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Abstract

Background
The spatial QRS-T angle is a marker of left ventricular dysfunction. We asked whether a distance
between the QRS and T loops (normalized discrete Frechet distance) carries information beyond the
measured angle or is a noisy proxy for it.

Methods
Linked MIMIC-IV ECG, clinical and echocardiography data (development folds and a person-disjoint
internal assessment partition used before). The primary model related the distance to left ventricular
ejection fraction (LVEF) below 40%, adjusted for age, sex, heart rate, QRS duration, QTc and the integral
angle. Later analyses were post hoc scenarios with tipping points for attenuation (odds ratio, OR, 1.25)
and removal (OR 1.0).

Results
Among 8,371 persons (800 cases) the OR per development standard deviation (SD) was 2.34 (95% CI
2.09–2.62). With the distance in the model, the angle OR fell from 1.79 to 1.01 (training; Spearman
correlation 0.75), and regression calibration was uninformative (OR 2.09, 95% CI 0.42–9.55). In
development data the OR stayed at 2.28–2.60 across orientation comparators and 2.32–2.61 after
excluding ECGs with pacing indicators. Without error correction, a differential marker over-measurement
in cases of 0.35–0.38 control SD lowered the OR to 1.25; after correction for classical angle error, itself
unstable, 0.15–0.20 SD sufficed at three main anchors. A simulation at true OR 1.0 reproduced an
apparent OR of 2.49. Imputed marker values shifted by 1.6–1.8 development SD also reached 1.25. A
selection factor B of 1.9-2.0 would attenuate the OR to 1.25; its feasibility depended on model
assumptions, and selection could not be excluded in general.

Conclusion
The association with low LVEF remained after adjustment for the measured angle, but we cannot show
that the distance carries information independent of true orientation: small differential measurement
error would attenuate it. External replication is outstanding and clinical utility is untested.

Key findings
The Fréchet distance between QRS and T loops was associated with LVEF below 40% after
adjustment for the measured QRS-T angle: OR 2.34 per development SD (95% CI 2.09–2.62; 8,371
persons, internal assessment partition).
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With the distance in the model the angle OR fell from 1.79 to 1.01 (Spearman correlation 0.75
between the two). The OR was similar with additional orientation measures (2.39 with all), echo
intervals of 1 to 30 days (2.34–2.48) and exclusion of ECGs with pacing indicators (2.32–2.61;
development data, pacing spikes in the signal not assessed). The gain in discrimination was small
and largely shared with orientation descriptors.

Measurement error remains a possible explanation. Without error correction, a differential marker
over-measurement in cases of 0.35–0.38 control SD (about 30% of the case-control difference)
lowers the OR to 1.25; after correction for classical angle error, which is itself unstable, 0.15–0.20
control SD suffices at three main anchors (about 0.25 at an assumed technical-agreement anchor).

Missing marker values (imputed values shifted by 1.6–1.8 development SD) and echo selection
(selection factor B of 1.9-2.0 per marker SD) reduce the OR to 1.25 in separate, assumption-
dependent scenarios. Selection could not be excluded in general, and combinations of biases are
not bounded.

Independence from true orientation, external replicability and clinical utility are not established; no
diagnostic use or treatment threshold is supported.

Evidence status

The primary association met its specified internal rule in a person-disjoint partition previously used for
related hypotheses. Everything else is exploratory: development sensitivities after marker selection, and
all assessment and scenario analyses specified after the primary result was known. Scenario analyses
give the size of an assumed bias at which the OR would reach 1.25 (attenuation) or 1.0 (removal), not
evidence that the bias is absent or present. No independent external replication is available.

Introduction
Is a distance between the QRS and T loops more than a noisy QRS-T angle? Three questions must be
kept apart: whether the distance keeps an association with low ejection fraction after adjustment for the
measured angle (tested here), whether it measures true orientation better than the angle does (not
tested), and whether it adds to clinical decisions (not tested). The clinical background is that an
electrocardiographic indication of left ventricular dysfunction could help prioritize echocardiography [1],
and that ventricular function enters the assessment for cardiac resynchronization therapy (CRT) together
with symptoms and conduction [2]; we make no claim about either.

Spatial QRS-T angles describe the orientation of depolarization relative to repolarization. Associations
with ventricular function [3, 4], hypertrophic cardiomyopathy [5], outcomes [6, 7] and reviews [8] predate
this work, and mean- and peak-vector definitions and reconstruction matrices change the measurement
[7]. Total cosine R-to-T (TCRT) belongs to a wider descriptor family with heterogeneous prognostic
evidence [9, 10]. The spatial ventricular gradient keeps magnitude and direction [11, 12]; planarity, T-loop
morphology and point-to-point loop variability describe geometry [13–16]. We use “coupling”
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descriptively for the geometric similarity of the normalized QRS and T loops; no electrophysiological
coupling is implied.

A distance between separately normalized QRS and T trajectories retains orientation and geometry while
removing absolute amplitude and the original amplitude ratio from the distance itself (centering each
loop at its centroid also removes the displacement between the loops); the delineation that defines both
trajectories is not amplitude-invariant. We evaluated representative and beat-median Fréchet distances
against reduced LVEF and cardiomyopathy codes and asked whether they kept an association after
adjustment for the measured integral angle. We claim neither formula priority nor shape independence.
Because both quantities derive from the same loops, measurement error in the angle can create an
apparent marker effect. We therefore examine named error scenarios and report where each would tip
the result. Neither statistical significance nor incremental area under the receiver-operating-
characteristic curve (AUC) establishes clinical usefulness [17–19].

Methods
Design, sources and disclosure

This retrospective cross-sectional study linked MIMIC-IV-ECG version 1.0 to clinical records from MIMIC-
IV version 3.1 [20–23] at Beth Israel Deaconess Medical Center. Demographics, encounters, laboratory
results, medication orders and diagnosis codes came from the hosp module. LVEF came from the
separately supplied MIMIC-IV-ECHO structured measurements (release 1.0) [24], joined to the ECGs by
person and time through an echo study index derived from the structured measurements; it was not
extracted from report text or ICU bedside measurements (Section S5). The modules were linked by the
person identifier (subject_id), the link key given in the documentation of MIMIC-IV-ECG [20] and MIMIC-
IV-ECHO [24]; the latter describes one deterministic mapping of medical record number to subject_id
across all MIMIC-IV modules. ECGs were linked to a hospital stay or ED stay by subject and by whether
the ECG time fell between admission and discharge (or ED arrival and departure), which defined the
coded-diagnosis endpoint, device and pacing indicators and the same-stay preference for laboratory
values, whereas echocardiograms were linked to ECGs only by subject and the time difference (within ± 
30 days for the reference, selected from a ± 90-day search) without reference to any stay. The
documentation does not state explicitly that subject_id is unchanged between MIMIC-IV version 2.2, on
which both resources were built, and version 3.1. The ECG resource covers 2008–2019 [20]. Training and
internal validation (development) informed the analyses. The assessment partition contained persons
absent from development and drawn from the same database; coefficients were fitted anew there, so its
AUC values are apparent fit performance.

Computations were run by the author’s AI-assisted analysis pipeline; we had not inspected study-related
outputs before the association specification (Section S1). The partition had already been used for
related hypotheses. This was an analyst-blinded specification after partition opening, with internal
timestamps and no external preregistration. Section S1 lists specification times, amendments and the
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limits of result knowledge, including the later accesses to the assessment partition for corrected
intervals.

Marker selection followed a development screen of 2,410,564 marker-endpoint tests. The primary pair
ranked first in the confirmation plan made before the partition was opened; a comparable ranking of both
selected pairs within their endpoint families is not documented (Section S1c). The representative marker
was selected for LVEF and the beat median for cardiomyopathy codes. The model bootstrap does not
capture this selection uncertainty, and repeated internal analyses do not replace independent
confirmation.

Participants and references

Adults aged at least 18 years contributed one ECG per endpoint: the first technically successful ECG with
an eligible known reference, ordered by acquisition time with a deterministic tie-break. Selection used
reference availability, not its value or the marker value. Models used complete cases, without outcome-
dependent outlier removal.

LVEF below 40% was compared with LVEF of 40% or more, without rounding; the comparison is named
“LVEF ≥ 40%”, not “preserved”. The 2021 ESC guideline defines reduced ejection fraction as LVEF of 40%
or less [25], unchanged in the 2023 update [26]; our contrast places persons with exactly 40% (276 of
8,371 in the assessment set; Section S15f) among the controls, and the analysis with LVEF ≤ 40% (OR
2.29, 1,076 cases) corresponds to the guideline definition. The structured measurement was chosen by
priority (three-dimensional, biplane, generic; measurement methods as described in [27]). A matched
echo with a timestamp within ± 30 days of the ECG (selected from a ± 90-day search), a finite
physiological LVEF and no intermethod conflict above 10 percentage points were required. A sensitivity
analysis restricted the interval to 29 days, avoiding the boundary region affected by hour-scale
timestamp offsets (Section S1a). Reader characteristics and validation against reports are unavailable.

Coded cardiomyopathy used ICD-9 prefix 425 or ICD-10 prefixes I42 or I43 in the index hospital
encounter. Controls had an assigned encounter without a matching code. A missing diagnosis list
counted as absence of the code; this applied to 35 of 70,892 development controls (0.05%; Section S23).
Codes refer to the whole encounter, may postdate the ECG and do not verify absence.

Measurements and comparators

LoopLens (version 10.1; fixed release of 7 October 2026), an in-house Python pipeline, reconstructed
XYZ with the Kors transformation [28] at 500 Hz. The primary discrete Fréchet distance compared
representative QRS and T loops, each sampled at 64 arc-length points and then centered and divided by
its own root-mean-square radius, with a minimax recursion [29] and without rotation or mirror alignment.
The representative loops come from a template cycle, the median of time-aligned accepted beats. The
operational definitions of the marker, the comparator angle and the covariates, including filters,
thresholds, template construction, reconstruction and equations, are given in Supplement Section S0a.
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For cardiomyopathy, the marker was the median normalized beatwise distance in the primary
morphology cluster (at least three eligible beats). The distance is dimensionless.

The comparator was the origin-corrected integral angle between QRS and JT vectors, defined here and
entered linearly in degrees. The basic model (B3) contained a fixed natural cubic age basis, recorded sex,
heart rate, QRS duration, Fridericia-corrected QT and the angle. A stronger model (B4) added Cornell
product [30], Sokolow-Lyon voltage [31], QRS area and peak magnitude, and sine and cosine of the
frontal QRS axis. Kors reconstruction (compared with the inverse Dower matrix [32] in the Supplement)
does not establish interchangeability with Frank recordings [7, 28, 33]; the agreement of LoopLens with
BRAVEHEART [34] has not been tested.

Before assessment, the measurement-quality criterion required a quantitative bound on wave-boundary
error in the outcome population. No bound was available, and the author waived the requirement in
exchange for a narrower claim. Five limits apply: (1) stored or reproduced Kors-derived values of the
fixed release at 500 Hz, hospital complete cases only; (2) no transformation, device or era invariance, no
secure pacing exclusion; (3) no individual diagnosis or change claim; (4) B3 controls the scalar integral
angle, and amplitude, hypertrophy and axis independence extend only to what B4 tested; (5) unequal
repeatability (angle intraclass correlation 0.62 against 0.83–0.84 for the distance) permits residual
confounding by the noisier angle.

Statistical analysis
ORs used endpoint-specific development SDs fixed from combined training and validation (LVEF marker
0.765, cardiomyopathy marker 0.659 in dimensionless units). Logistic models used a ridge term of 10⁻⁶
and person-cluster robust Wald intervals with small-sample correction. No sample-size calculation was
done. The primary hypothesis required a positive coefficient with two-sided P ≤ 0.05; the secondary
family used Holm correction, and the two unavailable hour-dependent tests kept P = 1.

AUC compared each basis with that basis plus the marker on the same observations, with paired person-
bootstrap refits at fixed scaling, 1,000 planned replicates and at least 950 valid fits for percentile
intervals. Centering and scaling constants, the age basis, coefficients and thresholds of the models
tabulated in Section S25 (basic model with and without marker, development-fixed models, verification
model; for the stronger model B4 only centering and SD) are given there.

The bootstrap of the original run had a construction error (Section S18): it required at least 100 distinct
persons per class in every replicate instead of in the sample, which rejects typical draws with about 150
cases, and the fitting routine stopped on a criterion per unit of weight whereas acceptance used one per
distinct person. Post hoc, with eligibility checked in the sample, 1,000 replicates and a consistent
stopping rule, all corrected rows had 1,000 of 1,000 valid replicates; point estimates and Wald intervals
did not change. Corrected intervals are marked as such.

Scenario analyses after the primary result
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All analyses in this section are post hoc. They are summarized in Table 4 and detailed in Sections S9-
S10, S13, S17 and S18-S25. Unless stated, they used development data. Outcome data cannot identify
the bias parameters, so each analysis states the value of an assumed parameter at which the OR
reaches 1.25 or 1.0 (tipping point). Quantitative bias analysis rests on assigned values of bias
parameters [35].

Classical error. Regression calibration (RC), simulation-extrapolation (SIMEX) [36, 37] and a known-truth
simulation used error variances from 13,029 clinical repeat pairs (8,966 persons), ECGs within two hours
of each other; the intraclass correlation (ICC) is the two-way absolute-agreement ICC(2,1). Repeats
include physiological change and do not identify technical error alone [38]; two segments of one
recording agree within ± 14 degrees (95% limits) for the QRS-T angle [39], far below the SD of 44 degrees
of our clinical repeat differences; shifts of QRS and T boundaries change the measured angle [40]. A set
of assumed reliabilities and an error correlation is called an anchor. Three main anchors take all repeat
pairs, repeat pairs by LVEF group, or the ICCs of all pairs; a fourth uses the 289 time-aligned repeat pairs;
an assumed technical-agreement anchor takes the agreement between the 500 Hz and 250 Hz versions
of the same recording as technical error (angle reliability 0.75, marker reliability 0.98). A bivariate RC
allowed classical error in both angle and marker with an error correlation. Its first grid (angle reliability
0.59–0.70, marker reliability 0.80–0.98, error correlation 0.26–0.33) spanned the repeat-based estimates
and is an assumed scenario set, not a measured bound. The grid was then extended (angle reliability
0.40–0.80, marker reliability 0.60-1.00, error correlation − 0.4 to 0.8) and the anchors re-estimated in
1,000 person-bootstrap replicates. A setting was admissible only if the latent covariance was positive
definite.

Differential and persistent error. We compared repeat error by LVEF group and QRS amplitude and
modeled (a) a systematic shift of the measured marker or angle in cases, in SD of controls (about 0.93
development SD), (b) a larger error variance in cases (factor κ) and (c) a persistent error share π that
repeat differences cannot see. The one quantified mechanism, gain sensitivity of the delineation, served
as an anchor. These are scenarios, not a validated error model.

Missing marker values. Incomplete data were more frequent in cases than in controls (development
15.4% and 18.3% of cases against 10.8% and 11.4% of controls had incomplete basic-model data;
assessment 17.44% against 9.92%), so missingness may depend on the outcome. We used delta-
adjusted multiple imputation (100 imputations), applying the delta-adjustment principle of [41] to
missing marker values, and shifted only the imputed marker values by δ development SD, for cases,
controls or both in opposite directions, with larger spread, with age- or QRS-dependent shifts, for the
angle alone, and for parts of the missing pattern.

Echo verification. LVEF is unobserved in unverified persons, so selection can be examined only through
its consequences; selection that depends on marker and outcome biases their association [42]. The
selection factor B is the ratio, per marker SD, of the case-to-control ratio λ of verification probabilities.
The true OR equals the observed OR divided by B if ln λ is linear in the marker with a common slope ln B
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and the covariate function of the main model absorbs the covariate-dependent level of λ (own derivation,
Section S22). B is not identifiable. On the index population of the main analysis (first verified ECG for
verified persons, first non-excluded ECG otherwise) we calculated the B at which the OR reaches 1.25 or
1.0 and, by linear programming from a fitted verification model, the largest B for which selection
probabilities stay between 0 and 1 (positivity [43]) under stated assumptions about the level of λ. The
calculation is conditional per person, because odds ratios are non-collapsible [44].

Reference and confounders. We varied the ECG-to-echo interval and its direction; excluded ECGs with a
pacing indicator (machine-report text, device codes or procedures) using a rule fixed before inspection;
separated controls without any diagnosis record; added orientation comparators on identical persons;
and shifted T ends of cases by up to ± 32 ms with QTc recomputed arithmetically (an approximation,
Section S17), in a protocol dated and checksummed before sampling. Medication-order indicators and
partial extended adjustment are in Section S13.

Reporting follows STROBE, RECORD and SAGER [45–47] and relevant TRIPOD + AI items [48] (Section
S7). STARD was not applied because no diagnostic accuracy claim is made. Generative AI tools assisted
the work as stated in the Declarations.

Results
Primary association and participant flow

The LVEF analysis retained 8,371 persons (800 cases) and the cardiomyopathy analysis 18,170 persons
(433 cases). The primary association met its specified rule: Fréchet OR 2.34 per development SD (95%
person-cluster Wald CI 2.09–2.62; P < 0.001; Table 2). The specified hypotheses on an acute-heart-failure
proxy and on elevated NT-proBNP were not estimable because hour-scale alignment of device and
record times could not be established (Section S3). Because the development estimates were already
known and the sample was large, the rule was not demanding. For coded cardiomyopathy, the beat-
median distance gave OR 2.03 (1.79–2.29; Holm-adjusted P < 0.001). The cardiomyopathy endpoint is
secondary, shares persons with the first and is treated in Sections S3 and S13e.
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Table 1
Post hoc case/control characteristics in the assessment complete-case sets

Characteristic LVEF < 
40%, n = 
800

LVEF ≥ 
40%, n = 
7,571

Coded
cardiomyopathy, n = 
433

No cardiomyopathy
code, n = 17,737

Age, years 70.6 ± 
14.2

64.6 ± 
16.9

65.7 ± 15.2 61.6 ± 18.2

Heart rate, beats/min 88.5 ± 
21.4

80.2 ± 
21.1

86.1 ± 23.8 80.3 ± 20.2

QRS duration, ms 134.6 ± 
36.1

112.6 ± 
21.5

135.1 ± 36.9 112.2 ± 20.7

Fridericia QTc, ms 450.9 ± 
43.0

429.6 ± 
35.1

454.6 ± 41.8 430.2 ± 35.4

Male, n (%) 557
(69.6)

3,942
(52.1)

288 (66.5) 9,031 (50.9)

Sinus rhythm
(machine-report
category), n (%)

557
(69.6)

6,322
(83.5)

278 (64.2) 15,627 (88.1)

Left-bundle pattern
positive, n (%)

33 (4.1) 73 (1.0) 16 (3.7) 162 (0.9)

Right-bundle pattern
positive, n (%)

146
(18.2)

645 (8.5) 66 (15.2) 1,347 (7.6)

Continuous variables are mean ± standard deviation; categorical values are n (%). Descriptive
summaries were specified after primary-result inspection. Machine-report rhythm and block patterns
are not independently adjudicated diagnoses. Pattern unknowns of the LVEF sets and medians are
retained in Section S15a; in the cardiomyopathy sets, negative and unknown patterns are combined
as not positive. All model covariates were complete in these sets; pacing, independently adjudicated
rhythm, acquisition era, care setting and comorbidity summaries were unavailable. Flow is in Fig. 1.
LVEF, left ventricular ejection fraction; QRS, QRS duration; QTc, corrected QT interval.
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Table 2
Specified primary and secondary association results

Reference and
marker

Persons /
cases /
controls

OR per
development SD
(95% Wald CI)

Raw p Holm p Apparent
ΔAUC (95%
bootstrap CI)

LVEF < 40%;
normalized Fréchet

8,371 /
800 /
7,571

2.34 (2.09–2.62) < 
0.001

Not
applicable,
primary

0.0326
(0.0247–
0.0414)

Acute-heart-failure
proxy; mirror
symmetry

NE NE NE NE NE

Elevated NT-proBNP;
normalized beat-
median Fréchet

NE NE NE NE NE

Coded
cardiomyopathy;
normalized beat-
median Fréchet

18,170 /
433 /
17,737

2.03 (1.79–2.29) < 
0.001

< 0.001 0.0262
(0.0169–
0.0367)

The LVEF and cardiomyopathy hypotheses are not independent studies. Time-based stops are
explained in Supplement Section S3. ORs use person-cluster robust inference with small-sample
correction; AUC intervals use paired person-bootstrap refits. The secondary family retains all three
hypotheses. The bootstrap of the original run had a construction error that did not affect these two
rows (1,000 valid replicates each); corrected intervals for other rows are in Tables S91 and S92. NE,
not estimable; OR, odds ratio; CI, confidence interval; SD, standard deviation; AUC, area under the
receiver-operating-characteristic curve; ΔAUC, increment in AUC; LVEF, left ventricular ejection
fraction; NT-proBNP, N-terminal pro-B-type natriuretic peptide. The beat median requires at least three
eligible beats; mirror symmetry was not estimable in the acute reference window.

Post hoc flow counts showed that 17.44% of LVEF cases and 9.92% of controls were lost before
complete basic-model and marker data were available (cardiomyopathy 15.92% and 8.11%); the Fréchet
distance was absent in 96 of 969 cases and 372 of 8,405 controls at the reference stage, overlapping
with the incomplete covariate data (Fig. 1, Table 1, Sections S15a, S15e). The endpoints overlap in 7,052
persons of the analysis sets.

Adjustment, comparators and reference

On identical complete sets the OR was 2.49 (2.21–2.82) with the basic model and 2.51 (2.20–2.87) with
the stronger voltage-and-axis model (Table 3, Fig. 2); LVEF ≤ 40% gave 2.29 (2.06–2.53; 1,076 cases). On
identical development persons (33,884 persons, 3,508 cases), adding peak and area angles with a spline,
area-vector axes, the ventricular gradient, TCRT with T-morphology dispersion, or planarity moved the OR
of the distance from 2.46 (2.31–2.61) to between 2.28 and 2.60, and to 2.39 (2.23–2.60) with all 24
added terms (Section S24). The apparent incremental AUC of the distance fell from 0.033 to 0.014
(0.011–0.016) with all terms (out-of-fold 0.033 to 0.015), so most of it is shared with orientation
descriptors; TCRT as implemented here and planarity left it nearly unchanged. In the assessment
partition, the basic model’s AUC rose from 0.8024 to 0.8351 (increment 0.0326, 0.0247–0.0414).
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Table 3
Additional voltage and axis adjustment on identical complete cases

Reference / adjustment Persons /
cases /
controls

OR per development
SD (95% Wald CI)

Apparent ΔAUC
(95% bootstrap CI)

LVEF < 40%, basic model on the
stronger-model set

7,840 / 636 /
7,204

2.49 (2.21–2.82) 0.0389 (0.0294–
0.0492)

LVEF < 40%, stronger model 7,840 / 636 /
7,204

2.51 (2.20–2.87) 0.0334 (0.0238–
0.0428)

Coded cardiomyopathy, basic
model on the stronger-model set

17,345 / 334 /
17,011

2.10 (1.83–2.41) 0.0325 (0.0199–
0.0463)

Coded cardiomyopathy, stronger
model

17,345 / 334 /
17,011

1.98 (1.69–2.33) 0.0219 (0.0114–
0.0345)

All entries are descriptive sensitivities. Each ΔAUC compares its named basis with that basis plus
the marker. Differences across the two rows are not an independently tested superiority comparison.
LVEF, left ventricular ejection fraction; OR, odds ratio; SD, standard deviation; ΔAUC, increment in the
area under the receiver-operating-characteristic curve.

The OR was similar for echocardiograms within 1, 7, 14 and 30 days of the ECG: 2.35, 2.43, 2.45 and 2.48
in training, 2.48, 2.39, 2.42 and 2.39 in validation, and 2.36, 2.42, 2.39 and 2.34 in the assessment
partition (7 days: 2.42, 2.14–2.74, 6,337 persons; Section S23). About 13% of echocardiograms preceded
the ECG; echo-after-ECG pairs gave the same OR (2.31–2.49), echo-before pairs were too few for stable
estimates in validation and assessment. Excluding the 2.6% to 2.7% of ECGs with a machine-report
pacing hint changed the OR to 2.53 (training) and 2.44 (validation); also excluding stays with device
indicators gave 2.61 and 2.49, and keeping only recordings without any indication 2.52 and 2.32. Half of
all recordings had no reliable pacing information and the assessment partition has no pacing variable, so
secure pacing exclusion remains unavailable. Among recordings with a report hint, the OR was lower
(1.39, 1.08–1.79, training). Of the LVEF values, 97% were generic measurements; the rest were too few to
analyze separately.

Classical error and the two null simulations

With the Fréchet distance in the model, development angle ORs (per development SD of the angle, 46.8
degrees) fell to 1.009 (0.946–1.076) and 0.980 (0.872–1.102), from 1.793 (1.699–1.892) and 1.695
(1.542–1.863) without it, while the marker ORs were 2.48 and 2.39. Conditional angle reliability fell to
0.07 (marker-angle Spearman correlation 0.75), and removing relative loop rotation reduced the AUC of
the marker for reduced LVEF from 0.805 to 0.559 in a separate internal-validation sample within
development (2,609 persons, 624 cases; Sections S10, S13). The marker therefore contains substantial
angle information.

Two known-truth simulations of classical angle error gave different answers (Fig. 5). The early null
(marker without effect, independent angle error) gave a geometric-mean OR of 1.247 (simulation
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quantiles 1.096–1.395) and matched the observed structure poorly: conditional angle reliability 0.499
against about 0.07 observed, marker-angle Spearman correlation 0.430 against 0.75 (Section S13j). A
later simulation at the angle-only tipping point (true marker OR 1.0, angle reliability 0.57, error-free
marker, strong true angle effect) gave an uncorrected marker OR of 2.49 (2.31–2.67) and an angle OR of
1.005, close to the observed 2.48 and 1.009 (Section S13k, Table S89). Neither simulation represents the
full empirical structure, so 1.25 is not an upper bound for artifact, and the outcome data alone cannot
exclude the second scenario. It requires a latent angle-marker correlation of 0.97–0.99 (0.87, 0.86–0.88,
from cross-repeat correlations), an error-free marker (repeat-based 0.83) and an angle reliability of 0.57
(repeat-based 0.60, interval 0.58–0.61); whether it is excluded depends on whether repeat differences
measure the error of interest and on nondifferential error.

In the assessment partition, angle-only RC gave a marker OR of 2.09 (95% bootstrap CI 0.42–9.55), joint
RC 8.89 (3.29–48.49, unstable), and the cardiomyopathy point estimate reversed to 0.56 (Fig. 3, Section
S15c). SIMEX estimates were 2.33–2.49 (angle-only) and 2.63–2.87 (joint), and were weakly informative
because the conditional angle coefficient is near zero. In development data, RC intervals included 1
(Fig. 4).

Bivariate correction and its assumed set. In the first post hoc grid, the corrected OR had a minimum of
2.04 (training) and 2.26 (validation), and the 2.5th percentile of the per-replicate minimum over the report
points was 1.80 and 1.53; these limits belong to the report points, not to the fine grid (Section S13k). At
the repeat-based anchors the corrected latent covariance was close to singular (partial latent correlation
0.94 to 0.97), and the corrected ORs of 8.7 to 9.3 (25.8 to 27.5 with LVEF-specific error) are singularity
effects, not effect estimates. Across 1,000 bootstrap replicates the corrected OR fell below 1.25 in none
at the two repeat-based main anchors (0.4% at the anchor from time-aligned pairs), and in the extended
grid only at angle reliabilities of 0.54 or less (training) and 0.52 or less (validation), or at 0.57 with an
error-free marker, just above the admissibility limit of 0.566 (Section S19).

Differential and persistent error

Repeat error of the angle did not differ by LVEF (SD of differences 44.0 against 42.6 degrees; ratio 1.03,
0.98–1.09; 9,423 pairs from 6,089 persons), whereas the Fréchet error was smaller at low LVEF (ratio
0.93, 0.86-1.00) and the error correlation lower (0.19 against 0.27). Angle error was modestly higher at
the lowest QRS amplitude quintile (ratio to the highest 1.07, 1.01–1.13; Section S20). Similar repeat
differences do not exclude a persistent bias that depends on LVEF, because repeats cannot see
persistent error and include physiological change.

The scenario models locate the vulnerable point (Section S19). Without error correction, a systematic
over-measurement of the marker in cases of 0.35 to 0.38 SD of controls (29% to 30% of the observed
case-control difference of 1.24 to 1.28 SD) lowered the OR to 1.25, and 0.47 to 0.49 to 1.0. After
correction for classical angle error, whose corrected estimate is itself unstable (about 9), the tolerance
fell to 0.15 to 0.20 control SD (12% to 16% of the difference) for 1.25 at three main anchors and 0.16 to
0.22 for 1.0; the closeness of these two values shows the sensitivity of the corrected frame. At an
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assumed technical-agreement anchor the figures were about 0.25 (20%) and 0.32 to 0.33. A shift of the
angle alone did not push the corrected OR below 1.25 up to 2.0 control SD. A persistent error share of
only 0.02 to 0.07, or an error variance 1.5 to 1.6 times larger in cases, made the classical correction
inadmissible before it reached 1.25: neither a tipping point nor a reassurance, because repeat
differences cannot say whether persistent error or physiological change explains it. The one quantified
mechanism, gain sensitivity of the delineation, shifted the mean marker by less than 0.005 SD (gain
changes of 1% to 5%) and mainly added noise to the angle; it says nothing about devices or LVEF-related
delineation error.

Missing marker values and echo selection

In delta-adjusted imputation (6% to 7% of Fréchet values imputed), the pooled OR was 2.44 (training) and
2.38 (validation) under missingness at random; shifts are in development SD. The OR fell to 1.25 when
imputed values of cases and controls were shifted in opposite directions by 1.80 and 1.64 SD (1.4 to 1.5
times the observed case-control separation of 1.16 to 1.18 SD) or when only imputed control values
were raised by 3.16 and 3.03 SD; for cases shifted down alone it was not reached within 8 SD in training
(3.40 SD in validation). Doubling the spread of the imputed values lowered the pooled OR to 1.8 without
any shift and moved the opposite-direction tipping point to 1.39 (1.19–1.60) and 1.26 (0.92–1.62) SD,
1.1 to 1.2 times the separation; other variants did not bring the tipping points closer (Section S21).
Reducing the OR to 1.0 needed opposite shifts of 2.93 and 2.60 SD and 6.52 and 6.27 SD for controls
alone. These are named departures from missingness at random, not estimates, and the observed
separation does not bound the values of unmeasured markers.

Outcome-dependent verification can be examined only through its consequences for the observed OR.
On the index population of the main analysis, 28.7% (training) and 28.6% (validation) of persons with
complete design were verified, and the marker predicted verification (OR 1.53 and 1.57 per SD); the 18%
in the weighted verification analysis refers to the first technically successful ECG (128,912 persons;
18.7%, or 18.0% with complete model data), a different population (Section S22). Reducing the OR to
1.25 required a selection factor B of 1.98 (1.86–2.11) in training and 1.91 (1.71–2.14) in validation per
marker SD, and to 1.0 required 2.48 and 2.39. The largest B with selection probabilities not exceeding 1
was 1.30 and 1.23 if the level of the ratio did not depend on covariates (1.49 and 1.43 over the central
90% of marker values), at most 1.16 if cases were never verified less often than controls, and 1.78 and
1.76 if the level varied linearly with covariates over all persons; all stay below the tipping values. With log-
linearity required only over the central 90% of marker values and a linear level, the maximum was 2.09
and 2.80, which allows an OR of 1.25 in both folds and 1 in validation only. Certain restrictive selection
models are therefore incompatible with a complete explanation, but selection could not be excluded in
general; these are model-dependent feasibility limits, not empirically identified, because B is not
identified. The delayed verification analysis (4,844 persons, 431 cases) gave an unweighted OR of 2.65
(conditional Wald CI 2.28–3.07) and 2.97 (2.52–3.50) with weights; only 777 of 1,000 bootstrap
replicates were valid because the fitting routine stopped on a different criterion than the acceptance rule
(Section S18), so no bootstrap interval exists.
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T-end sensitivity, strata and other post hoc analyses

Shifting all beat T ends in cases (1,500 cases and 1,500 controls, development) lowered the OR from
2.23 to 1.61 (95% bootstrap CI 1.40–1.91) at + 32 ms and 2.01 (1.77–2.33) at -32 ms when QTc was
recomputed arithmetically (approximate: the reconstruction also changes QRS duration slightly in a
minority of recordings; Section S17); with QTc held at its measured value the figures were 1.51 and 2.32.
OR 1.25 was not reached in either direction within 32 ms. For orientation, the 32-ms lengthening lowered
the log OR by 0.33, 56% of the 0.58 needed to reach 1.25; a T-end perturbation and a marker shift in
control SD are different quantities and cannot be converted directly. Fifty of the 1,500 cases (3.3%), with
wider QRS (153 against 137 ms), dropped out of the common sample; including them changed the OR by
at most 0.016. The earlier LUDB-predicted T-end correction [49, 50] is inconclusive (Section S14).

Post hoc, the OR was 2.32 (bootstrap 95% CI 2.11–2.59) after multiple imputation of covariates, 2.34
(bootstrap 1.99–2.83; 457 cases) for QRS ≥ 120 ms, 2.39 (bootstrap 2.05–2.81, Wald 2.04–2.81, as
drawn in Fig. 2; 329 cases) for QRS < 120 ms without a block pattern and 2.44 (bootstrap 1.91–3.39; 146
cases) in right-bundle pattern. The left-bundle stratum of the assessment partition (106 persons, 33
cases) was not estimable. In development data with Firth penalization, persons with a classical left-
bundle pattern (training 318, validation 103; 131 and 32 with LVEF below 40%) showed lower point
estimates (OR 1.45, profile-likelihood interval 0.96–2.20, and 1.40, 0.68–2.98; pooled 1.47, 1.02–2.11, an
exploratory association) than persons with a negative pattern (2.55 and 2.48); no interaction test was
done, and the pattern is a rule-based surrogate, undetermined in 3.2%. Excluding it left the main estimate
at 2.48 and 2.42, and a QRS-duration spline changed it by at most 1.2% (Section S26). Seven-day
medication-order indicators gave 2.47 (2.31–2.64) and 2.38 (2.14–2.64) in training and validation.
Figure 2 and Table 4 give the overview; these internal results do not assess transported clinical benefit.
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Table 4
Overview of the analyses after the primary result (all post hoc; data and reading)

Question Analysis Data Result for the
OR (reference
2.34 to 2.48)

Reading

Orientation
comparators

Five blocks and
all 24 terms on
identical persons
(Section S24)

Development,
33,884
persons

2.28–2.60; 2.39
with all

Association stable;
most incremental AUC
shared

Echo timing
and direction

Windows 1–30
days, before/after
ECG (Section
S23)

Development
and
assessment

2.34–2.48 Stable; echo-before
pairs too few in
validation and
assessment

Pacing Exclusion by
report text and
device indicators
(Section S23)

Development 2.32–2.61 Not lower; about half of
recordings
uninformative; spikes
not assessed

Code-
negative
controls

Controls without
any diagnosis
record (Section
S23)

Development 2.03
unchanged

0.05% of controls
affected

Classical
error, early
null

Known-truth
simulation
(Sections S13b,
S13j)

Simulated 1.25 Matched the observed
structure poorly; not an
artifact bound

Classical
error, tipping-
point
simulation

True OR 1.0 at
angle reliability
0.57 (Section
S13k)

Simulated 2.49 Reproduces the
uncorrected pattern;
argued against only by
repeat-based reliabilities
and nondifferential error

Bivariate
correction,
extended grid

Anchors with
population
intervals (Section
S19)

Development Below 1.25 in 0
of 1,000 at the
main anchors;
tips at angle
reliability 0.54
or less

Corrected ORs 8.7–9.3
are singularity effects

Differential
error in cases

Marker shift, case
error variance,
persistent share
(Section S19)

Development 1.25 at 0.15–
0.20 control SD
(about 0.25 at
an assumed
technical
anchor); 1.0 at
0.16–0.22

Most vulnerable point

LVEF, left ventricular ejection fraction; OR, odds ratio per development standard deviation; SD,
standard deviation; B, selection factor; AUC, area under the receiver-operating-characteristic curve;
ICC, intraclass correlation. Source sections of the Supplement are given in brackets; the numbers in
the Result column come from different data sets and are not directly comparable.
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Question Analysis Data Result for the
OR (reference
2.34 to 2.48)

Reading

Missing
marker
values

Delta-adjusted
imputation
(Section S21)

Development 1.25 at 1.6–1.8
development
SD opposite
shift (1.3–1.4
with doubled
spread); 1.0 at
2.6–2.9

1.1–1.5 times the
observed separation;
not bounded by it

Echo
selection

Selection factor B,
feasible interval
by linear
programming
(Section S22)

Development,
index
population

1.25 at B = 1.9-
2.0 per marker
SD; 1.0 at 2.4–
2.5

Model-dependent
feasibility limits: 1.2–1.5
(covariate-independent
level; at most 1.16 if
cases are never verified
less often), 1.8 (linear
level, all persons), 2.1–
2.8 (central 90% of
marker values);
restrictive models
incompatible with a
complete explanation,
selection not excluded
in general

Left-bundle
pattern, QRS
spline
(Section S26)

Firth stratum;
QRS duration as
spline

Development 1.45 and 1.40
within the
stratum
(intervals
include 1);
2.45–2.51 with
spline

Lower point estimates
within block; exploratory
pooled association; not
explained by nonlinear
QRS

Negative-
control
diagnoses
(Section S27)

Eight diagnoses,
B3 model

Development,
52% with
index
encounter

0.87–1.10
pooled (LVEF
2.35 in the
same persons);
retinopathy
1.27

No comparable positive
associations with the
selected coded
diagnoses; general
frailty confounding
remains unresolved;
retinopathy not a clean
control

T-end shift in
cases

Constant shift up
to ± 32 ms, QTc
recomputed
arithmetically
(Section S17)

Development 1.61 (+ 32 ms),
2.01 (-32 ms)

1.25 not reached;
approximate coherence;
not a measured error

Corrected
bootstrap

Eligibility,
replicate number,
stopping rule
(Section S18)

Assessment
rows re-read

1,000 of 1,000
valid in all
corrected rows

Point estimates and
Wald intervals
unchanged

LVEF, left ventricular ejection fraction; OR, odds ratio per development standard deviation; SD,
standard deviation; B, selection factor; AUC, area under the receiver-operating-characteristic curve;
ICC, intraclass correlation. Source sections of the Supplement are given in brackets; the numbers in
the Result column come from different data sets and are not directly comparable.
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Question Analysis Data Result for the
OR (reference
2.34 to 2.48)

Reading

External
replication

Second cohort for
the
cardiomyopathy
code; EchoNext

Not available Not available Outstanding

LVEF, left ventricular ejection fraction; OR, odds ratio per development standard deviation; SD,
standard deviation; B, selection factor; AUC, area under the receiver-operating-characteristic curve;
ICC, intraclass correlation. Source sections of the Supplement are given in brackets; the numbers in
the Result column come from different data sets and are not directly comparable.

In the assessment partition, the OR was similar in women (2.37, 1.97–2.86) and men (2.34, 2.03–2.70),
larger below 65 years (2.67) than from 65 years (2.20), and 2.50 in report-defined sinus rhythm (Fig. 2).
With LVEF as a continuous reference in development data, the marker was associated with 3.7
percentage points lower LVEF per SD in training (3.5 in validation), and with an ordinal reference (< 40%,
40–49%, ≥ 50%) with an OR of 0.42 for a higher category in training (0.44 in validation; Section S13i).

Negative-control diagnoses

As post hoc negative controls in development data, we modeled eight diagnoses judged unrelated to left
ventricular systolic function (list fixed before the data were examined; codes in the index hospital
encounter) with the B3 covariates and the marker (Section S27). Only 52% of the main analysis set had
an index encounter; in them the OR for LVEF below 40% was 2.40 (2.22–2.60) in training and 2.23 (1.93–
2.57) in validation. With at least 100 cases in a fold, the ORs were 0.89 (0.77–1.03) and 0.90 (0.69–1.18)
for glaucoma and 1.07 (0.97–1.19) and 0.90 (0.76–1.08) for prostatic hyperplasia in men; in training
alone, 0.88 to 1.06 for cataract, hearing loss, diverticulosis, hemorrhoids and osteoarthritis (upper limits
1.06 to 1.40). Pooled over both folds (a row added after the case counts were seen), no negative control
had an interval above 1 (point estimates 0.87 to 1.10). Coded retinopathy, added as a comparator, gave
1.29 (1.09–1.52) and 1.23 (0.96–1.58).

Discussion
The Fréchet distance between QRS and T loops tracks low ejection fraction beyond the measured QRS-T
angle (OR 2.34 per development SD), across orientation comparators, echo timing and exclusion of
pacing indicators (development data; half of the recordings could not be classified). The data do not
show that the distance is a signal independent of true orientation: the angle coefficient fell to about 1
when the marker entered the model. The tipping values for attenuation to 1.25 and removal are given in
the Results (Section S19); the data cannot test the marker over-measurement or the imputation shift,
certain restrictive selection models are incompatible with a selection factor of about 2, but selection
could not be excluded in general, and the scenarios do not bound combinations.
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The early classical-error null (apparent OR 1.25) had been read as the main argument against an angle-
proxy explanation, but a true OR of 1.0 at angle reliability 0.57 reproduces the observed uncorrected
pattern. The case against a pure proxy then rests on repeat-based reliabilities and an error correlation
that assume classical, nondifferential error changing between recordings, which outcome data cannot
check. Persistent person- or device-level error, which repeat differences cannot detect, need not be large
to matter: a persistent share of a few hundredths of the error variance already makes the correction
inadmissible. We therefore describe the association as remaining under specific assumptions (repeat-
based reliabilities and error correlation, nondifferential error, a linear angle effect), not as robust to
measurement error in general; under other classical-error scenarios the observed pattern appears
without an independent marker effect.

Error correction was method dependent: SIMEX estimates stayed positive, RC intervals were wide or
unavailable, and joint RC was unstable near a singular latent covariance. A retained SIMEX estimate is
therefore not evidence of an unattenuated association, and no simulation validates the real-world error
model. Stronger angle, axis, gradient, TCRT and planarity comparators did not change the OR [4, 7, 9–14],
but they shared most of the incremental AUC, which we do not offer as evidence of added information.

What the distance reflects is not established. It grows when the normalized QRS and T loops differ in
shape and orientation, which can follow from abnormal activation (conduction disease), from scar or
dilatation changing the loop geometry and from heterogeneous repolarization; we did not test these
mechanisms and make no causal claim, and the distance correlates with the angle (Spearman 0.75). The
reference is a functional measurement and the codes are diagnoses, not causes of dysfunction. AI-ECG
studies show that internal assessment, external evaluation and implementation trials answer different
questions [1, 51, 52]. QRS area is associated with outcomes in treated CRT cohorts [33, 53, 54] and
preserves amplitude information that our normalization removes; none of this provides a selection
threshold for this marker [2].

Conduction disease and rhythm are plausible alternative explanations, because wide QRS, bundle-branch
block and ventricular pacing are common in reduced LVEF. The OR was similar with QRS < 120 ms and
no block pattern (2.39, bootstrap 2.05–2.81; 329 cases), in report-defined sinus rhythm (2.50, 2.19–2.86)
and in right-bundle pattern (2.44), which argues against a pure bundle-branch effect; a narrow QRS
largely excludes ventricular but not atrial pacing. In development data the point estimates within left-
bundle pattern were lower, with intervals including 1 in each fold and an exploratory pooled association;
without an interaction test we claim no effect modification (32 events in validation; post hoc, rule-based
surrogate). Neither a nonlinear QRS-duration term nor bundle-branch indicators removed the association
elsewhere.

The negative-control diagnoses showed no comparable positive associations with the selected coded
diagnoses: no interval excluded 1 from below, and the upper limits stayed at or below 1.40 against an
LVEF OR of 2.4. General frailty confounding remains unresolved, because the intervals limit the individual
diagnosis associations and not a shared bias component; the controls also depend on incomplete
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inpatient coding of chronic conditions and covered only the 52% of persons with an index encounter.
Retinopathy, mostly diabetic, stayed associated (OR about 1.3) and is not a clean negative control.
Whether part of the association reflects general disease burden, conduction abnormalities or healthcare
selection therefore remains open.

Limitations

This is a single-center, person-disjoint internal assessment in a partition previously used for related
hypotheses; it is not an untouched or external replication. Selection after a large development screen
allows for a winner’s curse; similar development and assessment effect sizes do not show that selection
bias is absent. All scenario analyses used development data, except the echo-interval reproduction and
the corrected bootstrap intervals, which re-read assessment rows (Section S1). They are post hoc and do
not validate any error, missingness or selection model.

Missing marker values, complete-case selection and echo verification are informative, and the weighting
of the verification analysis assumes missingness at random. The scenarios give the size of single
departures that would attenuate or remove the association; they do not bound the real departure or
combinations of departures. The selection-factor check depends on the assumed level and shape of the
verification ratio, on the calibration of the verification model in its upper range (deviation up to 0.025)
and on the non-collapsible nature of the ORs. Differential marker error in cases is the most vulnerable
point; repeat differences cannot reveal persistent error, and a uniform gain change of 5% to 10% altered
the measured angle by root-mean-square 12.6° to 16.6° but the normalized distance by only 0.056 to
0.059, so device and gain differences between hospitals may behave differently. The LUDB files [49] are
scaled to a 1 mV range per lead (author’s inspection), so the boundary errors derived from them refer to
that amplitude scale.

LVEF values are routine structured measurements, 97% of them generic, without adjudication or
validation against reports, and the broad echo window permits changes in patient state. A blinded review
of references and ECGs was not possible; it is a priority for the next step, as are a reliable pacing
classification and independent replication. Further internal scenarios do not replace them. QRS
adjustment does not remove secondary repolarization changes, and the model was not adjusted for
antiarrhythmic, digoxin or QT-prolonging drugs beyond a seven-day order-start sensitivity. Electrolytes,
renal function, body mass index, care setting and comorbidity remain potential confounders. Codes may
misclassify disease and postdate the ECG. Prevalence, predictive values and individual risk cannot be
inferred.

The results hold for MIMIC-IV-ECG from one hospital and for the LoopLens release named above; LUDB
entered only for boundary errors. The marker was computed by a fixed software release (Supplement
Section S0a), not validated against annotated wave boundaries in the outcome population; the release
used is public (Code availability), and its checksums are reported so that the analysed version can be
identified. Corrected bootstrap intervals and several scenario analyses were added after the first version
of the analysis and carry the label post hoc. External replication is outstanding. Access to the Harvard-
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Emory ECG database [55] for the cardiomyopathy-code endpoint has been requested and is pending; a
replication in EchoNext [56] is not yet possible because its signal scale could not be reconciled
(replication would require the provider’s normalization constants, which have been requested).

What this study does not show

These findings do not support individual diagnosis, replacement of echocardiography, medication
monitoring, prognosis or treatment selection. External evaluation, calibration and a prespecified referral
threshold are required before an imaging-triage claim can be assessed. The next question is whether the
distance adds reproducible information beyond true orientation in an independent cohort with verified
references and explicit handling of selection.

Conclusions
Spatial QRS-T loop coupling retained an internal association with reduced LVEF beyond the measured
integral angle (OR near 2.3 to 2.5), stable across orientation comparators, echo timing and exclusion of
pacing indicators (development data; half of the recordings could not be classified). The marker carries
substantial orientation information, and the early classical-error null that suggested an artifact bound of
1.25 was not a bound. Attenuation to 1.25 would need a differential marker over-measurement in cases
of 0.35 to 0.38 control SD without error correction and 0.15 to 0.20 after correction at the three main
anchors (about 0.25 at an assumed technical-agreement anchor; removal 0.47 to 0.49 and 0.16 to 0.22),
or a shift of missing marker values of 1.4 to 1.5 times the observed separation (removal 2.6 to 2.9 SD).
Certain restrictive selection models are incompatible with a complete explanation by selection on the
echo reference, but selection could not be excluded in general. These analyses neither confirm nor
exclude the departures. External replication, reference validation, reliable pacing classification and
clinical utility remain open.
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Figure 1

Participant flow in the assessment partition for (A) reduced left ventricular ejection fraction (LVEF <40%)
and (B) coded cardiomyopathy. Main boxes give the numbers of ECGs and persons remaining after each
step; side boxes give exclusions. One index ECG per person was analyzed, the first technically
successful ECG with an eligible reference. Cases are LVEF <40% (A) or a cardiomyopathy code in the
index hospital encounter (B). The stronger-model set contains persons with complete data for the
additional voltage and axis terms. Counts below 10 are suppressed; in (B), the losses from incomplete
basic-model data and from a missing marker are combined because the count for the missing marker
alone is below 10. The ECG counts of the first two stages and the technical exclusions are rounded to
the nearest 100 or 10. The endpoints share persons (8,306 at the reference stage, 7,052 in the analysis

Page 27/32



sets), so counts must not be added. Source: Supplement Section S15a. Additional assessment
sensitivities and descriptive summaries were specified after the primary results were known (post hoc);
original specified association rows retain their separate status.

Figure 2

Odds ratios of the normalized Frechet distance for (A) reduced LVEF and (B) coded cardiomyopathy in
the assessment partition, with sensitivities and strata of the primary model. 

Association of the normalized Fréchet distance with (A) reduced LVEF (<40%) and (B) coded
cardiomyopathy in the assessment partition. Points are odds ratios (OR) per endpoint-specific
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development standard deviation of the marker, adjusted for age, sex, heart rate, QRS duration, QTc and
the integral QRS-T angle; rows are sensitivities and strata of the primary model. Filled circles show
person-cluster robust Wald 95% confidence intervals; diamonds show person-bootstrap percentile 95%
intervals, including post hoc corrected intervals for rows whose bootstrap interval was missing in the
original run (Supplement Section S18). The gray band is the Wald interval of the primary model; the
dashed line marks OR = 1. “Echo within 29 days” and “within 7 days” restrict the interval between ECG
and echocardiogram (primary analysis: within 30 days; the 29-day variant avoids the boundary region
affected by hour-scale timestamp offsets). “Imputed covariates” is multiple imputation of missing
covariates (20 imputations). Inverse-probability weighting rows use the first technically successful ECG,
a different population from the main model. “Not estimable” marks strata with too few persons per class,
“not applicable” analyses defined only for the LVEF reference. Further details, persons per row and post
hoc status are in Supplement Section S16.

Figure 3

Marker odds ratio after correction for measurement error of the QRS-T angle (regression calibration and
simulation-extrapolation) in the assessment partition, for (A) reduced LVEF and (B) coded
cardiomyopathy. Regression calibration (RC) and simulation-extrapolation (SIMEX) use error variances
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from clinical repeat ECGs and development-fixed settings; the error package itself is treated as fixed.
SIMEX is shown with linear and quadratic extrapolation and four angle error models (normal, bounded to
0-180 degrees, logit-transformed, flexible spline angle); “joint” corrects angle and marker error together.
Diamonds with whiskers are person-bootstrap percentile 95% intervals (1,000 attempted fits; angle-only
RC in (B), 989 valid), the circle is the Wald interval of the uncorrected model, and the short gray bar
marks the uncorrected estimate under the same angle model. The arrow marks a lower limit beyond the
axis (4.2 × 10⁻⁵). Joint correction for cardiomyopathy was not estimable because no error covariance
was available for the beat-median marker. Repeat differences include true clinical change; neither a
retained OR nor an unstable RC estimate proves the absence of measurement error. Additional
assessment sensitivities and descriptive summaries were specified after the primary results were known
(post hoc); original specified association rows retain their separate status. The upper limit of joint LVEF
RC (48.49) is printed beside the estimate.

Figure 4
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Developmental measurement-error sensitivities of the marker odds ratio for reduced LVEF in (A) the
training and (B) the internal validation partition (development data, not independent replication). Rows
show regression calibration (RC) and simulation-extrapolation (SIMEX) with error variances from all
clinical repeat pairs or from simultaneous pairs, with assumed overall angle intraclass correlations (ICC),
with bounded, logit-transformed and flexible (spline) angle models, and with joint angle and marker error.
Filled circles are Wald 95% intervals, diamonds person-bootstrap percentile 95% intervals, open circles
point estimates whose interval was not estimable (T-end correction: 17 of 500 and 100 of 500 valid
draws on the finite-output sets of 25,388 and 8,495 persons; simultaneous-pair RC: fewer than 475 of
500 valid draws). RC was not estimable at assumed ICC 0.55 and 0.45 because conditional reliability
was nonpositive. The gray band is the Wald interval of the uncorrected model; the logit rows use their
own transformed-angle reference (2.524 and 2.484). Clinical repeats include physiological change.

Figure 5

Two known-truth simulations of classical angle error: (A) early null experiment and (B) simulation at the
angle-only tipping points.

Two known-truth simulations of classical angle error, shown with equal weight. (A) Early null experiment:
200 synthetic datasets of 4,000 observations, true angle log-effect 0.8, no independent marker effect
(true OR = 1); the marker combines a latent-angle component with independent noise, and the angle
error is independent of the marker. (B) Later simulation at the angle-only tipping points of the bivariate
analysis (25,453 persons per dataset, 200 datasets per scenario, real values of the other covariates,
error-free marker, strong true angle effect): true marker OR 1.0 at angle reliability 0.5688 and true marker
OR 1.25 at 0.5698. Points are geometric-mean ORs of the marker and whiskers the 95% simulation
quantiles across datasets (not confidence intervals for a biological effect). “No measurement error” uses
the error-free angle; in (B) the regression-calibration estimates are inadmissible in 32 and 55 of 200 runs
and scatter over several orders of magnitude, so they are not drawn. Dashed lines mark the observed
uncorrected development ORs (2.48 training, 2.39 validation). Neither simulation bounds the OR that
artifact can produce: (A) gives about 1.25, (B) about 2.5, at a true OR of 1 or 1.25. The genuine-effect
scenario of the early experiment is in Supplement Table S47.
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