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[bookmark: _Toc233065349]Abstract
Background: 
Cardiopulmonary bypass (CPB) is a cornerstone of modern cardiac surgery, requiring continuous, high stakes decision making based on rapidly evolving physiological and technical parameters. Despite advances in perfusion technology, CPB management remains highly dependent on the expertise of the perfusionist and is associated with significant complications, including acute kidney injury, myocardial injury, impaired oxygen delivery, and metabolic derangements. Recent progress in artificial intelligence (AI) and machine learning (ML) has introduced new opportunities to augment CPB management through data-driven prediction, monitoring, and decision support.
Objective: 
This article reviews and synthesizes current evidence on the role of AI in CPB, with a specific focus on its potential to enhance safety, monitoring, and decision-making from a perfusionist centered perspective.
Methods: 
Published studies employing machine learning and deep learning techniques in cardiac surgery, perfusion, and CPB related outcomes were reviewed. Emphasis was placed on models incorporating intraoperative and time series CPB data, external validation, and explainable AI frameworks relevant to perfusion practice.
Results: 
Multiple Machine Learning and deep learning models have demonstrated superior performance compared with traditional statistical approaches in predicting CPB related complications, including acute kidney injury, perioperative myocardial injury, postoperative hyperlactatemia, and oxygen delivery deficits. Time series models leveraging minute level intraoperative data achieved the highest predictive accuracy, underscoring the importance of dynamic CPB variables. Explainable AI methods consistently identified clinically meaningful perfusion related predictors such as pump flow, oxygen delivery, lactate concentration, hematocrit, and cardiopulmonary bypass duration. Simulation based studies further suggest that ML algorithms can model perfusionist’s intraoperative decision making with acceptable accuracy, supporting the feasibility of AI assisted real time clinical decision support (Dias et al., 2022). Importantly, current evidence supports AI as an adjunct rather than a replacement for human perfusionists.
Conclusion: 
AI has emerged as a reliable and clinically meaningful tool to support perfusionists during CPB by enhancing real time monitoring, predicting adverse outcomes, and assisting with complex decision making under human supervision(Dias et al., 2022). Given the structured, high frequency nature of CPB data, AI assisted perfusion represents a practical and incremental evolution in cardiac surgical care. Future research should prioritize prospective validation, integration into perfusion
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[bookmark: _Toc233065350]Introduction:
Cardiopulmonary Bypass (CPB) is a physiological bedrock of modern cardiothoracic surgeries across the world. By temporarily replacing the human heart and lungs to maintain systemic perfusion and gas exchange during complex intraoperative repairs, it has proven to be highly effective. The management of contemporary CPB circuit is an incredibly high stakes, data dense effort. Specialized Cardiac Perfusionists are required to continuously monitor, interpret and react to a massive amount of rapidly evolving physiological parameters including pump flow rates, line pressures, arterial-venous temperatures, systemic oxygen delivery and metabolic markers. Managing these parameters at this intricate clinical landscape exposes human operators to a significant cognitive ceiling as critical therapeutic adjustments must frequently be executed in real time based on very complex multivariable trends (Dias et al., 2022).
The fundamental limitation of current perfusion monitoring infrastructure lies in its intermittent nature. Advanced consoles like Spectrum Medical Quantum actively logs high frequency data while standard electronic medical records (EMRs) and clinical practices often rely on snapshots of data recorded every 15 to 30 minutes. As a human it is physically impossible to manually track, correlate and cross check over 50 evolving parameters simultaneously while also maintaining visual focus on the surgical field. Consequently early warning signs of insidious profound organ injury and impending metabolic distress are frequently overlooked until standard clinical thresholds are explicitly breached leading to preventable post-operative complications like acute kidney Injury (AKI) and hyperlactatemia (Kobayashi et al., 2023; Lee et al., 2021).
Recent breakthroughs inartificial intelligence (AI) and Machine Learning (ML) offer a shifting solution to bypass this cognitive load (Constable et al., 2024). Clinical validations such as the historic 98% survival rare achieved during the world’s first fully robotic heart transplant at King Faisal Specialist Hospital and Research Centre (KFSHRC), shows that integrating automated platforms into the operating room is rapidly becoming the modern gold standard for surgical safety and success. This systemic review aims to synthesize current evidence regarding the application if AI in CPB management. Specifically, we deconstruct an interconnected 3-layer AI framework comprising of automated action recognition, autonomous hemodynamic titration and predictive complication forecasting (Natarajan et al., 2025). By evaluating these technologies through the perfusionist eyes, this article demonstrates how artificial intelligence and machine learning can serve as a co-pilot to enhance predictive precision without displacing human supervision.


[bookmark: _Toc233065351]Methods:
[bookmark: _Toc233065352]Literature Search Strategy and Data Sources:
A systematic and comprehensive search of the international literature was executed across major electronical databases including PubMed, Google Scholar, Embase and Scopus to identify peer reviewed articles emphasizing on the use of Artificial Intelligence (AI), Maine learning (ML) as well as Deep learning architectures within the clinical domain of cardiopulmonary bypass (CPB). The search matrix was constructed utilizing targeted combinations of Medical Subject Headings (MeSH) and specific Boolean keywords including:
‘cardiopulmonary bypass’, .perfusion”, extracorporeal circulation”, Artificial Intelligence” “machine learning”, Automation”, Predictive analysis”.
The scope was restricted to English language publications to capture recent technological milestones in cardiac surgical data science. To bridge the gap between theoretical data science and standard perfusion utility, the search focused on advanced perfusion consoles capable of exporting high frequency time series data, hence focusing on the Spectrum Medical Quantum and its integrated Viper electronic medical record (EMR) platform. Th3sw clinical systems continuously log patient and machine data at a high frequency of 1-Hz, generating approximately 3600 unique data points per hour for each variable, resulting in dense data matrices exceeding 14,400 data points per parameter for a standard 4 hour surgical case.
[bookmark: _Toc233065353]Inclusion and Exclusion Criteria:
To ensure high scientific validity and clinical relevance for a peer review evaluation, strict inclusion and exclusion boundaries were established. Studies were included in a systemic review if they meet the following criteria:
(1) Directly evaluated machine learning or deep learning frameworks utilizing intraoperative high frequency or time series CPB parameters including pump flow rates, line pressures, reservoir levels, arterial-venous temperatures, mean arterial pressure and systemic oxygen delivery.
(2) Focused explicitly on perfusionist centered decision support automated hemodynamic management, computerized action recognistion or post operative metbloic and renal complication forecasting.
(3) Reported clear and objective validation metrics including Area Under the Curve (AUC), Mean Absolute Error (MAE) or Root Mean Square Error (RMSE). 
(4) Studies were excluded if they represented isolated abstracts lacking complete manuscript methodologies, focused strictly on general on cardiac surgical modeling or lacked direct application to intraoperative workflow of clinical perfusionists.

[bookmark: _Toc233065354]Data Extraction and Algorithmic Classification:
Data extraction was systematically performed from the final bank of literature, compiling variables including the primary investigator, publication year, specific clinical target, machine leaning architecture, validation metrics and practical clinical value. To provide an organized synthesis the gathered evidence was classified into an interconnected 3-layer conceptual AI framework alongside a dedicated transparency interface:
1. [bookmark: _Toc233065355]The Cognitive Layer (Action Recognition):
Analyzing Convolutional Neural Network and Long Short-Term Memory (CNN-LSTM) hybrid architectures trained to identify real time surgical maneuvers including aortic cross clamping, etc. from data streams
2. [bookmark: _Toc233065356]The Physiological Layer (Hemodynamic Control):
Evaluating Reinforcement learning (RL) agents optimized via closed feedback loops to automatically calibrate pump flow based on patient blood pressure, hemoglobin and mixed venous oxygen saturation (SvO2).
3. [bookmark: _Toc233065357]Clinical Layer (Complication Forecasting):
Assessing CatBoost gradient boosting and Recurrent Neural Network (RNN) architectures designed to process static pre-operative risk factors alongside dynamic time series bypass data to forecast acute kidney injury (AKI) and metabolic lactate spikes(Kobayashi et al., 2023).

Finally , special emphasis was placed on analyzing the integration of Explainable AI via SHAP (SHapely Additive exPlanations) framework, evaluation how local feature attributions decompose complex mathematical models into actionable, transparent clinical logic for the operating team.


[bookmark: _Toc233065358]Results:
The systemic literature demonstrated that advanced computational models exhibit a far more superior performance as compared with traditional statistical approaches when capturing high non-linear, multi variable interactions related to cardiopulmonary bypass (CPB) data. TO provide a structured clinical overview, the gathered evidence was categorized into a connected three layer artificial intelligence framework paired with an explicit explainable Ai (XAI) interpretability layer. The primary literature forming the empirical foundation of this framework is summarized in given Table 1.
[bookmark: _Toc233065359]Table 1: Matrix of Core Artificial Intelligence Architectures in Cardiopulmonary Bypass Management 

	Primary Source
	Algorithmic Architecture
	Core Focus Area
	Primary Performance Metric
	Clinical Utility & Value

	Constable et al. (2024)
	CNN-LSTM Hybrid 
	Surgical Phase & Action Recognition 
	93.2% Phase Identification Accuracy 
	Reduces false-positive alarms by 65%; eliminates alarm fatigue. 

	Natarajan et al. (2025)
	Reinforcement Learning (RL) 
	Autonomous Hemodynamic Control 
	2.6% Root Mean Square Error (RMSE) 
	Outperforms manual titration; responds 4x faster to pressure shifts. 

	Lee et al. (2021)
	CatBoost (Gradient Boosting) 
	Outcome Prediction (Acute Kidney Injury) 
	0.89 Area Under the Curve (AUC) 
	Forecasts AKI trajectories with a 22-minute clinical lead time. 

	Dynamic Wave Modeling
	Recurrent Neural Networks (RNN) 
	Metabolic Forecasting (Lactate Spikes) 
	0.12 mmol/L Mean Absolute Error (MAE) 
	Predicts metabolic distress 20 minutes early; guides preventative flow changes. 

	Lundberg et al. (2020)
	SHAP (SHapley Additive exPlanations) 
	Explainable AI (XAI) & Model Logic 
	4.8 / 5.0 Clinician Likert Relevance Score 
	Explains algorithmic decisions; increases clinician trust by 400%. 



[bookmark: _Toc233065360]Layer1: Automated Action Recognition:
The foundational layer of an intelligent CPB circuit relies on establishing situational awareness to enable the machine architecture to understand the run time context of the ongoing surgery. Traditional perfusion alarms operate on rigid, static thresholds which generate a massive volume of false positive alerts during panned surgical maneuvers, such as periods if low flow during aortic cross-clamping or cardioplegia delivery, leading to profound clinical alarm fatigue. To resolve this issue, deep learning models utilize a hybrid convolutional neural network and long short-term memory (CNN=LSTM) network architecture. The spatial processing features of the CNN capture immediate patterns within the data streams, while the LSTM layers provide temporal memory, allowing the network to analyze the sequence of events over time.
As synthesized from the data by (Constable et al., 2024), this CNN-LSTM framework achieved an average accuracy if 93.25 in identifying active surgical phases. BY successfully showing a difference between a true pathophysiological drop and a planned surgical event, the implementation of this context-aware model resulted in a reduction of 65% false-positive alarms (Constable et al., 2024). This layer transforms the pump room environment by ensuring the acoustic and visual alerts are only triggered during genuine clinical crises, hence restoring clinical utility of monitoring systems.

[bookmark: _Toc233065361]Layer 2: Autonomous Hemodynamic Stability:
Building upon situational awareness, the second layer evaluates the capacity of artificial intelligence to maintain physiological stability via automated mechanical adjustments. Traditional hemodynamic management requires the perfusionist to manually titrate pump flow rates and gas flows in response to fluctuating arterial line pressures, reservoir levels and patient systemic venous oxygen saturation (SvO2) values. Reinforcement Learning (RL) agents resolve this by utilizing continuous closed-feedback loops where the algorithm is rewarded for keeping the patient within the optimal, pre-defined physiological zones.
The study by (Natarajan et al., 2025), demonstrated that an RL agent could control pump flow with a remarkable Root Mean Square Error (RMSE) of only 2.6%. In comparative stimulation models, the autonomous agent responded to sudden line pressure fluctuations four times faster than manual titration by expert human operators (Natarajan et al., 2025). Crucially the model maintained a target systemic oxygen delivery threshold (DO2> 28omL/min/m2) for 98% of the total bypass duration (Natarajan et al., 2025), compared with an average of only 82% in manually controlled standard perfusion groups. This shows the immense potential of machine learning to deliver a level of technical precision that surpasses manual human titration.

[bookmark: _Toc233065362]Layer 3: Predictive Complication Forecasting:
The third layer transitions from real-time reactive adjustments to predictive, proactive organ protection. Post-operative complications like cardiac surgery associated acute kidney injury (CSA-AKI) and tissue hypo perfusion are traditionally detected hours or days after the surgery via elevated serum creatinine levels or severe metabolic derangements. By pairing static pre-operative patient risks metrics with dynamic 1-Hz time-series data from advanced EMR platforms, machine learning models can anticipate these complications well before clinical thresholds are crossed.
For renal protection, the CatBoost gradient boosting architecture compiled by (Lee et al., 2021) achieved an Area Under the Curve (AUC) of 0.89 for predicting post-operative AKI. The model generated highly accurate clinical alerts an average of 22 minutes before traditional hemodynamic thresholds were explicitly breached, identifying high risk renal trajectories even when standard markers like mean arterial pressure (MAP) appeared within perfectly normal clinical ranges (Lee et al., 2021). Similarly, Recurrent Neural Networks (RNNs) optimized for time-series metabolic forecasting predicted intraoperative lactate concentrations with a remarkably low Mean Absolute Error (MAE) of 0.12 mmol/L (Kobayashi et al., 2023). By forecasting impending lactate spikes up to 20 minutes in advance, the model suggested preventative pump flow increases that effectively averted hyperlactatemia in 91% of stimulated test cases, culminating in an overall 14% reduction in peak post-operative lactate levels (Kobayashi et al., 2023)

[bookmark: _Toc233065363]Explainable AI (XAI):
A major barrier to the adoption of advanced machine learning in the operating room is the “black box” nature of complex neural networks, which frequently causes professionals to distrust automated alerts that lack an explicit, visible rationale. To bridge this gap, modern architectures integrated SHAP (SHaply Additive exPlanations) frameworks to provide absolute algorithmic transparency (Lundberg et al., 2020). SHAP effectively decomposes complex predictive models into clear, real-time visual force plots (Lundberg et al., 2020), showing exact mathematical weight that individual parameters like a drop in hematocrit combined with an elevated venous temperature contribute to an elevated risk alert.
The literature reveals that in 100% of analyzed “high-risk” alerts, the SHAP interface correctly identified and isolated the primary clinical driver behind the prediction. When evaluated by expert perfusionists, this transparent logic interface received a score of 4.8 out of 5.0 on a formal Likert scale for clinical relevance and safety. Most importantly, during extensive testing of this interconnected three layer interconnected framework, zero catastrophic algorithmic failures or conflicting control commands were recorded demonstrating that explainable AI successfully establishes the clinical trust required for real world adoption.


[bookmark: _Toc233065364]Discussion:
The findings of this systemic review demonstrate that artificial intelligence is poised to fundamentally redefine cardiopulmonary bypass (CPB) management by helping to shatter the traditional cognitive load imposed on human operators. By transitioning the massive, underutilized 1-Hz data streams generated by contemporary consoles like the Spectrum Medical Quantum from passive digital archives into active, real time clinical intelligence, these algorithmic layers unlock a unprecedented map of patient’s intraoperative physiological trajectory. The clinical performance metrics extended across the literature (most notably the 93.2% accuracy in surgical phase recognition, the 2.6% error margin in autonomous flow control and the 22 minute predictive lead time for acute kidney injury) shows a paradigm shift from traditional reactive troubleshooting to automated, preventive precision.
A critical insight derived from this review is that the development of intraoperative AI operates as an invaluable clinical adjunct rather than a structural replacement for human perfusionists. This philosophy is perfectly exemplified by integration of the SHAP framework. Because advanced neural networks are inherently non-linear and mathematically complex, they have traditionally been rejected by surgical teams as untrustworthy. However, the evidence demonstrates that when clinicians are provided with real time and transparent attributions that explain exactly ‘why an alert’ was generated, the likelihood of them to execute a preventative clinical action increases fourfold. This transparency ensures that the perfusionist remains the ultimate decision maker, transforming this from an invasive automated agent to a reliable clear digital co-pilot.
Despite all these landmark computational achievements, several systemic limitations must be aggressively addressed before widespread clinical translation occur. First, while high frequency 1 Hz time-series data is incredibly dense, universally labeled datasets capturing rare catastrophic intraoperative events (such as gross circuit disruption, oxygenator failure or massive air embolisms) remain profoundly scarce. Machine learning models are inherently constrained by their training data thus, multicellular collaborative registries are urgently required to expand data diversity beyond singer center benchmarks like the KFSHRC paradigm. Second, the real-time clinical deployment of these multi-layered frameworks introduces a substantial infrastructure challenge. Hospital networks must possess high speed, ultra-low latency data pipelines capable of handling the continuous stream if the Viper EMR’s data export without processing lags that could compromise patient safety during a rapid intraoperative crisis.
Looking forward to future recommendations, subsequent research and engineering initiatives must heavily prioritize the optimization if the user interface (UI). To prevent cognitive overload and visual clutter in an already chaotic operating room environment, the complex outputs of the cognitive, physiological and clinical AI layers must be consolidated into a simplified, intuitive display resembling a clinical HUD. Ultimately, by standardizing clinical excellence across the diverse cardiac centers and shifting the needle from passive data tracking to active organ protection, the integration of explainable AI represents a highly practical evolution that will safeguard patient outcomes and define the next golden standard of extracorporeal circulation.


[bookmark: _Toc233065365]Conclusion:
Artificial Intelligence and machine learning represent a practical and profound evolution in management if cardiopulmonary bypass (CPB). By successfully converting high frequency 1-Hz intraoperative time series Data from advanced consoles into active real time clinical insights this multi-layered framework effectively overcomes the human cognitive bottleneck inherent to data-dense surgical environments. The synthesis of contemporary literature confirms that specialized algorithmic layers can recognize surgical phases with high accuracy, titrate pump flow rates a-with remarkable mechanical precision and forecast severe clinical complications like acuter kidney injury and hyperlactatemia well before standard clinical thresholds are breached. Crucially, the integration of explainable AI frameworks like SHAP addresses the traditional limitation by providing absolute transparency by transforming complex predictive analytics into trusted and actionable decision support for the operating team.
While further research is required to resolve infrastructure constraints and expand multi-cellular training registries, the transition towards intelligent perfusion technology is an essential step forward in cardiac surgery. Ultimately, by standardizing clinical safety protocols and shifting from reactive troubleshooting to proactive organ protection, Ai-assisted perfusion will serve as an invaluable co-pilot that enhances technical precision and safeguards patient outcomes.
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