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Aims Sudden cardiac death (SCD) is challenging to predict. Electrocardiogram (ECG)-derived heart rate-corrected QT-interval
(QTc) is used for SCD-risk assessment. QTc is preferably determined manually, but vendor-provided automatic results from
ECG recorders are convenient. Agreement between manual and automatic assessments is unclear for populations with ab-
errant QTc. We aimed to systematically assess pairwise agreement of automatic and manual QT-intervals and QTc.

Methods A multi-centre cohort enriching aberrant QTc comprised ECGs of healthy controls and long-QT syndrome (LQTS) pa-
and results tients. Manual QT-intervals and QTc were determined by the tangent and threshold methods and compared to automat-
ically generated, vendor-provided values. We assessed agreement globally by intra-class correlation coefficients and pairwise
by Bland—Altman analyses and 95% limits of agreement (LoA). Further, manual results were compared to a novel automatic
QT-interval algorithm. ECGs of 1263 participants (720 LQTS patients; 543 controls) were available [median age 34 (inter-
quartile range 35) years, 55% women]. Comparing cohort means, automatic and manual QT-intervals and QTc were similar.
However, pairwise Bland—Altman-based agreement was highly discrepant. For QT-interval, LoAs spanned 95 (tangent) and
92 ms (threshold), respectively. For QTc, the spread was 108 and 105 ms, respectively. LQTS patients exhibited more pro-
nounced differences. For automatic QTc results from 440-540 ms (tangent) and 430-530 ms (threshold), misassessment

risk was highest. Novel automatic QT-interval algorithms may narrow this range.

Conclusion Pairwise vendor-provided automatic and manual QT-interval and QTc results can be highly discrepant. Novel automatic
algorithms may improve agreement. Within the above ranges, automatic QT-interval and QTc results require manual con-
firmation, particularly if T-wave morphology is challenging.
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Graphical Abstract
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Manual: QT-interval 471ms, QTc 514ms
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Keywords

What’s new?

® One of the largest and diverse cohorts enriched for aberrant
QT-intervals to assess pairwise agreement between vendor-
provided automatic and manual QT-interval and heart-
rate corrected QT (QTc).

® Automatic and manual QT-intervals and QTc values are highly
discrepant.

® A wide range of automatic QT-interval and QTc results is prone to
misinterpretation.

® We recommend a range for reviewing automatic QT-interval and
QTec results manually, particularly when the T-wave morphology is
challenging.

Introduction

Sudden cardiac death (SCD) results in the loss of life-years in often
young and previously healthy individuals,' and most SCD events oc-
cur in the general population.™™ A prolonged ventricular

QT-interval ® QTc ® Electrocardiogram ® Misassessment

® Long QT syndrome ® Sudden cardiac death

repolarization, reflected by a prolonged QT-interval and heart rate
(HR)-corrected QT (QTc) on the electrocardiogram (ECG), predis-
poses to SCD.2"® QT-interval and QTc prolongation are observed
in the context of structural heart disease, cardiac ischaemia, and con-
gestive heart failure but may also be induced by several drugs both
for cardiac and non-cardiac morbidities.'

Since ECGs are non-invasive and easily accessible, the QT-interval
and QTc are widely used across medical specialties to guide risk adju-
dication and decision-making."*~"” The QT-interval is also an important
aspect for diagnosing the long-QT syndrome (LQTYS), a cardiac arrhyth-
mia disorder associated with malignant arrhythmias and SCD.'¢""?
Despite the importance of QT-interval and QTc prolongation for
SCD risk, no commonly accepted standard exists for their assess-
ment.'®"” QT-interval experts advocate manual and serial measure-
ments by the tangent or threshold methods.? Although
measurements by both experts and non-experts are reliable, many phy-
sicians, including cardiologists, appear to misadjudicate a normal vs. ab-
normal QT-interval.>™?? In fact, for convenience, many healthcare
professionals routinely use QT-interval and QTc values that are auto-
matically provided by ECG recorders. The agreement between
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Manual vs. automatic assessment

automatic QT-interval and QTc results and those assessed manually is
not sufficiently clear.

Here, we systematically quantified the agreement between vendor-
provided automatic and manual QT-interval and QTc assessments.
QT-interval and QTc assessments are particularly challenging in case
of complex T-wave morphologies as often present in LQTS patients.?>
To evaluate a cohort enriched for aberrant QTc values and T-wave
morphologies, we therefore investigated a large cohort of both con-
trols and LQTS patients with various degrees of LQTS expressivity
and hypothesized that a discrepancy between automatic and manual
QT-interval and QTc findings was more pronounced among the latter.
Secondarily, we accessed measurement agreement using a recently re-
ported, academia-developed QT algorithm.>*

Methods

Study cohort

Patients with confirmed pathogenic mutations in the LQTS Type-1
(KCNQT), Type-2 (KCNH2), and Type-3 (SCN5A) genes were included as
cases and healthy genotype-negative family members as controls.
Participants were recruited at two large academic cardiology departments,
the Amsterdam UMC, in Amsterdam, the Netherlands, and the University
Hospital of the Ludwig-Maximilians-Universitdt Munich, Germany, as de-
scribed previously.”

Data collection and management

We used the first available 12 lead resting ECG (index-ECG) of all partici-
pants. When the index-ECG was unavailable, a subsequent ECG was used.
We excluded ECGs with missing automatic QT-interval and QTc values or
in case of ventricular pacing, arrhythmias hindering QT-interval and QTc
analysis (e.g. atrial fibrillation), higher degree conduction disorders, com-
plete bundle branch blocks, or poor ECG quality (see Supplementary
material online, Table ST). For our secondary analysis involving the novel
automatic algorithm for automatic QT-interval and QTc assessment, we
additionally excluded individuals lacking digital raw signal ECG (see
Supplementary material online, Figure S1). The AMC Review Board ap-
proved the study waiving individual informed consent as only retrospective
routine care data were used. All ECGs were pseudonymized. Enrolment
ended in December 2016.

Manual ECG measurements

Specific methods of how ECGs were manually measured have been re-
ported before.”> The leads preferred for measurement were lead I, fol-
lowed by lead V5, followed by any lead if lead Il or lead V5 was
unsuitable. On all ECGs, three pre-selected, consecutive P-QRS-T com-
plexes including their respective preceding RR-intervals were measured in-
dependently by three readers® Subsequently, measurements were
averaged across complexes and readers. Of note, both the inter- and
intra-reader validity of our standard manual QT-interval assessment were
systematically examined before.”> More specifically, across manual meas-
urement methods, the inter-reader intra-class correlation coefficient
(ICC) was >0.96 with a small systematic error of maximally 15 ms.
Similarly, the intra-reader validity was 0.99 with a systematic error of
4 ms. Measurements included manual HR (HRmanua)), manual PR interval
(PRManuar), manual QRS duration (QRSmanual), and the QT-interval deter-
mined by both the tangent (QTtangent) and threshold methods
(QTThreshold)- For the tangent method, the end of the T-wave was defined
as the point where the tangent on the steepest point of the terminal limb of
the T-wave intersects with the isoelectric baseline. For the threshold meth-
od, the end of the T-wave was defined as the intersection of the terminal
limb of the T-wave with the isoelectric baseline (see Supplementary
material online, Figure $2).%® Specific instructions on how to deal with com-
plicated T-wave morphology including U waves have been described in the
previous publication and are additionally visualized (see Supplementary
material online, Figure $2).2° Considering the cIinicaI[/y most widespread
use and its shown applicability also at higher HRs,*** QT-intervals were
corrected for HR using Bazett’s formula (QTcrangenti QT CThreshold)-

Alternative QTc correction formulas (Fridericia; Framingham; Hodges;
Rautaharju) were calculated for comprehensiveness.

Automatic ECG measurements

From the vendor-provided automatic output of the ECG recorders, we ob-
tained HR (HRautomatic), PR-interval  (PRautomatic)y QRS duration
(QRSAutomatic)v QT—intervaI (QTAutomatic)v and QTC (QTCAutomatic)- For
ECGs recorded with GE Healthcare ECG recorders (General Electric
Company, MUSE software, Chicago, IL, USA) applying the company’s pro-
prietary 12SL algorithm;28 QTcautomatic Was determined by Bazett's for-
mula. The formula remained undisclosed for other manufacturers.

Novel automatic QT-interval algorithm

A novel, automatic QT-interval algorithm was developed and validated pre-
viously by our group.?” In short, a QRS-T-complex was defined after ex-
cluding measurements from leads that deviated more than 2 standard
deviations from the median. On this QRS-T-complex, the QT-interval
(QTnNover) Was determined using the tangent method, which was HR cor-
rected using Bazett’s formula (QTcnovel)-

ECG-based diagnosis of LQTS

Importantly, diagnosing LQTS requires a comprehensive clinical and genetic
evaluation. Clinical practice guidelines recommend applying the so called
Schwartz score to support a LQTS diagnosis.’®"”° However, the same
clinical practice guidelines suggest to at least consider a significant QTc pro-
longation indicative of a LQTS diagnosis if, in the absence of
QTc-prolonging drugs or other correctable factors, a QTc >480 ms is de-
termined on repeated ECGs."®"” Correct determination of QT-interval
and QTc is thus critically important. If QTcautomatic Values deviate markedly
from the standard of manual QTc assessment, such a clinically relevant QTc
cut-off may be misassessed.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics 27 (IBM,
Armonk, NY, USA). Categorical data are presented as frequencies (percen-
tages, %) and compared using x* or Fisher’s exact tests as appropriate.
Continuous data are presented as mean =+ standard deviation (SD) com-
pared by Student’s t-tests or as median and inter-quartile range compared
by the Wilcoxon test. Two-sided P-values <0.05 were considered statistic-
ally significant.

We assessed agreement between automatic and manual ECG measure-
ments. For global agreement, we calculated the intra-class corelation co-
efficient (ICC) and 95% confidence intervals (Cls) for multiple
measurements based on a two-way consistency model according to
Cicchetti and Sparrow.>" For pairwise evaluations, we quantified and
visualized Bland—Altman limits of agreement (LoA).3? Analyses are pre-
sented for the overall cohort and separately for controls and LQTS
patients.

Using manual ECG measurements as the standard, we calculated the ab-
solute difference of QT-interval and QTc values between (i)
QT-interval/QTcautomatic and  QT-interval/QTcrangens (i) QT-interval/
QTcautomatic and QT-interval/QTcrhreshold; and (i) QT-interval/QTcnover
and QT-interval/QTcrangent. T focus on clinically relevant discrepancies
between automatic and manual measurements, we considered the previ-
ously described intra- and inter-observer variability of manual measure-
ments? and determined the percentage of individuals with an absolute
pairwise measurement difference > +15 ms.

For the ECG-based diagnosis of LQTS, based on our Bland—Altman LoAs,
we defined and visualized QTcautomatic ranges at risk for possible mis
assessment. For both the tangent and threshold methods, from the
guideline-suggested cut-off of QTc 480 ms, we deducted the lower LoA
and added the upper LoA observed in our overall cohort.

We also examined cut-off-based discrepancies between automatic and
manual QTc assessments from 380 to 540 ms. We determined the fre-
quency of QTcautomatic and QTcnovel ECGs exceeding these cut-offs,
whereas the manual QTcrangent and QT Crpreshold ass€ssments remained be-
low the cut-off value. Conversely, we determined the frequency of
QTcautomatic and QTcnover ECGs undercutting the cut-offs, whereas the
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Table 1 Cohort characteristics

Overall cohort

n=1263
Females, n (%) 692 (55)
Age at ECG (years) 34 (35)
HRManuar (bpm) 74+ 20
HRAutomatic(bpm) 74 +20
PRmanual (MS) 146 +26
PRAutomatic (MS) 145 + 25
QRSManual (MS) 82+ 14
QRSautomatic (MS) 88+ 14
QTrangent (MS) 392+56
QTcrangent (MS) 427 +43
QT rhreshola (MS) 402 + 56
QTcrhreshold (MS) 438 + 41
QT automatic (MS) 405 + 56
QTcautomatic (MS) 438 + 41
Novel automatic analyses n = 996
HRnover (bpm) 74 +20
QTnovel (MS) 390 + 51
QTcnover (MS) 425 4+ 41

Controls LQTS P-value
n=>543 n=720
283 (52) 409 (57) 0.10
42 (34) 27 (34) <0.001
74+£19 75+£22 0.19
73+19 74 +22 0.32
148 +24 144 +28 0.027
145+ 22 145 +27 0.82
85+13 80+ 14 <0.001
90+13 86 + 14 <0.001
366 + 36 411+ 60 <0.001
399 +26 448 + 40 <0.001
379+ 38 419 + 60 <0.001
412+ 25 458 + 39 <0.001
383 +40 422 + 61 <0.001
413+ 456 + 42 <0.001
n = 470 n = 526
74 +19 75+22 0.51
367 +33 411+ 55 <0.001
400 + 28 447 +40 <0.001

Formal comparison for controls vs. LQTS patients. Results for QT-interval/QTcnovel analyses restricted to individuals with available digital ECG data.

ECG, electrocardiogram; HR, heart rate; LQTS, long QT syndrome; HRmanuai, manual HR; HRautomatic; 2utomatic HR; PRyanua, manual PR-interval; PRaytomatic: 2utomatic PR-interval;
QRSManuay Manual QRS; QRSatomatic automatic QRS; QT automatic automatic QT-interval; QTcautomatic @automatic corrected QT-interval; QTrpresholds threshold QT-interval;
QTcThresholds threshold corrected QT-interval; QTrangent tangent QT-interval; QTcrangent tangent corrected QT-interval.

manual QTcrangent and QT Crhreshold assessments remained above the cut-
off value.

Results

Cohort characteristics

Of 1577 individuals overall, 1263 were eligible for the comparison be-
tween automatic and manual ECG measurements after exclusions (see
Supplementary material online, Figure S7). The median age was 34
(interquartile range 35) years, and 55% were females (Table 7). The ma-
jority (90.3%) of ECGs was recorded with GE-Healthcare devices ap-
plying Bazett’'s correction formula. The remaining ECGs were
recorded with devices from Welch Allyn (1.3%), AMEDTEC (1.2%),
or other manufacturers (7.3%) (see Supplementary material online,
Table $2). LQTS patients tended to be younger than controls and
had longer mean QT-intervals and QTc both applying the tangent
and threshold methods (Table 7).

Automatic vs. manual QT-interval and
QTc assessments

In our overall cohort, mean QTrangents QT Thresholds and QT Crangent
were shorter than mean QT automatic and QT Cautomatic (P < 0.001 for
all), respectively. Mean QTcrpreshold Was similar to QTcautomatic (P=
0.56) (Table 1). By overall agreement analysis, QT-intervals deter-
mined by the tangent and threshold methods showed excellent agree-
ment with QT automatic ICC 0.94, 95% Cl 0.87-0.96 and ICC 0.95, 95%
Cl 0.95-0.96, respectively; Table 2). Overall agreement with

QTcautomatic Was weaker, both for QTc values derived by the tangent
(ICC 0.86, 95% Cl 0.80-0.90) and the threshold methods (ICC 0.88,
95% Cl 0.87-0.89; Table 2). Overall agreement analyses for QTc cor-
rection formulas other than Bazett's formula are reported in
Supplementary material online, Table S3.

Pairwise agreement analysis

Pairwise agreement by Bland—Altman analyses revealed discrepancies be-
tween vendor-provided automatic and manual measurements. For
QT automatic compared to QT angents the LoAs ranged from —34 to
61 ms (spread 95 ms). For QT automatic compared to QTrpresholds the
spread was marginally narrower (92 ms; —43 to 49 ms). For all compari-
sons, LQTS patients exhibited wider 95% LoAs than controls (Figure 1;
Table 2). For QTc in the overall cohort, QTcaytomatic and QTCrangent
LoAs ranged from —43 to 65 ms (spread 108 ms), whereas QTcaytomatic
and QTcrhreshold LOAs rangend from —53 to 52 ms (spread 105 ms).
LQTS patients showed a larger variation in QTc than controls (Figure 1;
Table 2). The frequencies of individuals with absolute pairwise measure-
ment differences <15 ms are presented in Supplementary material
online, Table S4. Pairwise agreement with different QTc correction formu-
las is presented in Supplementary material online, Table S3.

Cut-off-based discrepancy analysis

By cut-off-based discrepancy analysis, we identified ECGs where
QTcautomatic €ither exceeded or undercut the respective cut-off com-
pared to the manual results. For 480 ms as the clinically most relevant
QTc cut-off, 45.8% (82/179) of QTcautomatic results exceeded
QT crangent findings. Of these, 90.2% (74/82) had a pairwise difference
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Table 2 Pairwise ECG measurement agreement analysis

Mean diff. (ILoA to

uLoA)
ICC (95% Cl)

Mean diff. (ILoA to

uLoA)
ICC (95% Cl)

Mean diff. (ILoA to

uLoA)
ICC (95% Cly

Mean diff. (ILoA to

uLoA)
ICC (95% Cl)

Mean diff. (ILoA to

uLoA)
ICC (95% Cl)

Overall cohort Controls LQTS
Automatic vs. manual Novel vs. Automatic vs. manual Novel vs. Automatic vs. manual Novel vs.
manual manual manual
n = 1263 n = 996 n = 543 n = 470 n =720 n = 526

Mean diff. (ILoA to

uLoA)
ICC (95% Cl)

HR (bpm) 0(-7to7) 0(-10to9) 0(-7to7) 0 (—6to5) -1(-8to7) 0 (=12 to 12)
0.99 (0.99-0.99) 0.99 (0.98-0.99) 0.99 (0.99-0.99) 0.99 (0.99-1.0) 0.99 (0.99-0.99) 0.98 (0.98-0.98)
PR (ms) -1 (-25t023) NA -3 (-22to 16) NA 0 (—27 to 27) NA
0.94 (0.93-0.95) 0.95 (0.93-0.96) 0.93 (0.92-0.94)
QRS (ms) 6 (=14 to 25) NA 5 (=15 to 25) NA 6 (=13 to 25) NA
0.81 (0.65-0.88) 0.77 (0.614-0.85) 0.83 (0.65-0.90)
QT-interval (ms)
Tangent 13 (=34 to 61) 0 (—31to 32) 17 (—14 to 48) 1(-22to0 24) 11 (—45 to 67) —1(-38t0 37)
0.94 (0.87-0.96) 0.98 (0.97-0.98) 0.91 (0.40-0.97) 0.97 (0.97-0.98) 0.93 (0.90-0.95) 0.97 (0.97-0.98)
Threshold 3 (-43to 49) NA 4 (=27 to 36) NA 2 (=52 to 57) NA
0.95 (0.95-0.96) 0.95 (0.94-0.96) 0.95 (0.94-0.95)
QTc (ms)
Tangent (ms) 11 (—43 to 65) 0 (—36 to 36) 15 (=24 to 53) 2 (=29 to 32) 8 (=55 to 70) -1 (—41to 39)
0.86 (0.80-0.90) 0.95 (0.94-0.95) 0.72 (0.34-0.85) 0.91 (0.90 0.93) 0.82 (0.78-0.85) 0.92 (0.91-0.94)
Threshold (ms) 0 (-53to 52) NA 1(-371t039) NA -2 (—62t0 59) NA

0.88 (0.87-0.89)

0.79 (0.75-0.82)

0.83 (0.80-0.85)

In each table cell, upper line indicates mean difference and lower and upper limits of agreement based on Bland—Altman analyses [mean diff. (ILoA-uLoA)]; lower line indicates ICC and 95% ClI.
HR, heart rate; LQTS, long QT syndrome; LoA, limits of agreement; HR, heart rate; ICC, inter-class correlation coefficient; Cl, confidence interval; NA, not available.

of > +15ms. QTcautomatic results less frequently [2.8% (30/1084)]
undercut the 480 ms cut-off value, but 90.0% (27/30) exceeded
+15 ms (see Supplementary material online, Table S5; Figure 2).

Agreement analysis based on the
automatic measurements from the novel

algorithm

As a secondary analysis, we compared the automatic analysis using a no-
vel algorithm with the manual QT-interval and QTc assessments. Mean
QT-interval and QTcnover Values were similar (P=0.54 and P=0.59,
respectively). Also, overall agreement was very high. Bland—Altman
pairwise agreement LoAs ranged from —31 to 32 ms (spread 63 ms)
for QT-intervals and from —36 to 36 ms (spread 72 ms) for QTc
(Figure 3; Table 2). LoAs were narrower for controls than for LQTS pa-
tients. Absolute pairwise measurement differences for QT-interval/
QTcnovel are presented in Supplementary material online, Table S4.
Cut-off-based discrepancy results for QTcnover are shown in
Supplementary material online, Table Sé; Figure 2.

Area at risk for mis-adjudication

To visualize ranges prone to automatic vs. manual QTc misassessment in
clinical application, we present Figure 2. For QTcrangent from the practice
guideline recommended 480 ms QTc cut-off, we deducted the lower
(480 ms—43 ms =437 ms) and added the upper LoA (480 ms + 65 ms =
545 ms) in the overall cohort, resulting in a clinically intuitive QTcautomatic

range from approximately 440-540 ms at risk for mis-assessment.
Within this range, 4.8% of QTcaytomatic ECGs were <480 ms, whereas
the pairwise QTcrangent Was >480 ms. Conversely, 53.3% of
QTcautomatic  results exceeded 480 ms, whereas the pairwise
QTcrangent result was <480 ms. QTcrhreshold resulted in a similar, clin-
ically intuitive range of 430—-530 ms. Using QTcnover, the range prone to
mis-assessment was 1.57 times narrower (445-515 ms) (Figure 2; see
Supplementary material online, Table S7).

Automatic vs. manual HR, PR, and QRS

measurements

We also analysed HR, PR, and QRS. The mean HR, PR-interval, and
QRS-duration were similar between automatic and manual measure-
ments (Table 1), and the overall agreement analysis revealed a good
to excellent agreement (ICC >0.80; Table 2). Bland—Altman analyses in-
dicated only a minimal pairwise variation for HR (LoAs from —8 to
7 ms) and small pairwise variations for PR-interval (LoAs from —25
to 23 ms) and for QRS-duration (LoAs from —14 to 25 ms)
(Figure 4A-C).

Discussion

QT-interval and QTc are established markers of ventricular arrhythmia
risk in clinical practice, but accurate determination is critical. Besides the
standard of manual QT-interval assessment, for convenience,
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Figure 1 Bland—Altman analysis for pairwise automatic vs. manual QT-interval and heart-rate corrected QT (QTc) agreement. All panels display
Bland—Altman analyses. Horizontal (red) lines indicate the mean difference between assessment methods. Horizontal dotted lines indicate the upper
and lower limits of agreement. Dashed lines indicate the regression line of pairwise differences. (A) Pairwise agreement between automatic QT-interval
(QT automatic) and tangent QT-interval (QTangent) @among controls. (B) Pairwise agreement between QT automatic aNd QT Tangent among LQTS patients.
(C) Pairwise agreement between automatic corrected QT-interval (QTcautomatic) and tangent corrected QT-interval (QTcrangent) among controls. (D)
Pairwise agreement between QTcautomatic and QT Crangent among long QT syndrome (LQTS) patients. (E) Pairwise agreement between QT automatic and
threshold method QT-interval (Q T hreshold) @Mmong controls. (F) Pairwise agreement between QT aytomatic 20d QThreshold @mong LQTS patients. (G)
Pairwise agreement between QTcaytomatic and threshold method corrected QT-interval (QTcrhreshold) @mong controls. (H) Pairwise agreement be-

tween QTcautomatic aNd QT Crhreshold among LQTS patients.

physicians frequently use automatic, vendor-provided measurements.
In our cohort, enriched for aberrant QT-interval and QTc values, we
systematically investigated the agreement of automatic and manual
QT-interval and QTc assessments. We demonstrate that their pairwise
agreement is highly discrepant, especially in the presence of aberrant
QTc values and T-wave morphologies. The extent of discrepancy limits
using automatic QT-interval/QTc values in clinical practice. Hence, we
clearly suggest manual review of automatic QTc results, but most im-
portantly for automatic QTc results between 440 and 540 ms.

Optimized automatic algorithms to determine QT-interval/QTc may
improve pairwise agreement. Also, manufacturers may facilitate recap-
itulating their automatic QT-interval and QTc measurements by visual-
izing their measurement landmarks.

Automatic vs. manual measurements

The mean difference between automatic and manual measurement re-
sults considers the average of the entire cohort rather than the pairwise
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Figure 1 Continued

difference of individuals. Considering such cohort means, agreement
between vendor-provided automatic and manual QT-interval assess-
ment appears good. Yet importantly, by pairwise Bland—Altman ana-
lyses, we found a great variability between QT-interval and QTc
assessments. The range covering 95% of the pairwise QT-interval mea-
surements spans a wide 95 ms for QTrangent and 92 ms for QTrhreshold-
For QTcrangent (108 ms) and for QTcrhreshoid (105 ms), this spread is
even wider. All pairwise comparisons thus exceed a degree of variation
that is clinically acceptable.

Pairwise agreement between automatic and manual QT-interval as-
sessments has been investigated before. A modestly sized study by
Savelieva et al.> analysed 54 patients with hypertrophic cardiomyop-
athy and 70 controls. ECGs were interpreted by a single reader aver-
aging ECG complexes in an individually chosen lead. A relevant
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pairwise disagreement was identified with a 95% LoA spread of
70 ms in controls and of 55 ms in in cardiomyopathy patients. The
smaller LoA spread in hypertrophic cardiomyopathy patients might
be due to the less complex T-wave morphologies in these patients.
In contrast, Hnatkova et al.>* examined a large cohort of healthy indivi-
duals. Here, the 95% LoA spread was 10-30 ms, and 94-99% of ECGs
exhibited absolute measurement differences <15 ms. These findings
appear contradictory to our results. However, the authors studied
ECGs recorded under highly standardized experimental conditions to
compare versions of the same analysis algorithm.34 Instead, we inter-
preted ECGs obtained in clinical care and thus submit that our study
setting better reflects ECG analysis in everyday practice. Also, a
‘Thorough QT study’ reported pairwise Bland—Altman results,*> yet
in few healthy individuals without any overt ECG pathologies and
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Figure 2 Upper section depicts electrocardiogram (ECG) examples where automatic QT-analysis results in too short (left) or too long (right) mea-
surements compared to manual assessment. Middle section visualizes percentage of automatic corrected QT-interval (QTcaytomatic) and QT Cnovel e~
sults that are too long (left) or too short (right) compared to manual assessment. Percentage of misassessed ECGs is provided for select corrected QT
(QTc) cut-offs from 380 to 540 ms. Lower section illustrates ranges (red) at risk for clinically relevant mis-assessment of QTcautomatic relative to tangent
corrected QT-interval (QTcrangent) (Upper bar), QTcautomatic relative to threshold corrected QT-interval (QTCrhreshold) (Middle bar), or QTcnovel

(lower bar). Findings within red zones should be reviewed manually.

limited to an automatic QTc of <450 ms. Even in this very homogenous
cohort, the LoAs were wide (+32.3 ms). Also, the variability across dif-
ferent vendor provided QTc algorithms has been provided before. In a
report by Kligfield et al,*® the pairwise differences of means of the QT
interval were markedly smaller than in our study comparing automatic
vs. manual ECG analyses.*® Yet, also in the analysis by Kligfield et al.,*
LQTS patients exhibited larger QT variability compared to normal
individuals.

Clinical relevance

Regarding the clinical relevance of our findings, several aspects are im-
portant. First, we compared manual QT-interval and QTc results to
vendor-provided automatic ones. Such automatic results are frequently
used in clinical practice. We counter these easily accessible automatic
results with two standardized manual methods, the tangent and thresh-
old methods.?® We further apply the most commonly used Bazett QTc

formula in our main analyses. For comprehensiveness, we also report
our findings for other QT-interval correction formulas including the
one by Fridericia. Importantly, we describe highly discrepant pairwise
comparison findings for both QT-interval assessment methods. We
thus believe that our discrepant findings are not solely explained by
nuances of differing methodology.

Second, interpreting automatic QT-interval and QTc results without
manual review may lead to incorrect and possibly consequential conclu-
sions, whenever the length of QT-interval and QTc is of importance. An
example is the QT-interval and QTc in the context of drug therapy gi-
ven the knowledge that numerous drugs interfere with cardiac repolar-
ization."* Such drugs include antiarrhythmics like amiodarone,
antibiotics like moxifloxacin, antidepressants like citalopram, and anti
psychotics like quetiapine.14 We cannot comment on the performance
of automatic QT-interval and QTc assessments on serial ECG record-
ings. Yet, a single incorrect QT-interval and QTc could lead to errone-
ous decisions in drug prescription. Similarly, an incorrect QT-interval
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Figure 3 Bland—Altman analysis for pairwise automatic vs. manual QT-interval and corrected QT (QTc) agreement using a novel automatic algo-
rithm. All panels display Bland—Altman analyses. Horizontal (red) lines indicate the mean difference between assessment methods. Horizontal dotted
lines indicate the upper and lower limits of agreement. Dashed lines indicate the regression line of pairwise differences. (A) Pairwise agreement between
QTnovel and tangent QT-interval (QTrangent) @among controls. (B) Pairwise agreement between QTnovel and QT rangent among long QT syndrome
(LQTS) patients. (C) Pairwise agreement between QTcnove and tangent corrected QT-interval (QTcrangent) among controls. (D) Pairwise agreement

between QTcnovel and QT Crangent among LQTS patients.

and QTc may incorrectly raise the suspicion of LQTS.>’ Diagnosing
LQTS requires a comprehensive assessment.*® Nevertheless, clinical
practice guidelines suggest to at least consider a LQTS diagnosis
when QTc is repeatedly >480 ms."®" Incorrect QTc assessment
may hence result in misinterpreting such a clinically relevant cut-off.
Considering the wide LoA range of discrepant QT-interval and QTc
findings, we submit that both over- and underestimating QT-interval
and QTc are serious challenges in clinical practice. We visualize this is-
sue in Figure 2 and suggest a range where automatic QT-interval and
QTec results warrant manual review.

Third, our cohort combines LQTS patients and controls. The vari-
ability between automatic and manual QT-interval and QTc assess-
ments was larger among the former. An explanation may be
challenging T-wave morphologies, including biphasic, notched, and
low-amplitude T-waves, which are commonly present in LQTS

patients.>*~* Importantly, T-wave morphology is not typically assessed
by automated algorithms, while T-wave morphology is an important
denominator of repolarization |:>athology.30 We thus strongly encour-
age a manual review of automatic QT-interval and QTc assessments
in known or suspected LQTS patients or when a challenging T-wave
morphology is present.

We encourage manual review of automatic QT-interval and QTc as-
sessments. However, the advantages of confidently using automatic as-
sessments in clinical routine are evident. Yet, this disposal of physicians’
responsibility of manual assessment for the gain of convenience bears a
risk of accepting incorrect automatic results. Aiming to minimize such
negative effects, we have hence tested a recently developed, novel
ECG analysis algorithm.?” Applying this algorithm to our cohort, the dis-
crepancy between automatic and manual QT-interval and QTc assess-
ments was markedly smaller, narrowing the range recommended for
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Figure 4 Bland-Altman analysis for pairwise automatic vs. manual heart rate, PR-interval, and QRS-duration agreement. All panels display Bland—
Altman analyses. Horizontal (red) lines indicate the mean difference between assessment methods. Horizontal dotted lines indicate the upper and lower
limits of agreement. Dashed lines indicate the regression line of pairwise differences. (A) Pairwise agreement for heart rate (HR) between automatic
(HR Automatic) and manual (HRmanual)- (B) Pairwise agreement for PR-interval between automatic (PR automatic) and manual (PRmanual). (C) Pairwise agree-
ment for QRS duration between automatic (QRSautomatic) @nd manual (QRSmanyar)-

manual review 1.57-fold compared with vendor-provided automatic
measurements (Figure 2). Pending independent validation, we envision fu-
ture improvements in automatic QT-interval measurements including
the application of artificial intelligence will further narrow and eventually
close the range for manual QTc reassessment. In the meantime, clinicians
may additionally be supported by visualizations where commercial ECG
recorders defined their measurements. We thus encourage manufac-
turers to routinely display such measurement landmarks.

Limitations

Several aspects require consideration. Most ECGs were recorded using
the GE 12SL algorithm limiting transferability to other manufacturers.
Importantly, QT-interval measurement methods and QTc correction
formulas were not documented for all automatic ECGs. To reduce

bias, we have assessed several QT-interval correction formulas, while
focusing on the clinically most relevant Bazett formula. Our cohort
composition of LQTS patients and their genotype-negative relatives
may not fully reflect the general population. However, most ECGs in
clinical practice are not recorded in healthy general population indivi-
duals but recording is triggered by clinical need. Such need may arise
from symptoms or from known pathologies. In both instances, patho-
logic ECG findings are prevalent. Hence, we intentionally chose our
study composition to include a sufficient spectrum of abnormal
QT-intervals. Moreover, with this selection we were able—as opposed
to other studies with general population or healthy control ECGs—to
establish cases vs. controls. Importantly, a yet unpublished comparison
of our control ECGs with the population-based Maastricht Study indi-
cated very good comparability. We thus consider our cohort compos-
ition a clear strength as it is enriched for challenging T-wave
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morphologies encountered in clinical practice but not routinely en-
countered in the general population. Despite our large cohort size
and the systematic assessment by three trained readers, independent
validation may further increase their relevance.

Conclusion

In conclusion, pairwise agreement of vendor-provided automatic vs.
manual assessments of QT-interval and of QTc is highly discrepant, in-
dependent of the QT-interval measurement method. Interestingly, we
observed no large discrepancies for HR, PR-interval, and QRS-duration,
indicating that QT-interval and QTc are more vulnerable to mis-
assessment. Our data support that novel, transparent, automatic
QT-interval algorithms may reduce discrepancies. Hence, manual re-
view of vendor-provided automatic QT-interval and QTc assessments
is critical and clearly recommended. As this may not always be feasible, a
manual review should at least be considered for QTc between 440 and
540 ms, especially when T-wave morphologies are challenging.
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