yes; low bar

QRS threshold by
sex: difference
below 10 ms

Do women need
another QRS
threshold?

Inconclusive. 10.7 ms
(-6.5 to 22.5)

Inconclusive. 16.4 ms; not
testable (no unique crossing
point in 11% of repetitions)

Yes

3.3 Could the criteria fail?
Given the observed positivity rate and the prevalence of the reference, the point estimate of a specificity cannot fall below the floor. For
Sokolow-Lyon (floor 0.954 in development, 0.951 in the test partition; margin 0.90), Cornell (0.911, 0.915) and Q waves (0.926, 0.930;
margin 0.80) the floor was at or above the margin, so these point estimates could not have missed their margins (Table 4); the same
holds for the highest possible sensitivity of low voltage for amyloidosis (about 0.07 in development against the margin of 0.60; in the
test partition the value is not shown, fewer than 50 patients, but also lay far below the margin). Observed specificities exceeded chance
only slightly (Table 4). In the test partition the Q-wave specificity equalled its floor (0.930): fewer than 50 patients had an earlier infarct
code (sensitivity not shown), and almost every positive result was a false positive against that reference. Where no positive result is a
false positive, as for amyloidosis, the sensitivity equals the ceiling.

This holds for the point estimate at fixed marginal distributions. A verdict also rests on a one-sided confidence bound, the alternative
definition and the selection grid, which can decide differently (Table 4). Low voltage for effusion had a floor (0.982) above its margin
(0.98), yet was inconclusive: the alternative definition (chest-lead low voltage; floor 0.935) was not supported (0.943 and 0.942), and in
the test partition the lower bound of the primary specificity (0.979) fell below 0.98. Amyloidosis in the test partition could not exceed a
point estimate far below the margin of 0.60 (value not shown, fewer than 50 patients), yet its upper bound (0.670) lay above the margin
because fewer than 50 patients contributed. For Sokolow-Lyon, Cornell and Q waves, the bounds, alternative definitions and selection
grids all met the margins. Peguero-Lo Presti could have failed on specificity (floor 0.855 and 0.858) and met it, but was not stable
across selection scenarios.

Not all informative targets were met. The positive likelihood ratio of Sokolow-Lyon was 2.43 (95% confidence interval 2.11 to 2.82) in
development and 2.70 (2.01 to 3.74) in the test partition: the target of 5 was not reached. For Cornell it was 4.25 (3.88 to 4.67) and
4.25 (3.46 to 5.21): not reached in development, and not demonstrated in the test partition, whose interval includes 5. The sensitivity
target of at most 0.50 was reached (0.065 and 0.166; test 0.072 and 0.157). A positive result thus raised the odds of hypertrophy
roughly two- to fourfold, which is modest but measurable information, and most hypertrophy was missed. For Q waves the test
sensitivity and positive likelihood ratio are not shown (fewer than 50 reference positives; development likelihood ratio 2.21). Of the
expectations noted before the analysis, the Peguero-Lo Presti specificity staying below 0.90 was wrong in both partitions (0.923 and
0.929; Supplement S2).
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Table 4
Floor, chance and ceiling against the margin, and the bound and verdict they did not decide. P(T+), weighted positivity rate; prevalence,

weighted prevalence of the reference condition; floor, lowest possible specificity if every positive were a false positive; chance,
specificity of a rule unrelated to the reference; ceiling, highest possible sensitivity. Floor and ceiling bound the point estimate at the

observed marginal distributions; the verdict uses the one-sided bound shown (Bonferroni-adjusted), the alternative definition and the
selection grid. Where no positive result is a false positive (amyloidosis), the sensitivity equals the ceiling. Amyloidosis values are
rounded or not shown because they rest on fewer than 10 true positives (development) or fewer than 50 patients (test); the same

applies to the test sensitivity for effusion. D, development partitions; T, test partition.
Claim Part. P(T+) Prevalence

of
reference

Floor Chance Ceiling Margin Observed Bound
used

Verdict

Sokolow-
Lyon,
specificity

D 3.6% 23.3% 0.954 0.964   at
least
0.90

0.973 lower
0.970

supported

  T 3.8% 23.7% 0.951 0.962   at
least
0.90

0.973 lower
0.967

supported

Cornell,
specificity

D 6.8% 22.9% 0.911 0.932   at
least
0.90

0.961 lower
0.957

supported

  T 6.5% 23.4% 0.915 0.935   at
least
0.90

0.963 lower
0.956

supported

Peguero-Lo
Presti,
specificity

D 11.3% 21.9% 0.855 0.887   at
least
0.90

0.923 lower
0.919

inconclusive
(selection
grid)

  T 11.0% 22.4% 0.858 0.890   at
least
0.90

0.929 lower
0.919

inconclusive
(selection
grid)

Low voltage
(effusion),
specificity

D 1.7% 4.6% 0.982 0.983   at
least
0.98

0.985 lower
0.983

inconclusive
(primary
met;
alternative
definition
not
supported)

  T 1.8% 3.7% 0.982 0.982   at
least
0.98

0.983 lower
0.979

inconclusive
(primary
bound
below
margin;
alternative
not
supported)

Q waves,
specificity

D 7.3% 1.4% 0.926 0.927   at
least
0.80

0.928 lower
0.922

supported

  T 6.9% 1.0% 0.930 0.931   at
least
0.80

0.930 lower
0.916

supported

Low voltage
(effusion),
sensitivity

D 1.7% 4.6%     0.36 at
most
0.10

0.052 upper
0.083

inconclusive
(primary
met;
alternative
definition
not
supported)

  T 1.8% 3.7%     about
0.5

at
most
0.10

not
shown
(fewer
than 10
true
positives)

upper
0.102

inconclusive
(primary
upper
bound
above
margin;
alternative
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Claim Part. P(T+) Prevalence
of
reference

Floor Chance Ceiling Margin Observed Bound
used

Verdict

not
supported)

Low voltage
(amyloidosis),
sensitivity

D about
4%

about 65%     0.07 at
most
0.60

0.07 upper
0.146

supported

  T not
shown
(fewer
than 50
patients)

not shown
(fewer
than 50
patients)

    not
shown
(fewer
than 50
patients)

at
most
0.60

not
shown
(fewer
than 50
patients)

upper
0.670

inconclusive
(upper
bound
above
margin)

3.4 QTc above 500 ms
QTc exceeded 500 ms in about 1.9% of development patients (2,230 of 120,260). Death within 30 days occurred in about 13% (280 of
2,100) with QTc above 500 ms and 2.7% (2,710 of 101,940) with 500 ms or less (risk ratio 5.07, 4.52 to 5.68). Ventricular tachycardia,
fibrillation or arrest was documented in 9.6% (140 of 1,460) against 2.7% (1,060 of 39,500) among patients with an admission record
(3.69, 3.12 to 4.35). In the test partition the risk ratios were 4.19 (3.28 to 5.37) for death and 3.18 (2.20 to 4.58) for ventricular events.
The claim required only a ratio above 1. A ratio below 2 can be excluded only through the lower limit. The lower one-sided bounds
exceeded 2 for death under both definitions in both partitions (Bazett 4.40 in development and 3.10 in the test partition; Fridericia 3.39
and 2.17) and for ventricular events with Bazett (3.01 and 2.03), but not with Fridericia (1.37 and 1.81; lower limits of the 95% intervals
1.48 and 2.03). A ratio below 2 is therefore excluded in six of eight estimates, and for ventricular events under Fridericia it is not
(Supplement S5a). Index QTc was above 500 ms in about 9% of the patients who died within 30 days (test about 8%). Fully adjusted
ratios were smaller: death 1.79 (1.59 to 2.02) in development and 1.52 (1.18 to 1.96) in the test partition; ventricular events 2.52 (2.12
to 3.00) and 2.22 (1.53 to 3.22; Figure S1).

We added two descriptive analyses after the results were known (Table 5; development data only, unadjusted, no verdicts, no correction
for multiple comparisons). By heart rate, the risk ratio for death was 9.5 (95% confidence interval 5.5 to 16.4) below 60 per minute, 5.5
(4.8 to 6.3) at 60 to 100 and 2.2 (1.8 to 2.6) above 100. The risk of death among patients with QTc 500 ms or less rose from 1.4% to
2.3% and 7.4% across these strata, and among those with QTc above 500 ms from 11.1% to 12.4% and 16.1%, so the absolute
difference stayed similar (about 9 to 10 percentage points, from rounded counts). For ventricular events the ratio was 3.8 (3.1 to 4.7) at
60 to 100 and 2.9 (2.2 to 3.9) above 100, and not estimable below 60. A QTc above 500 ms was rare at slow rates (0.6% of patients)
and common at fast rates (5.0%). By threshold, the risk ratio for death rose from 4.2 (above 480 ms) to 5.1 (500 ms) and 6.4 (520 ms),
whereas for ventricular events it was 3.2, 3.7 and 2.5.

Page 11/18



Table 5
QTc above 500 ms by heart rate and by threshold (Bazett; development partitions; descriptive, specified after the results were known).
Unadjusted risk ratios with Wald 95% confidence intervals, not corrected for multiple comparisons, no verdicts. Counts rounded to 10;

events as numbers with the percentage of patients with a known outcome. n/a, not estimable (cell below 10).
Stratum Patients; with QTc

above 500 ms
Outcome Events with QTc

above 500 ms
Events with QTc
500 ms or less

Risk ratio
(95% CI)

Heart rate below 60
per minute

18,180; 100 (0.6%) Ventricular tachycardia,
fibrillation or arrest

< 10 of 100 100 (2.1%) of
4,800

n/a

    Death within 30 days 10 (11.1%) of 90 220 (1.4%) of
15,690

9.53 (5.54
to 16.39)

Heart rate 60 to 100
per minute

89,960; 1,530
(1.7%)

Ventricular tachycardia,
fibrillation or arrest

90 (9.0%) of
1,000

700 (2.4%) of
28,770

3.82 (3.11
to 4.70)

    Death within 30 days 180 (12.4%) of
1,450

1,740 (2.3%) of
76,060

5.49 (4.76
to 6.34)

Heart rate above
100 per minute

12,120; 600 (5.0%) Ventricular tachycardia,
fibrillation or arrest

50 (12.5%) of 400 240 (4.0%) of
5,960

2.93 (2.19
to 3.92)

    Death within 30 days 90 (16.1%) of 560 750 (7.4%) of
10,200

2.15 (1.76
to 2.63)

Threshold above
480 ms

  Ventricular tachycardia,
fibrillation or arrest

370 (7.6%) of
4,900

840 (2.3%) of
36,060

3.23 (2.87
to 3.64)

    Death within 30 days 800 (9.7%) of
8,270

2,200 (2.3%) of
95,770

4.19 (3.88
to 4.53)

Threshold above
500 ms (primary)

  Ventricular tachycardia,
fibrillation or arrest

140 (9.6%) of
1,460

1,060 (2.7%) of
39,500

3.69 (3.12
to 4.35)

    Death within 30 days 280 (13.3%) of
2,100

2,710 (2.7%) of
101,940

5.07 (4.52
to 5.68)

Threshold above
520 ms

  Ventricular tachycardia,
fibrillation or arrest

40 (8.3%) of 480 1,170 (2.9%) of
40,480

2.51 (1.82
to 3.48)

    Death within 30 days 90 (17.0%) of 530 2,900 (2.8%) of
103,520

6.37 (5.29
to 7.68)

3.5 Other claims
Peguero-Lo Presti had a specificity of 0.923 (test 0.929) against 0.961 (0.963) for Cornell and was more sensitive than Cornell by 0.069
(95% confidence interval 0.060 to 0.078; test 0.083, 0.065 to 0.103), so the gain in sensitivity came with a lower specificity. Low voltage
for effusion had a specificity of 0.985 and a sensitivity of 0.052 (test specificity 0.983, reference in about 1,000 patients; test sensitivity
not shown, fewer than 10 true positives); for amyloidosis the sensitivity was about 0.07 in about 200 patients (test not shown, fewer
than 50 patients). The infarct risk after a normal ECG in chest pain was 1.7% (1.0 to 2.6) in development and below 5% (fewer than 10
events) in the test partition; both left the claim of at least 1% inconclusive. Right bundle branch block was associated with a hazard
ratio of 1.12 (0.98 to 1.27) for death and 1.29 (1.14 to 1.47) for newly documented atrial fibrillation; PR above 200 ms, with 0.78 (0.66
to 0.91) and 1.48 (1.32 to 1.67); the lower mortality with PR prolongation did not hold in the test partition (1.07) or with the alternative
definition (0.95) and is not interpreted as protective. In CODE-15%, hazard ratios for death were 1.14 (1.02 to 1.28) for right bundle
branch block and 1.19 (1.04 to 1.37) for first-degree atrioventricular block, neither supporting nor contradicting a hazard ratio below
1.20. The QRS difference at which women and men have the same risk of an ejection fraction of 35% or lower was 10.7 ms (-6.5 to
22.5), which did not establish equivalence within 10 ms.

4. Discussion
Five claims were supported in both partitions, but they are not five equivalent confirmations. The QTc claims required no more than a
risk ratio above 1 for a marker already known to be associated with mortality,[5, 6, 39] and our estimates agree with earlier work: 13%
30-day mortality with a QTc of 500 ms or more in an emergency department,[6] an adjusted hazard ratio of 1.90 in comorbidity-
matched hospital patients,[5] and a hazard ratio near 6 with Fridericia correction among sinus-rhythm patients with narrow QRS.[39]
Two other cohorts found no such association, one in a small acute medical cohort[7] and one in 257 intensive care patients after
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adjustment,[8] so the answer depends on setting and adjustment. For Sokolow-Lyon voltage, Cornell voltage and Q waves, the
specificity criterion was met in both partitions, but its diagnostic information is limited at these marginal distributions: the rules were
positive in only 4% to 7% of patients, so the point estimate of the specificity could not have fallen below the margin. Sokolow-Lyon and
Cornell still carry measurable information (positive likelihood ratios 2.4 to 4.3, sensitivities 0.07 to 0.17), although the target of 5 was
not reached or not demonstrated. The Q-wave result rests on fewer than 50 reference-positive patients, too few for a stable estimate of
sensitivity or likelihood ratio, and is not informative.

Guidance for hospital patients on a QT-prolonging drug whose QTc exceeds 500 ms or has risen by at least 60 ms is to consider
alternative drugs, review interactions and electrolytes, and monitor closely.[9] These data do not change that advice or show that acting
on the threshold improves outcomes. Sensitivity for death was low, so the threshold does not identify most patients who die. The
heart-rate analysis is descriptive and was added after the results were known. The risk ratio fell with heart rate, but the risk of the
comparison group rose from 1.4% to 7.4%, and a ratio falls when its denominator rises even if the absolute excess stays similar. A
rising baseline risk may therefore account for much of the fall; the rounded counts do not allow a decomposition. Overcorrection by the
Bazett formula at fast rates, which puts more patients with a normal QT interval above 500 ms,[9] is one possible explanation; these
data do not test it, and the groups differ in age, setting and illness. We draw no recommendation from this pattern. Examining it would
need absolute risks and a comparison of correction formulas with adjustment within the same heart-rate strata. Adjusted ratios stayed
above 1; the models contained no comorbidity index or vital signs.

The voltage results agree with the autopsy and review literature: high specificity and low sensitivity,[1, 2] with a Peguero-Lo Presti
sensitivity of 0.243 and 0.245 close to a recent registry (0.31 at specificity 0.94 in hypertension).[40] Low voltage for effusion behaved
as in the original small series,[18] whereas the sensitivity of low voltage for amyloidosis in development (about 0.07) was far below the
prevalence of low limb-lead voltage in an amyloidosis series (34%);[19] we did not resolve the reason. The share of normal ECGs
among non-ST-elevation infarcts depended on the definition of normal (3.5% or 38%; 7.9% of first ECGs in a large registry).[41] Right
bundle branch block and PR prolongation were associated with a higher hazard of newly documented atrial fibrillation (point estimates
1.29 and 1.48), as in community cohorts,[3, 4] but the claims were inconclusive, and for PR with the primary definition a hazard ratio
below 1.20 for atrial fibrillation was not supported. Their hazard ratios for death were lower than in those cohorts; we cannot say
whether this reflects selection, exposure measurement or a real difference.

What the study does not show. It does not show that any rule is valid or invalid beyond the single claims and margins tested, that the
QTc threshold causes the risk or should be acted on differently, or that the ten rules rank by clinical reliability; eight claims were
inconclusive in the test partition. The specificity criteria that were met do not show that the voltage and Q-wave rules work. It does not
replace a blinded validation of the measurements and references.

Limitations

All data come from one hospital. Intervals are device measurements of unrecorded algorithm and version,[42] and outcomes and
references come from codes and records without blinded validation. Amplitudes come from our software and were not checked
against readers, and the earlier infarct code may rest on Q waves itself; validating both would strengthen the voltage and Q-wave
claims. Echocardiograms were available for a minority of patients and were clinically indicated; weighting and scenarios address this
only under assumptions. The QTc claims are unadjusted markers, and the ventricular outcome is concurrent with the ECG. The test
partition belongs to the same hospital and had been used before; no cohort table exists for it. The second pass for six voltage-based
claims was specified after the other seven test results were known; the Q-wave and amyloidosis claims rested on fewer than 50
positive patients and the effusion claim on about 1,000 patients with a reference. The QTc rule had been examined earlier and margins
were set with the positivity rates known; the cohort table and the heart-rate and threshold analyses were specified after results were
known. The label tables derive from an earlier version of the project’s pipeline whose database version is not recorded in the run
reports (diagnosis dictionary: version 3.1).

5. Conclusions
In routine hospital data, the verdicts on classical ECG rules depended less on the rules than on how they were measured, which
reference was available, whether a criterion could fail and how many patients were positive or had a reference. Five claims were
supported in both partitions and none was refuted, but they differ in what they show: the QTc claims confirm a known association at a
low bar, the specificity criteria for Sokolow-Lyon and Cornell were met with modest remaining information, and the Q-wave result is
uninformative. Applying one procedure to all rules shows, for each claim, whether routine data can answer it.
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Figure 1

Numbers of ECGs analysed for each claim in the development partitions (upper line, blue) and the test partition (lower line, rust). The
first column shows eligible index ECGs (one per adult), the second the analysis population after the rule could be evaluated and
exclusions were applied, the third the patients with the reference (echocardiogram, code) or outcome. For amyloidosis and Q waves in
the test partition, fewer than 50 patients are shown as “<50”. ECG, electrocardiogram; ED, emergency department; AF, atrial fibrillation;
LVEF, left ventricular ejection fraction. Counts are rounded to 10 or 100 and masked below 10. Development partitions: 129,224 adults,
of whom 128,400 had an eligible index ECG.
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