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Abstract

QT prolongation is a significant cardiac risk factor, particularly in ICU patients
undergoing antipsychotic therapy, where it can lead to life-threatening arrhyth-
mias such as torsades de pointes or sudden cardiac arrest. This study presents
arobust deep-learning approach using Long Short-Term Memory (LSTM) net-
works to predict QT prolongation based on clinically relevant features, includ-
ing demographics, electrolyte levels, heart rate, and medication types. A syn-
thetic dataset mimicking ICU patient profiles was used for model training and
evaluation, achieving high accuracy, precision, and recall. The model demon-
strated strong discriminatory power, with an Area under the Curve (AUC) of
0.94, and effectively balanced sensitivity and specificity, ensuring reliable pre-
dictions for both prolonged and normal QT intervals. Performance metrics,
including ROC and Precision-Recall curves, and a confusion matrix validated
the model’s robustness and generalizability. Key strengths include minimal over-
fitting and adaptability for real-time ICU deployment. While the use of synthetic
data provided a controlled environment for evaluation, validation on real-world
datasets is necessary for clinical adoption. This study highlights the potential of
integrating deep learning models into ICU workflows to enable early detection
of QT prolongation, guide personalized treatment strategies, and improve pa-
tient outcomes.
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Cardiac Risk Prediction

1. Introduction

QT prolongation, characterized by an abnormally extended interval in the heart’s
electrical cycle, is a known risk factor for life-threatening arrhythmias such as tor-
sades de pointes and sudden cardiac arrest [1]. This condition is particularly con-
cerning in ICU patients receiving antipsychotic therapy for delirium, as these med-
ications are commonly associated with QT interval prolongation [2]. The early
detection of QT prolongation is critical in preventing adverse outcomes, yet cur-
rent clinical methods for prediction often rely on static thresholds and lack the
capacity for real-time, individualized risk stratification [3]. Advances in machine
learning and deep learning offer new opportunities to address these challenges by
enabling the development of dynamic, data-driven predictive models. Long Short-
Term Memory (LSTM) networks, a type of Recurrent Neural Network (RNN), are
well-suited for this task due to their ability to analyse sequential and temporal data,
such as ECG measurements [4]. By integrating patient-specific variables—includ-
ing demographics, electrolyte levels, heart rate, and antipsychotic medication
types—LSTM models can offer a more nuanced approach to predicting QT pro-
longation risk [5]. This study focuses on the design, development, and evaluation
of a robust LSTM-based model for QT prolongation prediction in ICU patients.
Using a synthetic dataset that simulates real-world ICU conditions, the model was
trained to identify QT prolongation while balancing sensitivity and specificity to
ensure both high-risk cases are detected, and unnecessary interventions are min-
imized. The performance of the model was validated using multiple metrics, in-
cluding accuracy, precision, recall, ROC curves, and Precision-Recall curves. This
work not only demonstrates the feasibility of using deep learning in critical care
settings, but also lays the groundwork for real-time integration of predictive mod-

els into ICU monitoring systems to enhance patient outcomes.

2. Methods

This study employed a comprehensive and robust methodology to develop and
evaluate a deep-learning model for predicting QT prolongation in ICU patients
undergoing antipsychotic therapy. The approach involved synthetic data genera-
tion, model design, and performance evaluation using state-of-the-art techniques.

2.1. Data Generation

A dataset of 5000 synthetic patient records was generated to mimic real-world
ICU conditions, ensuring the inclusion of key clinical variables. Each record in-
cluded demographic features (age and gender), clinical parameters (potassium
and magnesium levels, heart rate, and baseline QT interval), and medication data

categorized into three groups: no risk, low risk, and high risk of QT prolongation.
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The corrected QT interval (QTc) was calculated using Bazett’s formula (QTc =
QT/sqrt (RR interval)) to normalize QT interval variations across different heart
rates [6]. Cases were labelled as prolonged QT if the QTc exceeded 450 millisec-
onds. This dataset captured realistic clinical variability while controlling for key

risk factors.

2.2.Model Development

The deep learning model leveraged a Long Short-Term Memory (LSTM) network,
a specialized recurrent neural network architecture suitable for sequential data like
ECG features [7]. The architecture consisted of:
e Two LSTM layers with 128 and 64 units, respectively, for feature extraction and
temporal dependency modelling.
¢ Dropoutlayers (30%) and Batch Normalization to mitigate overfitting and sta-
bilize training.
¢ A Dense layer with 32 neurons for further feature abstraction, followed by a
final sigmoid-activated layer for binary classification (prolonged vs. normal
QT).
The model was compiled using the Adam optimizer with an initial learning rate
of 0.001 and binary cross-entropy as the loss function. Metrics for evaluation in-
cluded accuracy, precision, recall, and F1-score, ensuring a balanced assessment of

the model’s performance.

2.3. Training and Optimization

The dataset was split into 80% training and 20% testing subsets. Features were
standardized using z-score normalization to ensure uniform scaling across varia-
bles. Input data was reshaped to fit the LSTM architecture, where each sample was
treated as a sequence with six features. To optimize training, a dynamic learning
rate scheduler was implemented, reducing the learning rate exponentially after 10
epochs. The model was trained for 25 epochs with a batch size of 64. Early stopping
was avoided to fully observe model convergence trends, which were tracked using

training and validation loss and accuracy.

2.4. Evaluation Metrics and Visualization

Model performance was evaluated using a range of metrics and visualization tools:
¢ A confusion matrix quantified the distribution of true positives, true negatives,
false positives, and false negatives, offering insight into classification accuracy.
e The ROC curve and its Area under the Curve (AUC) score assessed the model’s
ability to discriminate between prolonged and normal QT intervals.
e The Precision-Recall curve was used to evaluate the trade-off between precision
and recall, especially valuable in imbalanced datasets.
Visualization of training and validation loss and accuracy trends provided a
clear view of the model’s learning progression. Additionally, the confusion matrix,

ROC curve, and Precision-Recall curve offered critical insights into the model’s
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robustness and real-world applicability.

This methodology ensured a systematic and rigorous approach to developing a
clinically relevant deep learning model, capable of integrating with ICU moni-
toring systems for personalized risk stratification in real-time. The techniques
used provide a strong foundation for further validation and deployment in clin-

ical settings.

3. Results

The LSTM-based deep learning model demonstrated robust performance in pre-
dicting QT prolongation among ICU patients, as evidenced by multiple evaluation
metrics and visualizations. The model’s learning progression, classification per-
formance, and ability to differentiate between prolonged and normal QT intervals

are detailed below.

3.1. Model Learning and Convergence

The model exhibited consistent improvements in both training and validation loss
over the 25 epochs, indicating effective learning without overfitting. Figure 1 shows
a steady decrease in loss, with validation loss closely following the training loss,
reflecting generalizability to unseen data.

Similarly, the model’s accuracy steadily improved during training, as illustrated
in Figure 2, where validation accuracy peaked at 88.5%, demonstrating the model’s

ability to generalize to the test data.
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Figure 1. Training vs. validation loss.
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3.2. Classification Performance

The model’s classification results are summarized in a confusion matrix (Figure
3), highlighting the following:
e True Positives (TPs): 739 cases of prolonged QT were correctly identified.

e True Negatives (TNs): 147 normal QT cases were accurately classified.
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Figure 2. Training vs. validation accuracy.
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Figure 3. Confusion matrix.
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¢ False Positives (FPs): 58 cases were incorrectly predicted as prolonged QT.
e False Negatives (FNs): 56 prolonged QT cases were missed.

This indicates a high sensitivity (recall of 93.8%) in detecting QT prolongation,
critical for minimizing cardiac risks in ICU patients, while maintaining reasonable

specificity.

3.3. Discriminatory Power

The Receiver Operating Characteristic (ROC) curve (Figure 4) revealed an Area
under the Curve (AUC) of 0.94, indicating excellent model performance in dis-
tinguishing between prolonged and normal QT intervals. This high AUC value con-
firms the model’s robustness in classification, even when faced with overlapping

distributions of input features.

3.4. Precision and Recall Trade-Off

To further evaluate the model’s reliability, a Precision-Recall (PR) curve was gen-
erated (Figure 5). The model maintained high precision across a wide range of recall
values, indicating its ability to make accurate predictions without significantly
compromising sensitivity. The near-perfect precision at higher recall levels high-
lights the model’s suitability for critical clinical applications where false negatives

(missed QT prolongation cases) can have severe consequences.

3.5. Summary of Results

The combined analysis of loss trends, classification metrics, and discrimination

curves demonstrates the model’s strong predictive capabilities. Key observations
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Figure 4. ROC curve.
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Figure 5. Precision-Recall curve.

include:

1) Low Training-Validation Gap: Minimal divergence between training and val-
idation performance underscores the model’s ability to generalize.

2) Balanced Precision and Recall: High precision and recall across thresholds
ensure reliable predictions for both positive (prolonged QT) and negative (normal
QT) cases.

3) Excellent AUC: The AUC of 0.94 reflects the model’s strong discriminatory

power.

4. Clarifications and Justifications

Validation of Synthetic Dataset for Clinical Realism: The synthetic dataset
used in this study was designed to mimic real-world ICU conditions by integrating
key clinical variables, including patient demographics, electrolyte levels (potas-
sium and magnesium), heart rate, and medication profiles. This dataset was de-
veloped based on established ICU data distributions and validated by referencing
prior studies and ICU patient profiles. However, the study acknowledges the lim-
itations of relying solely on synthetic data. While this approach allowed for con-
trolled evaluation and avoidance of data privacy issues, the authors recognize the
need for real-world validation. The absence of real patient data for model training
is identified as a limitation, with future work planned to integrate real ICU datasets
to enhance model generalizability.

Rationale for Network Architecture: The model architecture, comprising two
LSTM layers with 128 and 64 units and a Dense layer of 32 neurons, was selected
to balance model complexity and performance. The two-tiered LSTM structure
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enables effective temporal feature extraction and sequential data analysis, crucial
for handling time-series data such as ECGs. The Dense layer further abstracts key
features, enhancing the model’s ability to distinguish between prolonged and nor-
mal QT intervals. The choice of 128 and 64 units was guided by empirical perfor-
mance during preliminary experiments, though explicit hyperparameter tuning
results are not presented in the main paper. Future iterations will incorporate ab-
lation studies to provide a clearer justification for these architectural decisions.

Comparison with Benchmark Models: The study does not explicitly present
comparisons with benchmark models or alternative architectures. From a prac-
tical standpoint, the inclusion of baseline models (such as logistic regression, ran-
dom forests, or simpler recurrent networks) would provide valuable context for
assessing the performance gains achieved by the LSTM approach. Future work
will focus on incorporating such benchmarks to further validate the superiority of
the proposed architecture.

Temporal Relevance of Features: Temporal dynamics play a significant role in
QT prolongation prediction. Features such as heart rate and medication effects are
time-sensitive, necessitating the use of sequential modelling. The study leverages
LSTM networks precisely for their ability to capture such temporal dependencies,
although an explicit time-series analysis of individual features is not detailed. Addi-
tional visualization of feature importance over time could further elucidate how spe-
cific variables influence predictions, enhancing interpretability for clinicians.

Feature Selection Rationale: Potassium and magnesium levels were selected as
primary features due to their well-documented association with cardiac repolari-
zation and QT interval variability. Electrolyte imbalances are known contributors
to arrhythmias, making them essential predictors in QT prolongation models. Heart
rate and medication profiles were similarly chosen based on clinical evidence link-
ing these factors to QTc variations. This feature selection process reflects the clin-
ical understanding of QT prolongation mechanisms, aligning with established risk
factors in ICU patients.

Model Adaptability across ICU Environments: The adaptability of the model
across different ICU settings remains a concern, given the use of synthetic data. To
address this, the authors propose retraining the model on site-specific ICU datasets
once real-world data becomes available. Transfer learning and domain adaptation
techniques will be explored to fine-tune the model to diverse patient populations
and institutional practices. This iterative approach aims to ensure the model’s ro-

bustness across varying ICU environments.

5. Discussion

This study demonstrates the successful application of a robust LSTM-based deep
learning model for predicting QT prolongation in ICU patients undergoing anti-
psychotic therapy. The model’s high accuracy, precision, and recall underscore its
potential for integration into ICU monitoring systems, enabling real-time risk strat-

ification and decision-making in critical care settings. The model’s performance
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metrics reflect its robustness. The low training-validation gap indicates that the
model generalizes well to unseen data, minimizing the risk of overfitting—a cru-
cial aspect for real-world deployment. The ROC curve, with an AUC of 0.94, high-
lights the model’s strong discriminatory power, confirming its ability to distinguish
prolonged QT intervals from normal ones with high reliability. Furthermore, the
Precision-Recall curve demonstrates the model’s effectiveness in achieving a fine
balance between precision and recall, an essential feature in clinical scenarios
where false negatives (missed QT prolongation cases) could lead to severe cardiac
complications. The confusion matrix provides a deeper insight into the classifica-
tion performance. With high sensitivity (93.8%) and a reasonable level of speci-
ficity, the model is particularly adept at identifying true positive cases of QT pro-
longation. This is critical in ICU settings, where missing a case of QT prolongation
could result in life-threatening arrhythmias [8]. However, the model’s specificity
could be further optimized to reduce false positives, ensuring unnecessary inter-
ventions are minimized. One of the significant strengths of this study is the use of
a synthetic dataset that closely mimics real-world ICU conditions. By incorporat-
ing key clinical features such as potassium and magnesium levels, heart rate, and
medication type, the model captures the multifactorial nature of QT prolongation.
However, the reliance on synthetic data also presents limitations. While the da-
taset ensures controlled variability, its applicability to diverse patient populations
remains untested. Validation on real-world datasets is essential to confirm the
model’s generalizability and clinical utility. From a clinical perspective, this model
offers several implications. First, it supports early identification of patients at risk
of QT prolongation, allowing clinicians to modify antipsychotic regimens or im-
plement preventive measures. Second, the model’s ability to operate in real-time
makes it a valuable addition to ICU monitoring systems, where timely interven-
tions are critical. Lastly, the framework established in this study could be extended
to other high-risk populations or additional cardiac risk factors, broadening its scope
in predictive healthcare. Despite its promising results, this study has some limita-
tions. While the model achieves high performance on synthetic data, its deploy-
ment in clinical practice requires further validation of real-world patient data. Ad-
ditionally, QT prolongation thresholds (e.g. QTc > 450 ms) used in this study may
vary depending on institutional or regional guidelines, necessitating customiza-
tion for local clinical practice.

The proposed LSTM-based model demonstrates strong potential for improving
the management of QT prolongation in ICU patients. By combining advanced
machine learning techniques with clinically relevant features, this study provides
a foundation for developing personalized, data-driven approaches in critical care.
Future work should focus on real-world validation and integration into ICU work-

flows, ensuring widespread clinical adoption and impact.

6. Conclusions

This study highlights the successful implementation of a robust LSTM-based deep
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learning model for predicting QT prolongation in ICU patients undergoing anti-
psychotic therapy. By leveraging clinically relevant features such as patient de-
mographics, electrolyte levels, heart rate, and medication types, the model demon-
strated excellent performance with high accuracy, precision, recall, and a strong
AUC of 0.94. These results emphasize the potential of deep learning techniques in
addressing critical cardiac risks in high-acuity settings. The model’s ability to gen-
eralize effectively, as evidenced by the minimal training-validation performance gap,
underscores its applicability to real-world scenarios. Furthermore, the balanced pre-
cision and recall values highlight its reliability in minimizing both false negatives,
which could lead to missed cardiac risks, and false positives, which could cause
unnecessary interventions. While the results on synthetic data are promising, real-
world validation remains an essential next step to ensure the model’s applicability
across diverse ICU populations. Its integration into ICU monitoring systems could
provide clinicians with a powerful tool for real-time risk stratification and person-
alized decision-making, potentially improving patient outcomes and safety [9]-[11].

In conclusion, this study demonstrates the feasibility of employing advanced ma-
chine learning techniques to predict QT prolongation, offering a foundation for
future innovations in critical care. With further refinement and validation, this ap-
proach has the potential to transform the management of cardiac risks, paving the

way for more personalized and proactive healthcare delivery.
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