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ABSTRACT

In invasive cardiology, real-time hemodynamics and electrophysiology are very important for the accuracy of procedures
as well as patient outcomes. Hemodynamic monitoring measures heart parameters like the intracardiac pressures, the
amount of blood pumped, and the resistance in blood vessels using arterial lines and Swan-Ganz catheters. At the same time,
electrophysiology maps the heart’s electrical signals with multi-electrode catheters and 3D electroanatomic mapping systems.
With these measurements, you can get feedback right away in treatments like percutaneous coronary intervention and catheter
ablation. Still, problems such as signal noise, data overload, as well as delays in interpreting these parameters reduce their
effectiveness. Issues with catheter positioning and transducer calibration further impact accuracy. To deal with this, newer
systems now use Al-based hemodynamic indices and high-density mapping to sharpen signal clarity and quicken analysis. They
also improve real-time data display and analytics. This means that integrating real-time hemodynamics and electrophysiology
helps with precise planning, treatment, and recovery, hence boosting clinical decision-making.

Keywords: Hemodynamic Monitoring, Electrophysiological Mapping, Invasive Cardiology, Cardiac Output, Electroanatomic
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1. Introduction Mixing live pressure data with electrical snapshots guides
treatments like artery stenting or rhythm-zapping ablations.
Measurements like FFR and iFR spot blood flow trouble zones
accurately’. On-the-spot imaging tools—Ilike heart ultrasounds
(ICE) and light-based scans (OCT)—add detailed structure pics

to the mix®. Blending numbers together sharpens procedure plans

Today’s invasive cardiology leans hard on live heart pressure
and electrical data. Doctors use this information to steer treatments
in real time. Hemodynamic monitoring tracks heart chamber
pressures, blood flow rates, and blood vessel resistance'. Tools

like Swan-Ganz catheters and artery lines feed precise pressure
readings as well as fluid levels. Transducers are calibrated to
ISO 60601-2-30 specs to keep numbers trustworthy”. This live
feedback helps docs make split-second calls.

Electrophysiological mapping charts the heart’s electrical
waves using catheters packed with sensors and 3D mapping tech.
These systems catch activity, pinpointing problem areas causing
irregular rhythms®. Force-sensitive catheters press slightly
against tissue, while impedance checks sort healthy spots from
scarred ones. Signal clarity? IEC 60601-2-25 makes sure of that.

and lets doctors adjust on the fly mid-surgery. Clear data displays
help teams spot false signals and cut through the noise®’.

Literature Review

Live heart monitoring is a hot topic in research. Early studies
proved that tracking pressures helps manage heart failure patients
with implanted sensors'. Later work zeroed in on nailing down
blood pressure device accuracy for cuff-based checks?.

Meanwhile, heart rhythm mapping exposed how heart
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failure reshapes atrial tissue, changing how docs tackle irregular
beats®. Tools like FFR and iFR upped the game in spotting
clogged arteries needing fixes*. Scopes that peek inside blood
vessels (ithink ICE and OCT) now deliver crystal-clear views of
blockages during procedures®.

Digital health has let teams stream live stats and crunch
numbers on the spot®. Recent trials even use heart pumps to
steady patients during risky rhythm mapping’. But it’s not simply
smooth sailing—delays in data flow can muddy the waters for
quick decisions®.

Combinign electrical maps with structure scans gives a fuller
picture of heart trouble spots®'’. New tricks to filter out machine
noise keep signals clean, even in busy ORs". Guiding surgery
with live pressure cuts post-op risks in heart cases'’. Fingertip
light sensors now add extra clues to fine-tune pressure readings'?.

Standardized imaging formats (DICOM) let teams pull scans
from any machine into one system'¢. Accurate rhythm maps are
even shaping next-gen heart meds in lab tests's.

Problem Statement

Real-time hemodynamics and electrophysiology face many
hurdles in invasive cardiology. These systems can collect huge
amounts of data and need fast, accurate analysis. Such challenges
stand in the way of better care and efficient procedures.

DATA ACQUISITION

(HIGH-DENSITY MAPPING)

¢ SIGNAL ARTIFACT CALCULATION LATENCY »

INTEGRATION GAP

LIMITED MULTIMODAL
DATA

Figure 1. Real-Time Challenges in Invasive Cardiology
Data Overload and Cognitive Fatigue

High-density mapping produces more than 10,000 data
points during a single procedure. Operators must make sense of
these signals as they happen. This task puts a heavy burden on
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the brain. The human mind finds it hard to quickly process so
much data’.

Because of this, operators become mentally tired. This
fatigue can lead to mistakes. The overload slows down decisions
and may cause critical changes in electrical and hemodynamic
signals to be missed. As a result, operators have trouble picking
out useful information from the noise, making it hard to diagnose
and treat correctly®.

Signal Artifact Contamination

Electromagnetic interference from nearby equipment often
messes with the signals. Unipolar recordings suffer from this
external noise. Poor contact between the catheter and tissue
makes the baseline noise even worse. The artifacts that result
can distort the true electrical signals, making it hard to identify
the right substrate'.

Clinicians then find it difficult to single out real arrhythmic
triggers. The increased noise lowers the clarity of the mapping
and challenges the trustworthiness of the electrophysiological
data. Signal contamination, therefore, weakens the accuracy of
real-time monitoring and may lead to wrong clinical conclusions?.

Latency in Hemodynamic Parameter Calculation

Methods like thermodilution for calculating cardiac output
take time. Operators must wait for manual readings. Variations
in pullback speeds during FFR measurements also add delays.
These differences lead to unreliable pressure gradients®.

The delay in receiving hemodynamic data slows down
the adjustments needed during interventions. This lag hinders
quick decisions at critical moments. It may cause devices to
be positioned less optimally or delay responses to unstable
hemodynamic conditions. Overall, the wait in calculating
parameters disrupts the flow of the procedure and affects patient
outcomes™®.

Limited Integration of Multimodal Data

Data from hemodynamic monitors and electrophysiology
systems are kept on different platforms. This separation stops a
synchronized analysis. For instance, OCT-derived plaque details
rarely connect with voltage data from electroanatomic mapping’.

This lack of merging creates isolated data pools. Such silos
limit the operator’s ability to link structural and functional
information, restricting a full view needed for accurate
interventions. When multimodal data cannot be combined, it
hinders the formation of a complete diagnostic picture'’.

Thus, the capacity to make timely and informed clinical
decisions is reduced. Figure 1 shows that the process starts with
data collected from high-density mapping systems. The large
volume of information creates overload, which then leads to two
issues: signal artifact contamination and delays in hemodynamic
calculations*!’.

Artifacts come from electromagnetic interference and poor
catheter contact, while latency arises from manual measurements
and inconsistent FFR pullbacks. Both problems lead to a gap
in integration, where merging various data types becomes a
major challenge. In the end, this gap results in poor integration
of essential clinical data, making it difficult to perform the
comprehensive analysis required for effective interventions.
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Proposed Solution
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I propose a unified, Al-powered, adaptive, closed-loop monitoring system that brings together multiple data streams to improve
the processing of real-time hemodynamic and electrophysiological signals. This system is designed to enhance interventions in

invasive cardiology.
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Figure 2. Integrated Real-Time Hemodynamic and Electrophysiological Monitoring Solution Flowchart

Figure 2 shows that our solution starts by collecting raw
hemodynamic and electrophysiological signals. These signals
are initially handled by Al-driven analytics that calculate key
parameters and quickly spot any instabilities. Following this,
catheters with adaptive noise-filtering technology clean up the
signals by removing unwanted artifacts'".

The improved data then enters a closed-loop feedback system
that computes FFR and iFR values instantly, synchronized with
imaging tools. All the processed information is combined on a
single multimodal platform that overlays anatomical maps with
electrical data. Finally, predictive arrhythmia modeling simulates
how tissue behaves to forecast ideal targets for ablation, offering
insights for decisions during procedures’.

AI-Driven Hemodynamic Analytics

Our proposed system suggests using ML to analyze
waveforms from pulmonary artery catheters. Convolutional
neural networks, for example, study pressure signals. This
setup automatically calculates the cardiac index, flagging any
hemodynamic instability based on set thresholds from the ESC
Hemodynamic Monitoring Guidelines'?.

The Al learns from datasets and then adjusts to each patient’s
unique profile. It can detect changes quite easily in intracardiac
pressures and trend outputs. When the cardiac index drops below
safe levels, real-time alerts are generated, giving clinicians rapid
feedback. The algorithm combines time-based patterns with
spatial information from sensor arrays. This process cuts down
manual errors and speeds up the evaluation of key parameters.
Moreover, it supports the ecarly detection of hemodynamic
problems and helps in risk stratification for unstable patients'>'*.

Adaptive Noise-Filtering Catheters

I recommend building hardware-based bandpass filters
directly into the design of our electrophysiology catheters.
These devices use adaptive signal processing to block out 50/60
Hz interference and reduce baseline drift, that can hide the true
signal.

The adaptive filters will change to match the dynamic
conditions at the catheter-tissue interface, improving the signal-
to-noise ratio. The cleaned outputs provide clear unipolar
and bipolar signals, which is vital for mapping difficult
arrhythmogenic substrates.

Hardware filters work hand in hand with software algorithms
that refine data. Getting rid of artifacts, the system improves

electrogram interpretation, leading to better detection of
conduction abnormalities.

Closed-Loop Hemodynamic Feedback Systems

Our recommended design includes closed-loop feedback
for hemodynamic monitoring. We use MEMS-based pressure
sensors to measure pressure gradients in real time. This system
computes fractional flow reserve (FFR) and instantaneous wave-
free ratio (iFR) on the fly, with data synchronized through the
DICOM 3.0 standard with fluoroscopy imaging'.

This synchronization reduces delays to less than 200
milliseconds, enabling operators to adjust interventions
immediately. The sensors deliver precise pressure data that
guide device placement and therapy changes.

The closed-loop design continuously updates the
hemodynamic parameters, ensuring any deviation from target
values is caught without delay. This rapid feedback supports
quick clinical responses to hemodynamic instability, minimizes
manual recalibration, and maintains steady performance
throughout the procedure.

Unified Multimodal Data Platforms

We build integrated software platforms that merge different
data streams into one system. For example, platforms like
Philips EPIQ CVx can overlay OCT images on CARTO 3
electroanatomic mapping data. Using rigid-body registration
algorithms, spatial alignment is achieved between anatomical
and electrical data. This integration blends structural details with
electrical activity maps™”’.

The unified system allows for simultaneous viewing of
plaque morphology alongside voltage distribution, offering a
complete view of the heart’s condition during interventions.
It standardizes data formats and keeps updates in sync across
various modalities. Customizable dashboards display essential
parameters in real time.

Predictive Arrhythmia Modeling

We apply finite element analysis to mimic how electrical
wavefronts move through scarred heart tissue. The system trains
predictive models using past data from the CARTO-Finder
Database. It simulates electrical conduction in varied tissue and
spots potential targets for ablation by predicting areas with slow
wavefront movement and delayed conduction.

These models create risk maps that highlight zones prone to
arrhythmias. Predictive modeling helps plan ablation strategies
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by forecasting possible recurrences and assessing how tissue
might respond to different interventions. When simulation data
is combined with real-time mapping, the models offer actionable
insights during the procedure.

This method supports proactive arrhythmia management,
reduces procedural failures, and provides a data-driven
framework to improve treatment strategies in complex cases's.

Analysis and Recommendations

Bringing together AI analytics, adaptive noise-filtering
catheters, closed-loop feedback, unified data platforms, and
predictive arrhythmia modeling offers many benefits. Our
system cuts down on data overload and eases the mental strain
on clinicians. It also clears up signal noise and lessens the effects
of electromagnetic interference.

In addition, real-time calculations and synchronization
shorten delays during crucial interventions. The unified platform
blends different data streams smoothly, while predictive
modeling helps pinpoint arrhythmogenic areas with greater
accuracy.

These enhancements can change invasive cardiology. Faster
data processing leads to quicker decisions. Better signal quality
boosts procedural accuracy, and rapid hemodynamic feedback
ensures timely adjustments. The merged multimodal data gives a
complete picture of the patient’s condition. Predictive modeling
further supports targeted therapy and improves ablation
strategies. Together, these factors improve patient outcomes and
lower the risk of complications.

Based on our analysis, we recommend the following steps:
1. Invest in Al Infrastructure:

. Develop and deploy machine learning models.

. Use convolutional neural networks to analyze
hemodynamic data.

. Automate critical parameter calculations.
2. Upgrade Catheter Technology:

. Incorporate adaptive noise-filtering mechanisms.
*  Integrate hardware-based bandpass filters.
*  Enhance signal processing to reduce interference.
3. Implement Closed-Loop Feedback Systems:
. Utilize MEMS-based pressure sensors for real-time
monitoring.

. Synchronize sensor data with imaging modalities
using DICOM standards.

*  Reduce latency to under 200 milliseconds.
4. Develop Unified Multimodal Platforms:

*+  Merge OCT imaging with electroanatomic mapping
systems.

*  Apply rigid-body
alignment.

registration for spatial data

. Ensure seamless integration of all monitoring data.
5. Adopt Predictive Modeling:

. Use finite element analysis for simulating cardiac
wavefronts.

. Train models on retrospective clinical data.
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. Predict arrhythmogenic zones to guide ablation
therapy.

Conclusion

Modern invasive cardiology requires accurate, real-time
monitoring of both hemodynamic and electrophysiological data.
Our integrated solution meets this need by uniting advanced
Al, adaptive hardware, and merged multimodal data. Machine
learning algorithms process PAC waveforms and automatically
calculate cardiac indices, while adaptive noise-filtering catheters
keep signals clear. Closed-loop feedback systems offer fast, real-
time data sync, and unified platforms combine imaging with
mapping data. Additionally, predictive arrhythmia modeling
provides useful insights for effective ablation therapy.

This combined approach cuts down data overload and
reduces operator fatigue. It improves signal clarity and speeds
up the calculation of key parameters. By merging different data
streams, the system gives a full view of the patient’s cardiac
state, which boosts clinical decision-making and accuracy. As a
result, patient safety and outcomes improve.

The proposed system also supports proactive treatment
by forecasting arrhythmogenic regions. It gives clinicians the
precise tools needed for accurate targeting during ablation
therapies. With these innovations, invasive cardiology can move
toward practices that are more efficient, effective, and safer.
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