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Abstract

Long QT syndrome (LQTS) is a potentially life-threatening cardiac repolarization disorder characterized by
an increased risk of fatal arrhythmias. Accurate and timely diagnosis is essential for risk stratification and
appropriate management. However, traditional diagnostic approaches have limitations, necessitating more
objective and efficient tools. Artificial intelligence (AD) offers promising solutions by enhancing the
accuracy and efficiency of electrocardiography (ECG) interpretation. The Al algorithms can process ECG
data more rapidly than human experts, providing real-time analysis and prompt identification of
individuals at risk, and reducing interobserver variability. By analyzing large volumes of ECG data, Al
algorithms can extract meaningful features that may not be apparent to the human eye. Advancements in
Al-driven corrected QT interval monitoring using mobile ECG devices, such as smartwatches, offer a
valuable and convenient tool for identifying individuals at risk of LQTS-related complications, which is
particularly applicable during pandemic conditions, such as COVID-19. Integration of Al into clinical
practice poses a number of challenges. Bias in data gathering and patient privacy concerns are important
considerations that must be addressed. Safeguarding patient privacy and ensuring data protection are
crucial for maintaining trust in Al-driven systems. In addition, the interpretability of Al algorithms is a
concern because understanding the decision-making process is essential for clinicians to trust and
confidently use these tools. Future perspectives in this field may involve the integration of Al into
diagnostic protocols, through genetic subtype classifications on the basis of ECG data. Moreover,
explainable Al techniques aim to uncover ECG features associated with LQTS diagnosis, suggesting new
insights into LQTS pathophysiology.
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REVIEW

ong QT syndrome (LQTS) is a

potentially  life-threatening  cardiac

repolarization  disorder characterized
by delayed ventricular repolarization, leading
to a prolonged QT interval (99th percentile
corrected QT interval [QTc] values of >470
ms for males and 480 ms for females) on the
ECG."” The LQTS may be congenital or ac-
quired, with an estimated prevalence of 1 in
2000 worldwide, and is associated with an
increased risk of sudden cardiac death because
of life-threatening arrhythmias, such as
torsades de pointes (TdP).>" Patients with
symptomatic LQTS face a considerable
1-year mortality rate of 21%, a number that
can be substantially reduced to ~1% over a
15-year follow-up period with appropriate

management.” QT prolongation and TdP are
among the significant adverse effects associ-
ated with a variety of cardiac and noncardiac
medications, and in some cases can lead to
the withdrawal of certain medications from
the market.” Given its ominous consequences,
early and accurate diagnosis of LQTS is critical
for appropriate risk stratification and the
implementation of effective management
strategies.

The current diagnosis of LQTS typically
involves assessment of clinical presentation,
family history, interpretation of ECG findings,
and in some cases, genetic testing.7 However,
only 50% of patients with LQTS-related muta-
tions manifest symptoms, and ~25% may
present with a normal QTc on the ECG.”
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ARTICLE HIGHLIGHTS

e Al enhances Long QT syndrome diagnosis by improving
accuracy.

e Neural networks can extract meaningful hidden patterns asso-
ciated with Long QT syndrome.

e Al-enabled mobile echocardiography devices provide conve-
nient and accurate QTc monitoring.

e Challenges include bias, patient privacy concerns, and
interpretability.

e Al-driven tools can be integrated into diagnostic protocols.

Inconclusive clinical manifestations and ECG
findings can lead to diagnostic errors and
may delay appropriate management. There-
fore, there is a growing need for more
objective and efficient diagnostic tools that
help in the detection and management of
LQTS.

In recent years, there has been a growing
interest in the application of artificial intelli-
gence (AD) and machine learning (ML) in the
field. Artificial intelligence algorithms can effec-
tively process large volumes of ECG data,
extract meaningful patterns and features, and
make predictions on the basis of the learned
patterns.” And ML enables Al systems to
continuously learn from new data and adapt
their algorithms to improve performance over
time, " enhancing diagnostic accuracy.'

In this review article, we aim to explore the
application of Al in the diagnosis of LQTS
from ECG. We summarize the capabilities of
Al in recognizing specific ECG patterns
associated with LQTS, evaluate their diagnostic -
accuracy compared with traditional methods,
and discuss their potential clinical impact. In
addition, we provide an overview of the
challenges and future directions of Al in LQTS.

Artificial Intelligence, Machine Learning and
Neural Networks for Data Analysis

In today’s rapidly advancing technological
landscape, Al has emerged as a game-
changer, revolutionizing the way we interact
with computers and machines. Artificial intel-
ligence is defined as a system that can effec-
tively understand and interpret data from
external sources, gain insights from that data,

and use the acquired knowledge to accom-
plish specific objectives and tasks by adapting
and adjusting as needed (Figure).”

The ML techniques, which are a subset of
Al can be categorized into 4 types: supervised,
unsupervised, semi-supervised, and reinforce-
ment. Supervised learning, the main type of
ML used in LQTS interpretation, involves us-
ing labeled data for tasks like classification,'”
and encompasses a wide range of algorithms,
such as neural networks.'” Neural networks
are a type of supervised ML algorithm inspired
by the structure and function of the human
brain. They consist of interconnected nodes
(artificial neurons) organized in layers.
Through a process known as training, the neu-
ral networks learn to process and transmit in-
formation through interconnected nodes. Each
neuron takes inputs, performs computations,
and produces an output that is passed on to
higher level neurons'* allowing them to learn
from data, recognize patterns, and make pre-
dictions."” Neural networks allow advance-
ments in areas such as image and speech
recognition, natural language processing, and
autonomous decision-making.'® These prop-
erties are used for training neural networks
by large datasets of annotated ECGs to recog-
nize specific ECG features associated with
certain heart conditions, such as LQTS,
enabling automated and reliable diagnosis.'’

Multi-layered neural networks can extract
features by themselves, using a method called
deep learning (DL), a subtype of ML. Various
types of neural networks are used for DL on
the basis of their connection and calculation
methods. They include recurrent neural net-
works, convolutional neural networks, and
deep neural networks.'® Among them, the
convolutional neural networks stand out as
the most commonly employed algorithm
because of their ability to automatically iden-
tify relevant features without the need for hu-
man supervision. Their versatility and
effectiveness make them a popular choice for
various applications in DL such as ECG
interpretation. 1

Al in LQTS Diagnosis

The clinical importance of applying Al and
specifically neural networks in the interpreta-
tion of ECGs lies in their ability to overcome
some of the limitations of traditional
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FIGURE. Artificial intelligence can be used in cardiology to effectively understand and interpret data from
ECG data, gain insights from that data, and use the acquired knowledge for diagnostic purposes.
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diagnostic approaches. First, Al algorithms can
process ECG data rapidly, allowing for real-
time analysis and prompt identification of in-
dividuals at a high risk of sudden cardiac
death.'” This can be particularly valuable in
emergency  settings, where immediate
decision-making is crucial. Second, Al-based
systems can provide consistent and standard-
ized interpretations of ECGs, reducing inter-
observer variability and improving diagnostic
accuracy.”’ By minimizing the risk of misdiag-
nosis, these systems have the potential to facil-
itate early intervention and prevent fatal
arrthythmic events. Furthermore, Al algo-
rithms can analyze large volumes of ECG
data and extract meaningful features that
may not be readily apparent to the human
eye.”' This can aid in the identification of sub-
tle abnormalities, provide deeper insights into
the pathophysiology of cardiac arrhythmias,
and potentially uncover novel ECG findings
associated with disease severity and prognosis.

The diagnosis of LQTS is on the basis of
the LQTS diagnostic criteria score, also known
as the Schwartz-score, which considers ECG
findings, clinical history, and family history.””
A Schwartz-score of >3.5 indicates a high
specificity (99%).” Genetic testing is recom-
mended if the Schwartz-score is >3, to help
identify disease-causing mutations, provide a
definitive diagnosis, and identify at-risk family
members.”" Although LQTS can be easily
diagnosed in clear-cut cases, patients present-
ing with indefinite diagnostic criteria pose
several challenges. In these cases, the resting

ECG may not show abnormalities (12%-30%
of cases), patients may not exhibit any symp-
toms, and family history may not provide
conclusive evidence.”” In addition, there can
be variations in measuring and interpreting
the QT interval on the ECG; the determination
of the upper limit of normal QT interval dura-
tion is complex, and heart rate corrections can
be unreliable.”® Therefore, the development of
more objective and efficient diagnostic tools
would be beneficial in improving LQTS
diagnosis.

Artificial intelligence-driven analysis of
ECG data has shown promising results for
the detection of LQTS. By using ML algo-
rithms, Al models can analyze ECG waveforms
and extract key features indicative of LQTS,
such as QT interval duration and T-wave
morphology. The Table provides a summary
of different studies that used Al related to
the interpretation of ECGs and the diagnosis
of LQTS.

A study aimed to assess the performance of
CNN for monitoring QTc using ECG data
from 4 distinct cohorts: healthy patients (Gen-
erepol), healthy controls receiving sotalol
(Pharmacia), patients with congenital long
QT syndrome (cLQTS), and patients with
drug-induced torsades de pointes (diTdP).
To train the CNN, specific alterations in the
ECG caused by sotalol were targeted as a
representative model for IKr blockade. The
IKr blockade is the primary mechanism by
which drugs induce QTc prolongation,
increasing the risk of TdP. The ECG
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TABLE. A Summary of Different Studies that Utilized Al Algorithms and Techniques for Interpretation of ECGs and the Diagnosis of LAQTS

Dataset
Reference Year Objective (Study Population) Accuracy Sensitivity Specificity AUC Fl Precision  Recall
Prifti et al”’ 2021 Assess performance of Generepol, healthy 0.948 - - 098 0470 0.955 0927
a CNN for controls r
monitoring QTc eceiving Sotalol,
using ECG data patients with
cLQTS, patients
with diTdP
Bos et al,”? 2021 Develop A-ECG Patients with 82.50% 83.70% 80.60% 09 83.60% - -
model to confirmed LOTS  (78.7% in (0.863 for concealed
distinguish LQTS based predicting the QTo)
and on positive genetic genotype status)
classify genetic tests, control
subtypes group of evaluated
patients
Aufiero et al,”’ Develop DL models ~ Controls, genetically - 84 for LQTSI 96 for LQTSI 0.90 for LQTSI - - -
2022 for diagnosis proven LOTS 90 for LQTS2 95 for LQTS2 0.92 for LQTS2
of LQTS using a patients 87 for LQTS3 92 for LQTS3 0.89 for LQTS3
large dataset of
ECGs
Draelos et al,* Develop gene-specific Curated datasets of ~ 80% for LQOTSI 84 for LQTSI - 0.8739 for LQTSI - 0.8246 for -
2022 ML models pathogenic LQTSI
for examining and benign variants  77% for LQTS2 90 for LQTS2 0.8336 for LQTS2 0.6877 for
pathogenicity of LQTS2
variants in heritable 89% for LQTS3 87 for LQTS3 0.7918 for LQTS3 0.2854 for
channelopathies LQTS3
Doldi et al,”! Compare Genetically confirmed FCN: 83.6% FCN: 82.6% FCN: 84.7% FCN: 0.9 FCN: 66% - -
2022 XceptionTime and LQTS patients, XceptionTime: 91.8% XceptionTime:  XceptionTime: ~ XceptionTime: 0.97  XceptionTime:83.2%
FCN control 92.9% 90.8%
models for group

diagnosing LOTS

Abbreviations: Al, artificial intelligence; AUC, area under the curve; CNIN, convolutional neural network; cLQTS, congenital long QT syndrome; DL, deep learning; diTdP, drug-induced torsades de pointes; ECG, electrocardiogram;

FCN, fully convolutional network; LQTS, long QT syndrome; ML, machine leaming; QTc, corrected QT interval
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recordings underwent a review process,
including filtering, and the QTc intervals
were calculated using Fridericia’s formula.
Subsequently, data were standardized to facil-
itate the training and testing of the Al models.
Two types of models were developed: a multi-
lead model (I, 11, and V1-6) using 8 indepen-
dent leads simultaneously, and a unilead
model analyzing each lead independently.
Both models used a CNN architecture and
were trained and tested on the Generepol
cohort, then evaluated on the other cohorts.
The models provided a score indicating the
likelihood of sotalol intake, with lead II per-
forming the best among the single-lead
models.

Performance assessment included mea-
surements such as accuracy, recall, precision,
F1 score, and area under the curve-receiver
operator characteristic. Evaluation was done
at both the ECG and patient level, averaging
multiple recordings to generate risk score.
The CNN models successfully identified likeli-
hood of sotalol intake. Furthermore, iterative
dropping of ECG segments and assessing their
impact revealed that J-T peak interval features
were crucial for distinguishing sotalol intake.””

Identifying patients with a normal-looking
ECG is crucial because ~25% of patients with
LQTS exhibit concealed LQTS with a normal
QTc interval at rest.”” The LQTS has multiple
subtypes associated with specific gene muta-
tions, with the 3 major subtypes being
LQTI1, LQT2, and LQT3. These subtypes are
primarily caused by mutations in specific ion
channel genes: KCNQ1 for LQT1, KCNH2
for LQT2, and SCNS5A for LQT3. Collectively,
these 3 subtypes account for ~90% of all ge-
netic cases where a sequence variation has
been identified.” In a diagnostic case-control
study, researchers retrospectively reviewed pa-
tients with a confirmed diagnosis of LQTS on
the basis of positive genetic tests and a control
group of patients who were evaluated for
LQTS but subsequently discharged without a
diagnosis.”® Demographic characteristic data,
clinical history, genetic information, and
ECG data were collected for all patients. A
CNN model was developed using a portion
of the patient data and tested on the remaining
patients. The AI-ECG model aimed to distin-
guish LQTS from a normal QTc interval and
classify the genotypic subtypes of the

syndrome. The Al model employed unsuper-
vised feature extraction, analyzing the entire
ECG waveform across all 12 leads, reporting
the ability to identify subtle features in the
ECG waveform that may not be apparent to
expert cardiologists.

The AI-ECG model found improved accu-
racy in LQTS detection compared with the
QTc measurement alone and found potential
for distinguishing LQTS genetic subtypes. In
terms of LQTS detection, the AI-ECG model
outperformed the QTc alone in distinguishing
patients with LQTS from those who were dis-
missed as normal. In addition, the model also
successfully differentiated these 2 populations
even when the QTc interval was within the
normal range of 450 milliseconds. When eval-
uating concealed LQTS, the AI-ECG also out-
performed the QTc alone, and in terms of
LQTS genotype classification, the AI-ECG was
able to differentiate the 3 major genetic sub-
types. It achieved the highest performance in
distinguishing LQT2 from LQT1 and LQT3,
in addition to performing well in distinguishing
LQT1 from LQT2 or LQT3. The lowest perfor-
mance was observed when identifying patients
with LQT3. In addition, the AI-ECG model was
evaluated using a synthetic dataset with
different prevalences, and it maintained high
performance in terms of AUC, sensitivity, and
specificity, whereas the positive predictive
value decreased with increasing prevalence.
The AI-ECG model achieved a high accuracy
in predicting the genotype status of LQTS
before undergoing genetic testing, highlighting
the potential of Al-driven analysis of ECG
data to accurately identify and anticipate
LQTS cases.”® Although successful in deter-
mining genetic subtype classification on the ba-
sis of ECG input, we did not find any study
elucidating the decision-making process of Al
in this regard, and the issue remains a black
box. However, it's worth noting that with the
emergence of new technologies, particularly in
the field of explainable Al, there is hope for a
more transparent understanding of Al
decision-making processes. This could poten-
tially unveil critical associations between spe-
cific segments of the ECG and distinct
mutations within specific genes, ultimately
shedding light on the comprehensive classifica-
tion of genetic subtypes. Such advancements
may pave the way for a deeper comprehension

Mayo Clin Proc Digital Health m March 2024;2(1):21-31 ®m https://doi.org/10.1016/j.mcpdig.2023.11.003

www.mcpdigitalhealth.org


https://doi.org/10.1016/j.mcpdig.2023.11.003
http://www.mcpdigitalhealth.org

MAYO CLINIC PROCEEDINGS: DIGITAL HEALTH

of the intricate relationship between ECG data
and underlying genetic mutations, unlocking
new doors for diagnosis of LQTS.

Another study aimed to develop DL
models for diagnosis of LQTS by using a large
dataset of 12-lead ECGs consisting of 10,000
controls and 458 genetically proven LQTS
patients (172 LQTS1, 214 LQTS2, and 71
LQTS3 patients). The DL models outper-
formed automatic and manual QTc measure-
ment in identifying LQTS patients. In a
performance comparison with an international
expert in congenital LQTS, the DL models
outperformed the cardiologist in terms of
specificity but had similar sensitivity.”’

To examine the pathogenicity of variants
with uncertain clinical significance in the
genes related to heritable channelopathies
such as LQTS, the researchers developed
gene-specific ML models.”” The models were
trained using curated datasets of pathogenic
and benign variants and were validated using
cross-validation techniques. The study suc-
cessfully validated the accuracy of ML models
in predicting pathogenicity and confirmed the
reliability of ML predictions. Furthermore,
when retrospectively applied to channelopathy
cases, the ML-based predictions exhibited a
high level of accuracy in predicting the clinical
phenotype across KCNQ1 and KCNH2 vari-
ants, emphasizing the potential clinical use of
ML models.””

Another retrospective study compared
traditional CNN models, such as fully convo-
lutional neural networks (FCN) with modern
CNN models such as XceptionTime to eval-
uate the enhanced predictive accuracy. The
XceptionTime model, originally designed for
multichannel surface electromyography sig-
nals, was adapted for 12-lead ECG analysis.
The researchers used genetically confirmed
LQTS patients (n=124, such as 41 concealed
cases) and a control group consisting of 161
patients without LQTS or a history of
QT-prolonging drugs, but with other cardiac
or noncardiac diseases. The XceptionTime
model found superior performance compared
with the FCN. Both CNN models consistently
found high AUC values and optimum ratios
between specificity and sensitivity. The Xcep-
tionTime model also outperformed the FCN
in terms of the F1 score. The results were
consistent regardless of age, QTc, and the

presence of cardiovascular comorbidities offer-
ing an alternative to former CNN models.”’
The capabilities of ML models extend beyond
diagnostic  abilities. In terms  of
QT-monitoring, they enable the implementa-
tion of risk stratification strategies that are
applicable in clinical practice. By continuously
monitoring QT intervals, CNN models can
detect changes in the ECG pattern as early as
24 hours before the occurrence of TdP. This
advanced detection capability allows for the
identification of individuals who may appear
normal but are at a higher risk of experiencing
potentially lethal LQTS-associated arrhyth-
mias.”” Even though their QTc values fall
within the normal range, these individuals
may still need to avoid medications that could
prolong the QT interval and may benefit from
prophylactic beta blocker administration. In
addition, finding these individuals can help
identify at-risk family members.**To develop
an integrated risk-prediction model for drug-
induced QT prolongation, a study applied
different ML methods to electronic health re-
cord data. A total of 35,639 patients who
received medications known to prolong the
QT interval and had an ECG within 24 hours
after drug administration were analyzed. 4558
patients (12.8%) developed a QTc interval
longer than 500 ms, while the remaining
31,081 patients (87.2%) had an interval below
500 ms. The demographic characteristics,
including age and gender, were similar be-
tween the 2 groups. According to the study
findings, the deep neural networks model re-
ported superior classification performance in
predicting the development of a long QT in-
terval compared with the other ML methods,
with an F1 score of 0.404 and an AUC of
0.71.°

Explainable Al Sheds Light on the Decision-
Making Process of Deep Learning Models

Artificial intelligence and especially DL models
excel in predictive power by automatically
learning complex hierarchical representations
from vast amounts of data. However, they
lack transparency and interpretability for the
human brain. This lack of interpretability
poses challenges in trusting and comprehend-
ing their decisions by physicians, especially in
critical domains like arrhythmias.’” Interpret-
ability is crucial for assessing prediction
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models, as it helps understand the model’s rec-
ommendations and determine which clinical
features were most predictive, helping clini-
cians construct a meaningful decision support
approach and reduces the risk of bias due to
data shifts.”

The ML models face a trade-off between
their performance and explainability. On one
hand, there are black-box models like DL,
which achieve state-of-the-art performance
but are difficult to interpret. On the other
hand, there are white-box or glass-box models
like linear models that are more explainable
but often have lower performance because of
their simpler design.”””*

The need for trustworthy, fair, robust, and
high-performing models that are also under-
standable in real-world applications has led
to the resurgence of the explainable AL
Explainable Al focuses on understanding and
interpreting the behavior of Al systems, which
had previously received less attention as the
emphasis was primarily on predictive power.””

Although human evaluation relies primar-
ily on QTc interval information, Al input
consist of the entirety of the ECG.”® Given
the marked diversity in input data containing
complex electrical signals in the ECG,
compared with a single QTc number, and
considering the extensive training on vast
amounts of data compared with the limited
number of ECGs used by humans, it is not
surprising that Al exhibits a heightened capac-
ity for distinguishing LQTS patients from
healthy controls. Artificial intelligence exhibits
superior diagnostic performance compared
with expert clinicians, particularly excelling
in identifying cases of concealed LQTS, which
may appear normal to clinicians. This suggests
that Al leverages a broader range of ECG find-
ings beyond the QT interval alone.

A study aimed to determine the value of
supervised learning assessment of T-wave
morphology markers obtained from 12-lead
ECGs in identifying LQTS patients compared
with standard clinical parameters. The study
population consisted of LQTS patients with
confirmed pathogenic variants in KCNQI,
KCNH2, or SCN5A genes, and genotype-
negative family members who served as
healthy controls. In this study, various T-
wave morphology features, encompassing
area, biphasic pattern, amplitude, skewness,

kurtosis, and asymmetry across leads VR, VL,
VF, V1-V6, were extracted from 12-lead
ECGs. These features were then automatically
computed using a tailored software. Machine
learning classification models were subse-
quently trained and evaluated using these fea-
tures.”” Previous studies have established the
pivotal role of T-wave morphology in the diag-
nosis of LQTS, aligning with its pathophysi-
ology.”® Two models were compared. The
baseline model incorporated age, QT interval,
and QTc-intervals as inputs, and the extended
model integrated T-wave morphology features
in addition to the baseline parameters. The
extended model reported improved AUC
scores, in addition to a major reduction in
misclassified LQTS patients compared with
using QTc scores. The study reported the po-
tential applicability of T-wave morphology fea-
tures obtained from standard 1 ECGs in
improving the diagnosis of LQTS, providing
additional value beyond traditional clinical
parameters.”’

In another study, an explainable Al tech-
nique was applied to understand a DL model’s
decision-making process and localized the
most important region of ECG used by the
model for classification. Interestingly, the
explainable Al technique identified the onset
of the QRS complex as the most relevant re-
gion.”” This finding challenges current con-
cepts of LQTS pathophysiology, which focus
on the repolarization phase of the action po-
tential and T-wave abnormalities in LQTS
and suggests alterations in the initial ventricu-
lar depolarization in carriers of disease-causing
LQTS mutations. The potential impact of
ventricular depolarization, as indicated by
the QRS changes identified by the AI model,
introduces new possibilities regarding LQTS
pathophysiology and suggests involvement of
ion channels other than, or in addition to
the potassium channels. Theoretically, this
finding could lead to improved understanding
of the underlying mechanisms responsible for
LQTS and provide new treatments.

As 12-lead ECGs are commonly employed
in training Al models, discerning the relative
importance of individual leads remains chal-
lenging. However, a number of studies con-
ducted on single-lead mobile ECG (mECG)
devices have yielded results comparable with
those of 12-lead studies in diagnosis of
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LQTS, implying that single-lead information
could potentially lead to similar results for Al
in diagnosing LQTS.

Al-Driven QTc Monitoring with mobile ECG
Devices
The advancements in Al, along with the avail-
ability of mECG devices such as smartwatches
and activity trackers, have opened up prom-
ising opportunities for assessing and moni-
toring QTc prolongation in a widespread
manner, akin to measuring vital signs. These
Al-enabled mECG devices offer health care
professionals a valuable and straightforward
tool to remotely identify and monitor individ-
uals at risk of congenital and acquired LQTS-
related morbidity and mortality. The evalua-
tion of QTc using these devices effectively sep-
arates it from the conventional 12-lead ECG,
providing a convenient approach for QTc
assessment.” These Al tools have reported
consistent diagnostic accuracy, regardless of
whether a 1-lead or 12-lead ECG recording
is used. These features are instrumental in
developing a user-friendly remote monitoring
system, which can be operated by patients
themselves, to detect potentially hazardous
ECG changes and implement timely interven-
tions to mitigate the risk of arrhythmias. This
innovative risk-monitoring system not only
surpasses existing methods but also has the
potential to transform the way we approach
the use of QT-prolonging drugs. By replacing
the current strategy of pre-prescription risk
prediction, in conjunction with real-time
monitoring facilitated by this accurate system,
we can minimize adverse arrhythmic events
and increase confidence in prescribing these
drugs. Consequently, this system has the po-
tential to address physician concerns and
reduce unnecessary caution in prescribing
QT-prolonging drugs for diverse patient pop-
ulations with various medical conditions.””
The COVID-19 pandemic has further
emphasized the need for alternative long dis-
tance monitoring methods to minimize risks
and conserve resources. Traditional QTc
monitoring, relying on 12-lead ECG systems
and trained technicians, is limited to specific
clinical settings. In this context, the integration
of Al and mECG devices empowers patients to
conduct QTc measurements by themselves, in
the comfort of their homes, offering

opportunities for early identification of at-
risk individuals and potentially life-saving
interventions.”’”

A prospective observational study was
conducted to compare QTc measurements by
using an Al algorithm on smartwatch single-
lead ECGs (SW-ECG) with those derived
from conventional 12-lead ECGs in early-
stage COVID-19 patients treated with the
hydroxychloroquine-azithromycin  regimen.
The results found good agreement between
the 2 methods. The mean QTc duration was
407426 ms on the 12-lead ECG vs 407£22
ms on SW-ECG, with a negligible bias of —1
ms. In 98.2% of patients, the difference be-
tween the measures was less than 50 ms.””

In another study, using the FDA-approved
AliveCor mECG device, an Al DL model was
trained on over 1.6 million ECGs, and achieved
accurate detection of QTc prolongation, partic-
ularly a QTc of >500 ms.”’ Furthermore, even
by lowering the threshold to >460 ms, which
represents the 99.9th percentile QTc value for
healthy individuals, the AT model still exhibited
comparable performance in detecting QTc pro-
longation. With further improvements, Al-
assisted single-lead ECGs could become a
viable option for QTc interval monitoring in
epidemic conditions.

Challenges

The potential impact of Al on LQTS diagnosis
is substantial. Integration of Al models into
routine clinical practice offers the ability to
enhance the accuracy of LQTS diagnosis and
subtype classification. Despite the promising
results of AI-ECG models, it is imperative to
address limitations before the widespread clin-
ical implementation of DL models.

The potential bias in data gathering and
the information source used to train ML algo-
rithms is a major concern. Currently, these
models have primarily been developed and
tested on specific cohorts or single centers,
such as specialized LQTS centers. Conse-
quently, their applicability to more diverse
populations remains uncertain, necessitating
further investigation for their globalization.
Assessing the performance, reliability, and ac-
curacy of these models across diverse health
care settings is crucial to ascertain their robust-
ness and validity in real-world scenarios.
Further research, including large-scale
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population-based  studies and expanded
screening for other clinical disorders, is war-
ranted before formal recommendations are
made by medical societies.”’

Another critical aspect before embracing
Al in LQTS diagnosis and management is
addressing challenges related to interpret-
ability, understanding, and trust in prediction
algorithms.  Achieving transparency and
providing clear explanations for the predic-
tions made by these models are essential to
instill confidence into health care professionals
and patients alike. Developing guidelines and
standards for interpreting AI-ECG model out-
puts is paramount to ensure their effective
integration into clinical practice, thereby
enhancing patient care while minimizing po-
tential risks. By establishing these frameworks,
health care professionals can better compre-
hend the intricacies of Al-driven predictions,
fostering a greater trust in these models.

In addition, patient privacy emerges as a
prominent concern when using large datasets,
electronic health records, and mobile ECG de-
vices. The utilization of such data sources
poses the risk of breaching patient privacy
and the leakage of personal information
without patients being adequately informed
about privacy risks. As the implementation
of AI-ECG models expands, it is crucial to
establish strict data protection measures and
informed consent processes to safeguard pa-
tient privacy rights and maintain public trust
in the health care system. Furthermore, the
impact of the widespread application of Al-
ECG models in general or primary care popu-
lations remains largely unknown.

Another challenge is the potential misclas-
sification of healthy controls as LQTS patients
by ML algorithms. Although AI-ECG models
have shown promising performance in distin-
guishing LQTS cases from healthy individuals,
there have been instances where false positives
were identified, leading to healthy controls be-
ing incorrectly classified as LQTS patients.’”
This can have significant implications, as it
may result in unnecessary diagnostic testing,
increased health care costs, and potential psy-
chological distress for those individuals.

Future Directions
The integration of Al in the diagnosis and risk
stratification of LQTS holds great promise.

The Al models have shown considerable po-
tential in providing genetic subtype classifica-
tions based solely on ECG data. In addition,
incorporating this initial genetic classification
into established risk assessment tools like the
Schwartz criteria could significantly enhance
risk assessment.”” This is particularly crucial
in cases of concealed LQTS, where a seemingly
normal QT interval might lead to a lower
Schwartz-score and potential diagnostic over-
sight, in addition to preventing the prescrip-
tion of potentially harmful QT-prolonging
drugs and identifying at-risk family members.

As genetic technology continues to
advance, an ever-expanding pool of genetic in-
formation in inheritable arrhythmias like
LQTS is gathered, leading to challenges in
the evaluation of rare variants. Although there
are guidelines for this purpose,” due to the
rarity of LQTS and the limited data available
for many of these variants, accurate interpreta-
tion of these unusual genetic variants remains
a challenge for clinical application.” Notably,
there is a paucity of research integrating ge-
netic data into LQTS diagnosis. Further inves-
tigation for including rare variant genetic
testing data in ML could enhance the efficacy
of ML approaches, provided that variant inter-
pretation is performed rigorously and in
conjunction with clinical data.™

To further improve clinical care, the devel-
opment of more advanced explainable Al tech-
niques holds great promise, enabling the
identification of ECG features previously un-
known for LQTS diagnosis. By these tech-
niques, a deeper understanding of LQTS
pathophysiology can be achieved, leading to
enhanced diagnostic accuracy.

POTENTIAL COMPETING INTERESTS
All authors declare that there are no conflicts
of interest.

ACKNOWLEDGMENTS

During the preparation of this work the au-
thors used ChatGPT in order to improve read-
ability. After using this tool/service, the
authors reviewed and edited the content as
needed and take full responsibility for the con-
tent of the publication. Figures created by Bio-
Render from BioRender.com

Mayo Clin Proc Digital Health m March 2024;2(1):21-31 ®m https://doi.org/10.1016/j.mcpdig.2023.11.003

www.mcpdigitalhealth.org


http://BioRender.com
https://doi.org/10.1016/j.mcpdig.2023.11.003
http://www.mcpdigitalhealth.org

MAYO CLINIC PROCEEDINGS: DIGITAL HEALTH

Abbreviations and Acronyms: Al, artificial intelligence;
CNNs, convolutional neural networks; DL, deep leamning
ECG, electrocardiogram; FCN, fully convolutional neural
networks; LATS, long QT syndrome; ML, machine leamning;
mECG, mobile electrocardiogram; QTe, corrected QT in-
terval; TdP, torsades de pointes

Correspondence: Address to Mohammad Hadi Farjoo, Md,
PhD, Department of Pharmacology, School of Medicine,
Shahid Beheshti University of Medical Sciences, Kodakyar
Street, Daneshjoo Blvd, Velenjak, Tehran-lran, 19835355
(m farjoo@sbmu.ac.ir).

ORCID

Kimia Karimi Toudeshki:
7560-709 [Mohammad Hadi Farjoo:

https://orcid.org/0000-000 | -
https://orcid.org/

0000-0001-7765-6970

REFERENCES

1.

30

Shah SR, Park K; Alweis R. Long QT syndrome: a comprehen-
sive review of the literature and current evidence. Curr Probl
Cardiol. 2019;44(3):92-106.

. Jennings C, Astin F, Fitzsimons D, Thompson DR. ESC Textbook

of Cardiovascular Nursing. Oxford University Press; 2022.

. Wallace E, Howard L, Liu M, et al. Long QT syndrome: genetics

and  future Pediatr  Cardiol.
1419-1430.

Refsgaard L, Holst AG, Sadjadieh G, Haunsg S, Nielsen |B,
Olesen MS. High prevalence of genetic variants previously asso-
ciated with LQT syndrome in new exome data. Eur | Hum
Genet. 2012;20(8):905-908.

Schwartz P, Crotti L, Insolia R, Long-QT syndrome: from ge-
netics to management. Circ Arrhythm Electrophysiol. 2012;5(4):
868-877.

Simon ST, Mandair D, Tiwari P, Rosenberg MA. Prediction of
drug-induced long QT syndrome using machine leaming
applied to harmonized electronic health record data.

J Cardiovasc Pharmacol Ther. 202 1;26(4):335-340.

perspective. 2019;:40(7):

. Wilde AAM, Amin AS, Postema PG. Diagnosis, management

and therapeutic strategies for congenital long QT syndrome.
Heart. 2022;108(5):332-338.

Goldenberg |, Horr S, Moss A, et al. Risk for life-threatening
cardiac events in patients with genotype-confirmed long-QT
syndrome and normal-range corrected QT intervals. | Am Coll
Cardiol. 201 1;57(1):51-59.

Kaplan A, Haenlein M. Siri, Siri, in my hand: who's the fairest in
the land? On the interpretations, illustrations, and implications
of artificial intelligence. Bus Horiz. 2019;62(1):15-25.

. Janiesch C, Zschech P, Heinrich K. Machine leaming and deep

leaming. Electron Markets. 202 1;31(3):685-695.

Lopez-Jimenez F, Attia Z, Arruda-Olson AM, et al. Artificial in-
telligence in cardiology: present and future. Mayo Clin Proc.
2020;95(5):1015-1039.

Sarker IH. Machine learing: algorithms, real-world applications
and research directions. SN Comput Sci. 2021;2(3):160.

Uddin S, Khan A, Hossain ME, Moni MA. Comparing different
supervised machine learing algorithms for disease prediction.
BMC Med Inform Decis Mak. 2019;19(1):281.

Malekian A. Chapter CN 4. Concepts, procedures, and applica-
tions of artificial neural network models in streamflow fore-
casting. In: Sharma P, Machiwal D, eds. Advances in Streamflow
Forecasting. Elsevier; 202 1:115-147.

Nichols JA, Herbert Chan HW, Baker MAB. Machine leaming:
applications of artificial intelligence to imaging and diagnosis.
Biophys Rev. 2019;1 [ (1):111-118.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sarker IH. Deep leaming: A comprehensive overview on tech-
niques, taxonomy, applications and research directions. SN
Comput Sci. 2021;2(6):420.

Hughes JW, Olgin JE, Avram R, et al. Performance of a convolu-
tional neural network and explainability technique for |2-lead
electrocardiogram interpretation. JAMA Cardiol. 2021;6(11):
1285-1295.

Alzubaidi L, Zhang ], Humaidi A, et al. Review of deep leaming;
concepts, CNN architectures, challenges, applications, future di-
rections. | Big Data. 2021;8(1):53.

Siontis KC, Noseworthy PA, Attia ZI, Friedman PA. Artificial
intelligence-enhanced electrocardiography in cardiovascular dis-
ease management. Nat Rev Cardiol. 2021;18(7):465-478.
Kashou AH, Mulpuru SK, Deshmukh A|, et al. An artificial
intelligence-enabled ECG algorithm for comprehensive ECG
interpretation: can it pass the “Turing test”? CardioVasc Digit
Health J. 2021;2(3):164-170.

Attia ZI, Harmon DM, Behr ER, Friedman PA. Application of
artificial intelligence to the electrocardiogram. Eur Heart |.
2021;42(46):4717-4730.

Alders M, Bikker H, Christiaans I. Long QT Syndrome. University
of Washington; 2018.

Krahn AD, Laksman Z, Sy RW, et al. Congenital long QT syn-
drome. JACC Clin Electrophysiol. 2022;8(5):687-706.

Modell SM, Bradley D), Lehmann MH. Genetic testing for long
QT syndrome and the category of cardiac ion channelopathies.
PLoS Curr. 2012:4:e419995169e6c¢7.

Vetter VL. Clues or miscues! How to make the right interpre-
tation and correctly diagnose long-QT syndrome. Circulation.
2007;115(20):2595-2598.

Postema PG, Wilde AAM. The measurement of the QT inter-
val. Curr Cardiol Rev. 2014;10(3):287-294.

Prifti E, Fall A, Davogustto G, et al. Deep leamning analysis of
electrocardiogram for risk prediction of drug-induced arrhyth-
mias and diagnosis of long QT syndrome. Eur Heart J. 2021;
42(38):3948-396 1.

Bos JM, Attia ZI, Albert DE, Noseworthy PA, Friedman PA,
Ackerman M. Use of artificial intelligence and deep neural net-
works in evaluation of patients with electrocardiographically
concealed long QT syndrome from the surface |2-lead elec-
trocardiogram. JAMA Cardiol. 2021;6(5):532-538.

Aufiero S, Bleijendaal H, Robyns T, et al. A deep leaming
approach identifies new ECG features in congenital long QT
syndrome. BMC Med. 2022;20(1):162.

Draelos RL, Ezekian JE, Zhuang F, et al. GENESIS: gene-specific
machine learmning models for variants of uncertain significance
found in catecholaminergic polymorphic ventricular tachycardia
and long QT syndrome-associated genes. Circ Arrhythm Electro-
physiol. 2022;15(4):e010326.

Doldi F, Plagwitz L, Hoffmann LP, et al. Detection of patients
with congenital and often concealed long-QT syndrome by
novel deep learning models. | Pers Med. 2022;12(7). https://
doi.org/10.3390/jpm 2071 135.

Schwartz P), Tan HL. Long QT syndrome, artificial intelligence,
and common sense. Eur Heart J. 202 1;42(38):3962-3964.
Linardatos P, Papastefanopoulos V, Kotsiantis S. Explainable Al:
a review of machine learing interpretability methods. Entropy
(Basel). 2020;23(1). https://doi.org/10.3390/e23010018.

Simon ST, Trinkley KE, Malone DC, Rosenberg MA. Interpret-
able machine leaming prediction of drug-induced QT prolonga-
tion: electronic health record analysis. | Med Internet Res. 2022;
24(12):e42163.

Hermans BJM, Stoks J, Bennis FC, et al. Support vector
machine-based assessment of the T-wave morphology im-
proves long QT syndrome diagnosis. Europace. 2018;20(suppl
3)iii 1 3-iiil 19,

Porta-Sanchez A, Spillane DR, Harris L, et al. T-wave
morphology analysis in congenital long QT syndrome

Mayo Clin Proc Digital Health ® March 2024;2(1):21-31 ® https://doi.org/10.1016/j.mcpdig.2023.11.003

www.mcpdigitalhealth.org


mailto:m.farjoo@sbmu.ac.ir
https://orcid.org/0000-0001-7560-7091
https://orcid.org/0000-0001-7560-7091
https://orcid.org/0000-0001-7765-6970
https://orcid.org/0000-0001-7765-6970
https://doi.org/10.3390/jpm12071135
https://doi.org/10.3390/jpm12071135
https://doi.org/10.3390/e23010018
https://doi.org/10.1016/j.mcpdig.2023.11.003
http://www.mcpdigitalhealth.org

ARTIFICIAL INTELLIGENCE IN LONG QT SYNDROME

37.

38.

discriminates patients from healthy individuals. JACC Clin Electro-
physiol. 2017;3(4):374-381.
Giudicessi]R,SchramM,Bos|M, etal. Artificial intelligence—enabled
assessmentoftheheartratecorrectedQTintervalusingamobileelec-
trocardiogramdevice.Circulation.202 |;143(13):1274-1286.
Maille B, Wilkin M, Million M, et al. Smartwatch electrocardio-
gram and artificial intelligence for assessing cardiac-rhythm safety
of drug therapy in the COVID-19 pandemic. The QT-logs study.
Int J Cardiol. 2021;331:333-339.

39.

40.

Richards S, Aziz N, Bale S, et al. Standards and guidelines for the
interpretation of sequence variants: a joint consensus recom-
mendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet
Med. 2015;17(5):405-424.

Campuzano O, Sarquella-Brugada G, Fernandez-Falgueras A,
et al. Reanalysis and reclassification of rare genetic variants asso-
ciated with inherited arrhythmogenic syndromes. EBiomedicine.
2020,54:102732.

Mayo Clin Proc Digital Health m March 2024;2(1):21-31 ®m https://doi.org/10.1016/j.mcpdig.2023.11.003
www.mcpdigitalhealth.org

31


https://doi.org/10.1016/j.mcpdig.2023.11.003
http://www.mcpdigitalhealth.org

	Artificial Intelligence in Diagnosis of Long QT Syndrome: A Review of Current State, Challenges, and Future Perspectives
	flink1
	Artificial Intelligence, Machine Learning and Neural Networks for Data Analysis
	AI in LQTS Diagnosis
	Explainable AI Sheds Light on the Decision-Making Process of Deep Learning Models
	AI-Driven QTc Monitoring with mobile ECG Devices
	Challenges
	Future Directions

	Potential Competing Interests
	Acknowledgments
	References


