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Abstract

:

Featured Application


This work specifically applies to the development and validation of a cardiac simulation model that will facilitate the understanding of and mitigate tricuspid regurgitation (TR). The model employs diagnostic tools and a computational analysis to identify the medical conditions under which TR occurs and assesses the efficacy of potential interventions, notably the Pivot-TR device, in restoring normal heart valve function.




Abstract


Tricuspid regurgitation (TR) resulting from valve abnormalities necessitates precise diagnostic tools and interventions. We employed a simulated heart movement device to examine the performance of heart valve functions and analyzed internal pressure changes to provide a quantitative guide for TR treatment. We developed a simulator capable of replicating the flow profile, mimicking natural heart movements, with sensors installed for measuring internal pressure changes. We conducted an ex vivo experiment on a porcine heart to assess tricuspid valve functionality. An endoscope was installed, with a sensor and endoscopic images to detect abnormalities. TR became evident when the heart rate spectrum exceeded an average of 85.2 bpm (standard deviation, 1.3 bpm) and showed an amplitude higher than an average of 12.3 mmHg (standard deviation, 3.2 mmHg). This critical threshold consistently indicated TR onset. The application of the Pivot-TR attenuated this specific spectral area. We confirmed TR disappearance by reducing the intensity of the Tricuspid Regurgitation Generator or employing the Pivot-TR. The Pivot-TR’s ability to attenuate specific spectral areas associated with TR onset and its effectiveness in restoring normal heart functionality has implications for managing and treating TR, particularly that resulting from age-related structural changes in the heart.
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1. Introduction


Recently, tricuspid regurgitation (TR) has become increasingly prevalent among patients over the age of 75, significantly impacting their quality of life [1]. Particularly, TR during this period often progresses to a severe stage with a very poor prognosis. With human life expectancy now extending beyond 80 years, this represents a significant issue. Surgical approaches to addressing this, compared to mitral or aortic surgery, are associated with higher postoperative mortality rates, necessitating a non-surgical approach [2,3]. Therefore, this study aims to suppress TR through non-surgical means and approach the phenomenon of TR from a signal analysis perspective.



From a biomechanics standpoint, the tricuspid valve (TV) displays anisotropic elasticity. Its elasticity is lower in the forward flow direction but higher in the reverse. As the heart undergoes age-related structural changes, there is a drop in its forward elasticity and a rise in the reverse elasticity. This shift hinders the heart from effectively preventing retrograde flow, resulting in a dysfunctional valve. Moreover, arteriosclerosis shows that blood vessel fluid resistance escalation obstructs blood egress from the heart. Consequently, there is blood buildup, enlarging the heart’s volume. These compounded issues strain the valve, causing heart and valve malfunctions, such as TR [4,5].



TR arises due to structural abnormalities of the TV. The causes can include valve leaflet prolapses, TV annular dilation, or ruptures in the chordae tendineae. The extent of TR’s severity is gauged based on the regurgitation magnitude and its effects on a patient’s hemodynamics. Diagnosis and assessment tools include echocardiography, cardiac catheterization, and Doppler ultrasound [6,7,8].



Prior to this study, we had developed a membrane-based structure to manage TR and successfully tested its effectiveness in controlling TR in in vivo porcine hearts [9]. We named this structure the Pivot-TR device (TAU MEDICAL Inc., Yangsan, Republic of Korea). A simulator was needed to mimic the heart’s structure mechanically for a quantitative performance evaluation of this device and its aging tests. This paper encompasses the development of this simulator and methods to evaluate the performance of the tricuspid-valve assistive structure device (Pivot-TR) by atrial-pressure–time data and STFT, along with its limitations and potential improvements.



During the development of Pivot-TR, it became evident that indirect imaging methods, like magnetic resonance imaging (MRI) and ultrasound, have limitations in capturing the biomechanical behavior of the Pivot-TR. This realization necessitated optical imaging methods like endoscopy [10]. Thus, this study needed to begin and create a test bench suitable for experiments in ex vivo conditions. This test bench should be able to provide an environment in which atrial pressure and heart rate can be tested as control variables [11].



In this research, we aim to develop a flow simulator that represents the basic appearance of hemodynamics in the heart affected by TR. Using the simulator and ex vivo porcine hearts, we aim to observe changes in blood pressure and flow. The research verifies the reproducibility of these observations and, when inserting a structure to alleviate TR and assist the valve function, determines how much the valve function is restored and how blood flow and pressure are adjusted.




2. Materials and Methods


In this section, we aim to describe the TR-alleviating Pivot-TR device and the heart simulator’s various components and operating methods.



2.1. Materials


2.1.1. Pivot-TR


The Pivot-TR (Figure 1 and Figure 2), developed by Tau-PNU Medical Co. in Yangsan, Republic of Korea, is an innovative device designed to mitigate TR. It comprises a pivot axis formed from a nitinol wire with components named “the elephant nose” and “the spiral anchor” and a 3D leaflet enveloped in an expanded polytetrafluoroethylene (ePTFE) coating. The spiral anchor is equipped with a hook at the proximal end to allow for the retrieval of the snare at a later time. Positioned at the TV’s intersection point, the device allows for real-time adjustments of its wire tension, enabling clinicians to optimize the angle and position of the pivot axis based on observed blood leakage, thereby reducing TR’s hemodynamic impact [9]. The diameter of the anchor in this study was 35 mm.




2.1.2. Harmonic Vibration Pump


The Harmonic Vibration Pump schematically depicted in Figure 3 and real hardware in Figure 4A show that the system consists of a servo motor and an STS 304 piston. This system operates under a motion controller utilizing PID control, with feedback from a relative encoder. It is capable of generating heartbeats ranging from 0 to 100 bpm, and its flow profile emulates a half-cut sine wave, effectively replicating the volume systole and diastole of the right atrium and right ventricle.




2.1.3. Tricuspid Regurgitation Generator and Data Acquisition System


The Tricuspid Regurgitation Generator schematically represented in Figure 3 and the real hardware in Figure 4B show that the system consists of two rotary pumps, a flow meter, and a rapid-response mechanical pressure sensor. The first pump ensures a consistent flow, while the second prevents backflow, facilitated by feedback mechanisms from the flow meter and the mechanical pressure sensor. The generated flow rate can be controlled in increments of 10 cc/min, representing various TR severities.



The system has four MEMS hydraulic sensors, all synchronized by a clock generator operating at 125 KHz. Subsequently, to calibrate each sensor, (a)-3 continuously measures atmospheric pressure, and (a)-4 measures the water pressure in the tank. The difference between these two readings corresponds to the pressure difference caused by the height of the experimental water tank; any pressure beyond this is considered noise and is used to real-time correct the values of the RA and RV sensors, (a)-1,2. Each sensor has a measurement range from 10 mbar to 1.1 bar. These sensors are strategically installed in the right atrium (RA), right ventricle (RV), the inner section of the water tank, and the outer water tank. This setup ensures a comprehensive capture of pressure dynamics across the simulation framework.



The system also incorporates synchronized endoscopic optical imaging to supplement the pressure data. This advanced imaging component offers the real-time visualization of the TV function. By correlating the acquired pressure data with visual observations of the valve, researchers can make informed judgments on whether the TV function is normal or abnormal. With a data capture rate of 100 Hz for pressure dynamics and simultaneous optical imaging, the DAQ system provides a holistic and detailed study of the pressure and visual aspects of valve functionality.





2.2. Methodology


A total of 15 porcine hearts were used in the experiment. Each heart was extracted shortly before the experiment, and the testing began within 60 min of extraction. Due to the onset of rigidity in the porcine hearts during the experiment duration, each heart was typically tested an average of three times. Any data collected from hearts that became rigid during the experiment were discarded.



Initialization and Harmonic Vibration Pump Activation


The ex vivo porcine heart in Figure 2 is securely positioned within a water-filled tank. The tank environment ensures optical clarity for observations while simulating the conditions surrounding the heart in vivo. The pump is started, and the servo motor, controlled by the motion controller with PID feedback from the relative encoder, begins to function.



This results in a flow that replicates a half-cut sine wave, mimicking the systolic and diastolic phases of the right atrium and right ventricle. The flow is introduced into the right atrium, creating a circulation representing normal heartbeats. The beats per minute (bpm) range can be adjusted from 0 to 100 bpm to simulate various heart rates.





2.3. Inducing Tricuspid Regurgitation (TR) and Data Acquisition


To simulate the condition of TR, the TRG and controller are activated. A hole in the middle of the right ventricle acts as the TR introduction point. A hose is attached here, and the connection area is stitched to prevent leakage. The first rotary pump, controlled by feedback from the flow meter, generates a continuous flow into the right ventricle. The second rotary pump, operating based on feedback from the rapid-response mechanical pressure sensor, ensures that the flow does not reverse, simulating the condition of TR.



During the simulation, the DAQ system continuously monitors pressure dynamics. The four MEMS pressure sensors, each with a resolution of 0.1 mbar and synchronized by a 125 KHz clock generator, capture pressure readings from the RA, RV, inner water tank, and outer water tank. These data are recorded at 100 samples per second and can be stored for a subsequent analysis. After the desired simulation duration, the collected data can be exported as .csv or .xlsx files for further examination.





3. Results


To analyze the results of this study, it is imperative to examine both the time-domain–pressure data graph for the atrium and the bpm-spectrum–time-domain data obtained through STFT(by python 3.9.9 scipy signal module 1.8.0) simultaneously. These data are exemplified in Figure 5. The pressure–time graph in this figure provides insights into the fluctuations in atrial pressure in response to changes in the intensity of the TRG. It allows us to observe the specific moments when the generator’s intensity changes and the resultant impact on atrial pressure.



Furthermore, the bpm-spectrum–time graph depicted in Figure 5 enables the assessment of the distribution of atrial pressure amplitudes across different bpm at each moment. This analysis is crucial in identifying the bpm spectral regions that influence TR. Additionally, each spectral area in the graph is annotated to indicate the operational state of the TV—whether it is “Normal”, “Abnormal”, or in a “Mixed” state displaying both functionalities. This comprehensive approach, as illustrated in Figure 5, offers a nuanced understanding of the dynamic interplay between heart rate, atrial pressure, and TV functionality, which is pivotal in understanding the mechanisms of TR.



Time–Pressure Graph: This graph (upper graph in Figure 5) displays the pressure of the RA and RV over time. Superimposed on this graph is the flow rate from the TRG, indicating the severity of induced TR at various points. Red vertical lines highlight key moments, such as flow rate changes in the TRG. Each line signifies a specific adjustment time, with the corresponding flow rate changes annotated for reference.



Time–BPM Graph: This graph (lower graph in Figure 5) displays the frequency components of the RA and RV pressure signals over time, typically derived through the Short-Time Fourier Transform (STFT). The amplitude of these frequency components is expressed using a color gradient: blue denotes lower amplitude values; yellow represents higher amplitude values. This gradient provides an intuitive way to perceive the prominence of certain frequency components during the simulation.



Endoscopic Image: During the experiment, the ability to adjust the intensity of TR using the TRG, as well as the changes made to the bpm, directly influenced the functionality of the TV. Real-time endoscopic imaging, as seen in Figure 6, was crucial in verifying the impact of these adjustments. This imaging technique allowed for the immediate observation of how alterations in the TR’s intensity or changes in the heart rate affected the TV’s performance. By providing a live visual feed, the endoscopic imaging enabled researchers to promptly ascertain whether the modifications being applied—either through the TRG or by adjusting the bpm—effectively influenced the valve’s operation. This real-time monitoring was essential for ensuring that the experimental conditions were accurately met and validating the immediate effects of these adjustments on the TV’s functionality.



Out of the data from these 15 hearts, recurring patterns in the atrial pressure signals were specifically noted. Heart 1 provided data representing a pure heart condition without the Pivot-TR device. Similarly, Heart 2 offered atrial pressure signal data in two scenarios: one without the Pivot-TR, akin to Heart 1, and the other with the Pivot-TR installed. These two scenarios were analyzed and are described separately to understand the differences and impacts of the Pivot-TR device.



3.1. First Scenario—Heart 1


Heart 1 in Figure 7 represents a porcine heart that exhibits normal cardiac activity. This heart was employed to determine if the heart simulator could induce the typical functionality of the TV. Furthermore, by adjusting the TRG’s flow rate, we intended to ascertain the boundary conditions under which TR is generated.



As can be observed in Figure 8, up to a flow rate of 60 cc/min from the TRG, the TV of Heart 1 maintained its normal functionality. This was validated by the endoscopic images, as displayed in Figure 7. An induction of TR was discernible on elevating the flow rate to 70–80 cc/min; however, upon turning off the TRG, the TV reverted to its normal function. This behavior was consistent, reaffirmed by subjecting the system to the same conditions thrice, with 10 min intervals between each test. Figure 9 presents a cross-sectional view of the spectrum graph from Figure 8 during the normal phase, while Figure 10 illustrates a similar cross-sectional view but during the abnormal phase. The two figures show a noticeable discrepancy in the amplitude values between 50 and 100 bpm. Specifically, the maximum amplitude values differ tenfold, registering approximately 2.4 mmHg in the standard phase and 25 mmHg in the abnormal phase.



In Figure 9 and Figure 10, the region below 50 bpm was deliberately omitted. This particular region predominantly represents the pressure created by the Harmonic Vibration Pump. As a result, discerning the influence of the TRG within this range becomes challenging. Furthermore, this region’s scale did not align congruently with the other ranges, complicating the comparative analysis. For the sake of clarity and coherence in representation, it was thus removed.




3.2. Second Scenario—Heart 2 without the Pivot-TR


Heart 2 in Figure 11, like Heart 1, represents a porcine heart exhibiting standard cardiac functions. It was employed to verify whether the heart simulator could consistently reproduce results comparable to those observed with Heart 1. Furthermore, experiments were planned with Pivot-TR installed. Figure 12 reveals results that closely resemble those of Figure 8. However, a distinct variation was observed with Heart 2. Unlike Heart 1, the TV displayed alternating patterns of normal and abnormal functionalities—a phenomenon subsequently termed the “Mixed phase”. A notable observation was that when the flow rate of the Harmonic Vibration Pump increased from 60 to 70 cc/min, only abnormal TV activity was evident.



This insight led to an inference. There are hearts, like Heart 1, where the boundary conditions for TR are narrowly distributed. In contrast, there are hearts, like Heart 2, where these conditions are more broadly dispersed.



Figure 13 provides a cross-sectional view of the spectrum graph from Figure 12 during the normal phase. Similarly, Figure 14 represents the abnormal phase from the same spectrum graph. A comparative analysis between the two highlighted a significant deviation in amplitude values between 50 and 100 bpm. The peak amplitude values displayed a more than sevenfold disparity, measuring approximately 5.1 mmHg during the standard phase and 38 mmHg during the abnormal phase.



Such findings underscore the intricate variances between different hearts and emphasize the importance of understanding these nuances for accurate simulation and research. The “Mixed phase” in Heart 2 introduced an additional dimension to this study, suggesting a spectrum of responses and the potential existence of multiple boundary conditions for TR across different hearts.




3.3. Second Scenario—Heart 2 with Pivot-TR


Heart 2 with Pivot-TR, as in Figure 15, was subjected to experimentation following the confirmation of the reproducibility of results of Heart 1 and Heart 2 without the Pivot-TR device; the difference in peak pressure values was revealed in the spectrum analysis between the normal and abnormal phases in Table 1. The ‘Dominant Pressure’ data shown in Table 1 were generated based on settings established by the simulator, while the ‘Peak Pressure’ values are simulated results induced by simulator and TRG settings. The main objective was to assess the extent to which Pivot-TR, when installed on the TV of a porcine heart, could alleviate the manifestation of TR. Unlike the previously observed conditions in Heart 1 and Heart 2 experiments where TR was evident, the presence of Pivot-TR significantly attenuated these conditions. As depicted in Figure 16 and Figure 17, the functionality of the TV consistently remained in the normal phase throughout.



Upon comparing the two scenarios of Heart 2, especially within the 50–100 bpm range, the amplitude was observed to be merely 10% in the second scenario (Figure 17) compared to that in the first (Figure 14). This suggests that Pivot-TR operates similarly to a low-pass filter, attenuating the blood pressure oscillations occurring in the RA and RV.



This significant attenuation in amplitude is compelling evidence that the Pivot-TR functions analogously to a low-pass filter in mitigating the blood pressure variations originating from the RA and RV.



In essence, these results demonstrate Pivot-TR’s capacity to serve as an effective intervention, acting like a low-pass filter, to reduce the manifestations of TR in porcine hearts. This highlights its potential as a promising solution for addressing TR-related cardiac research and treatment issues.





4. Discussion


This study aimed to develop a heart simulator that could accurately emulate the functions of the TV and intentionally induce TR. The subsequent goal was to utilize this simulator to assess the efficiency with which the previously developed Pivot-TR can reduce the TR and whether its effects could be quantified. During the initial phases of the Pivot-TR’s development [9], the primary observation mode was through MRI and ultrasound imaging of in vivo porcine hearts. This approach came with its constraints, including the inability to measure the pressures directly within the RA and RV. Moreover, the degree of TR varied across test subjects, rendering quantitative analyses challenging [12,13]. The average atrial pressure in peak pressure in the frequency domain area can be considered as a quantified indicator reflecting the severity of TR. The most accurate method to represent this would involve the measurement of the elasticity of the TV, but this requires mechanical property measurement processes, which are extremely challenging to perform surgically. Among the methods that can be used to represent indirect indicators, observing the movement of the TV through endoscopy or CT scans is possible [14,15]; however, it has been found that indicators based on atrial pressure are more economical and consistent across various uncontrollable environmental variables compared to accurate tracking of three-dimensional motions.



The introduction of the heart simulator has facilitated the quantitative assessment of TR. It permits experiments on the same heart, allowing for controlled alterations in TR severity, making it possible to determine the efficacy of Pivot-TR, even under extreme conditions. The pressure data recorded from MEMS pressure sensors installed in the RA and RV, when subjected to traditional signal processing methods, open avenues for a multifaceted extension of this research. Furthermore, the preliminary mechanical model that postulates the Pivot-TR as functioning akin to a low-pass filter shows promise. Although currently rudimentary, there is potential for developing a more sophisticated and nuanced mechanical model in the future. Moving forward, by expanding the capabilities of the heart simulator to emulate the long-term behavior of the Pivot-TR in the human body in the form of aging tests and concurrently researching the replication of individual heart characteristics, it is anticipated that this work will significantly contribute to the advancements in TR treatment methodologies.



Limitation


In this study, we used saline instead of a liquid with viscosity similar to blood, which is a significant limitation requiring improvement, as the health state of blood greatly impacts TR. The first version of our simulator does not accommodate high-viscosity liquids; hence, we are currently in the process of upgrading the simulator hardware to address this issue. These improvements will be incorporated into future research.



All heart experiments in this study were set to carry bpm between 40 and 60. This setting was chosen due to the lengthy preparation process and the potential for porcine hearts to become rigid due to post mortem rigidity, leading to heart rupture or leaks at the connection pipes at a higher carry bpm, thus preventing proper experimentation.



Currently, a significant issue is the dependency on a thoracic surgeon’s stitching skills for connecting the simulator’s pipe to the heart, which can consume up to an hour of work time. We aim to improve this by developing a mechanical structure for the heart connection that can be connected in a one-touch format. If the preparation process can be reduced to under 10 min, it would eliminate time constraints imposed by post mortem rigidity.



Furthermore, we do not have exact information of the three-dimensional orientation of the Pivot-TR. Knowing the precise 3D orientation would allow for an accurate inference of fluid resistance based on the direction of blood flow relative to the angle between the Pivot-TR and the TV plane. This information is anticipated to be an indicator for understanding how TR can be reduced.





5. Conclusions


Prior research has shown that the development of a heart simulator has facilitated the accurate evaluation of tricuspid function and the efficacy of Pivot-TR in treating TR [9,16,17]. The simulator employs pressure sensors and the endoscopic observation of the TV, allowing for applying existing engineering analysis methods and ensuring reliable research outcomes. The use of an STFT analysis has also provided more accurate and quantitative results. The generation of TR results from the superposition of the heart’s repetitive contraction and expansion, the harmonic oscillations, and the translational motion induced by the TRG. In particular, to analyze the heart’s resilience against TR and delineate the threshold of TR onset, employing a real-time signal analysis in the form of a Fourier Transform appeared prudent. This approach allows for the examination of how the interplay of these dynamic forces contributes to the emergence and intensity of TR. When simulating TR, the distribution of blood pressure in the high bpm range, which can be perceived as a type of high-frequency noise, suggests that TR may manifest when the mechanical low-frequency filter function of the TV is insufficient to effectively dampen this distribution of pressure. Consequently, the Pivot-TR device can be seen as a mechanical prophylactic low-pass filter, designed to reduce the increase in blood pressure distribution caused by factors such as the mechanical weakening of the TV’s damping capacity, aging deformities, hypertension, or other factors [15,18].



In particular, the STFT analysis played a role in estimating the threshold at which TR occurs. This allows for the provision of customized solutions for each patient through the key parameter of the low-pass filter and the damping ratio, and further enables the quantitative performance evaluation of the Pivot-TR. Moreover, through the standard Pivot-TR, it is anticipated that the reciprocal of the damping ratio could be used as a ‘TR Resistance Index’, serving as a health indicator for the heart. However, the simulator’s clinical significance is currently limited, and further research is necessary to create a profile of various heart states to increase its clinical relevance.



Nonetheless, this study marked distinct progress. Transitioning from indirect imaging techniques to optical endoscopic methods has significantly improved the resolution and clarity of images. The shift from previously low-resolution images, which provided limited insights into heart and Pivot-TR dynamics, to high-resolution endoscopic imaging has enriched our understanding.



In envisioning the future of this study, the integration of motion sensors into the Pivot-TR is a prime consideration. Furthermore, using 3D scanning technology to capture detailed structural aspects of a porcine heart and replicate it using silicone resin holds promise. This approach not only improves the reproducibility of the experiments but could also offer a more reliable and standardized test model, enhancing the robustness and reliability of subsequent studies.
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Figure 1. Structure (A) and mechanism of Pivot-TR device (B) [9]. 
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Figure 2. The experimental setup and how to use the Pivot-TR device in a heart [9]. 
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Figure 3. Experimental configuration and heart simulator overview. 
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Figure 4. Harmonic Vibration Pump (A) and Tricuspid Regurgitation Generator (B). 






Figure 4. Harmonic Vibration Pump (A) and Tricuspid Regurgitation Generator (B).



[image: Applsci 14 03307 g004]







[image: Applsci 14 03307 g005] 





Figure 5. An example of the heart simulation experiment result. 
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Figure 6. Endoscopic image of tricuspid valve function. 
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Figure 7. Endoscopic image of Heart 1 (valve open, normal valve closed, abnormal valve closed). 
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Figure 8. Heart simulation experiment result of Heart 1. 
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Figure 9. Spectrum cross-section of normal phase of Heart 1. 
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Figure 10. Spectrum cross-section of abnormal phase of Heart 1. 
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Figure 11. Endoscopic image of Heart 2 (valve open, normal valve closed, abnormal valve closed). 
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Figure 12. Heart simulation experiment result of Heart 2. 
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Figure 13. Spectrum cross-section of normal phase of Heart 2. 
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Figure 14. Spectrum cross-section of abnormal phase of Heart 2. 
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Figure 15. Endoscopic image of Heart 2 with Pivot-TR (valve open, normal valve closed). 
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Figure 16. Heart simulation experiment result of Heart 2 with membrane structure. 
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Figure 17. Spectrum cross-section of normal area of Heart 2 with membrane structure. 
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Table 1. Pressure value for each heart scenario and each phase.






Table 1. Pressure value for each heart scenario and each phase.





	
Heart

Scenario

	
Normal Phase

	
Abnormal Phase

	
Mixed Phase




	

	
Dominant Pressure

	
Peak

	
Dominant Pressure

	
Peak

	
Dominant Pressure

	
Peak




	
Pressure

	
Pressure

	
Pressure




	
in Frequency Domain

	
in Frequency Domain

	
in Frequency Domain






	
Heart 1

	
800 mmHg

	
2.4 mmHg

	
820 mmHg

	
25.1 mmHg

	
N/A




	
Heart 2

without Pivot-TR

	
790 mmHg

	
5.2 mmHg

	
820 mmHg

	
38.4 mmHg

	
800 mmHg

	
25.3 mmHg




	
Heart 2

with Pivot-TR

	
800 mmHg

	
4.7 mmHg

	
N/A

	
N/A
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