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Heart failure remains a significant cause of mortality in the United States and
around the world. While organ transplantation is acknowledged as the gold
standard treatment for end stage heart failure, supply is limited, and many
patients are treated with left ventricular assist devices (LVADs). LVADs extend and
improve patients’ lives, but they are not without their own complications,
particularly the hemocompatibility related adverse events (HRAE) including
stroke, bleeding and pump thrombosis. Mainstream imaging techniques
currently in use to assess appropriate device function and troubleshoot
complications, such as echocardiography and cardiac computed tomography,
provide some insight but do not provide a holistic understanding of pump
induced flow alterations that leads to HRAEs. In contrast, there are technologies
restricted to the benchtop—such as computational fluid dynamics and mock
circulatory loops paired with methods like particle image velocimetry—that can
assess flow metrics but have not been optimized for clinical care. In this review,
we outline the potential role and current limitations of converging available
technologies to produce novel imaging techniques, and the potential utility in
evaluating hemodynamic flow to determine whether LVAD patients may be at
higher risk of HRAEs. This addition to diagnostic and monitoring capabilities
could improve prevention and treatment of LVAD-induced complications in
heart failure patients.
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1. Introduction

Heart failure remains a top public health concern, with significant morbidity and

mortality especially among the aging population (1, 2). Cardiac transplantation is

generally considered the gold standard for end-stage heart failure patients that are

refractory to medical therapy however, it is not a viable option for patients who are not

candidates for transplantation. In the modern medical world, LVADs have become an

option for bridge-to-transplant, bridge-to-recovery, and destination therapy in the

treatment of heart failure. Consequently, the monitoring and management of HRAEs

associated with LVADs are primary concerns for cardiologists and cardiothoracic

surgeons taking care of these patients. Currently, imaging technologies such as
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echocardiography and invasive hemodynamic monitoring are used

to monitor these patients.

Today, Abbott’s HeartMate 3 devices are the only approved

LVADs in the United States (Abbott Laboratories, Abbott Park, IL,

USA). The MOMENTUM 3 trial showed that th HeartMate 3 has

a superior hemocompatibility profile compared to the older

generation HeartMate II device, and has shown a reduction in

HRAEs at 6 month, 2 year, and 5 year post-implantation intervals

(3–5). Furthermore, the 5-year survival has significantly improved

(up to 60%) with the HM3 device. However, HRAEs are still of

significant consideration motivating continued pursuit of

innovation both for LVAD design evolution and more sophisticated

techniques for monitoring risk of negative outcomes (6). These

pursuits take place on the benchtop, where academic and

exploratory research utilize experimental and simulation based

approaches, as well as in the clinic, where medical professionals

work to push the limits of gold standard technologies to improve

patient care. This review aims to bring together current standards

of clinical care in monitoring LVAD hemodynamic status and

standard approaches for benchtop investigations of LVAD design

and performance, as well as highlight novel developments in both

contexts that may directly contribute to the future gold standards

of care. We hope readers can utilize this article as a tool in

deciding which LVAD imaging technologies to use as well as to

find encouragement to develop new monitoring technologies for

bedside use through collaborative better technologies for LVAD

development, implantation, and monitoring. Such translational

efforts between medical professionals and medical device

innovators can improve outcomes for end-stage heart failure patients.
2. Clinical imaging, monitoring and
evaluation

Several imaging and monitoring technologies are used to

evaluate LVAD performance and patient status at the bedside.
TABLE 1 Clinical imaging approaches.

Method Use cases
Transthoracic
echocardiography (TTE)

Serial evaluation of LVAD after implantation

Evaluation of anatomy and function of the heart

Transesophageal
echocardiography (TEE)

Rapid and accurate visualization of cardiac dysfunction es
in the setting of LVADs

TEE offers a more proximal acoustic window by visualiz
the esophagus

Transhepatic
echocardiography (THE)

Similar to transthoracic echocardiography in that it is co
invasive

Has utility in cases of difficult acoustic windows using T

Can be used if TTE window is not sufficient.

Right heart catheterization Assessment of risk to the right heart through analysis of
system pressure and pulmonary vascular resistance

Hemodynamic ramp testing
(8, 9)

Personalized LVAD speed adjustment based on patient h
profile measured by right heart catheterization and echoc

Computed tomography (CT) Whole scale 3-D imaging of heart and LVAD

Chest x-ray Whole scale 2-D imaging of heart and LVAD. Usually us
evaluation before further testing.

Magnetic resonance imaging
(MRI)

Generally contraindicated in cardiac implantable devices s
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While many of these are standard, their limits are being pushed

to discover new techniques and uses. These approaches are

summarized in Table 1.
2.1. Standard approaches

Various echocardiographic techniques with different acoustic

windows are used clinically to evaluate patients with LVADs and

other cardiac devices. These include the standard Transthoracic

Echocardiography (TTE), Transesophageal Echocardiography

(TEE), and the more recently described Transhepatic

Echocardiography (THE) (10). Echocardiography offers rapid

and accessible assessment of the LVAD, making it a mainstay

for surveillance and troubleshooting the device. Concomitantly,

right heart heart catheterization is routinely performed in

patients with LVADs as a primary method to ensure adequate

unloading. Hemodynamic ramp testing with concomitant

echocardiography and right heart catheterization is standard in

most centers. Ramp testing has evolved in recent years to

become a clinically useful method to optimize pump speed, and

ensure adequate unloading (8, 9). Adequately unloading using

the RAMP studies is associated with a decrease in HRAEs, but

the invasiveness of right heart catheterization is a significant

drawback (11, 12). An alternative method, known as

echocardiographic ramp testing, utilizes echocardiography

without right heart catheterization. This method is simpler and

less invasive, and has been validated to support pump speed

changes and reduce adverse events in patients with HM3

LVADs (12). However, before this technique can be

independently relied upon, further advances in

echocardiographic flow and pressure analysis are needed.

TTE is the standard echocardiographic view used regularly in

cardiac care. With TTE in LVAD patients, artifact is often

encountered which inhibits a clinician’s ability to accurately

asses the device and heart. A newer, widely used
Primary limitations
Device artifact, 2-D planar imaging, narrow field of view, poor
acoustic windows (7)

pecially useful Device artifact, 2-D planar imaging, narrow field of view, patient
needs to be sedated which may be contraindicated in some cases.

ation through

mpletely non- Similar limitations to TTE.

TE.

pulmonary Invasive

emodynamic
ardiography

Involves invasive right heart catheterization and is subject to
visualization limitations of echocardiography

Radiation exposure

ed for rapid Radiation exposure, 2-D planar imaging

uch as LVADs Contraindicated
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echocardiographic method is TEE. TEE visualizes the structures

of the heart from inside the esophagus, posterior to the device,

allowing the echo beam to bypass the area of the chest where

the device sits. It is frequently used during LVAD implantation

to determine appropriate device orientation (13). TEE can

provide a more clear view of the atria and valves than TTE,

even within non-LVAD patients. TEE is more sensitive than

TTE and can provide valuable information regarding

hemodynamics (14). While TEE can allow for improved

visualization, it is an invasive procedure and requires sedation.

In addition to its invasive nature, TEE’s requirement of

sedation means this technique cannot be used effectively in

ramp testing as sedation drugs alter hemodynamics,

diminishing the value of any pump speed based hemodynamic

data acquired this way.

Radiographic imaging techniques, although less commonly

used, may be helpful in obtaining detailed views of the LVAD.

In LVAD patients, computed tomography (CT) is particularly

useful in evaluating inflow and outflow position, orientation

relative to the left ventricle and aorta, and suspected

complications such as outflow thrombus or twist or infection

related complications such as pseudoanuerysm (15). Outflow

twist is a significant complication and was of particular interest

in the first iteration of the HM3 before the FDA issued a

warning (16). CT is an effective tool to diagnose outflow related

issues. However, since outflow twist can be dynamic process, a

combined fluoroscopic angiography and CT were shown to be

useful (17). The use of cardiac CT in general is minimized due

to the radiation exposure, but it remains a valuable tool for

acquiring high quality images when echocardiography falls

short. CT images have limitations due to artifact and

hyperlucency from implanted devices, which impair

visualization of important structures (18). However, there are

newer artifact reduction algorithm that may help circumvent

these issues (19). Another technology that is important for

assessment of LVAD related infections is cardiac positron

emission tomography (PET). Cardiac PET has proven to be a

reliable tool for diagnosing infection in LVAD patients (7).

Magnetic resonance imaging (MRI), though an extremely

useful imaging technology in other contexts, is

contraindicated in LVAD patients, because all relevant pumps

are made with ferromagnetic materials. Fully overcoming this

challenge and enabling use of MRI in LVAD patients is

dependent upon innovation of pump design to incorporate

only non-magnetic materials. Currently, this seems unlikely,

considering that the most advanced VADs produce flow using

electromagnetically levitated components to avoid damaging

the blood. However, MRI can be powerful prior to LVAD

implantation in order to produce highly accurate volumetric

images of patients’ cardiac anatomy for use in surgical

planning. MRI produces high quality digital renditions of

patient anatomy, and models produced from processing that

data would be highly accurate. Additionally, flow through

non-ferrous experimental models can be studied at high

resolution via MRI, which will be discussed in a later section

of this manuscript.
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2.2. Novel approaches

Where current standard imaging techniques fall short in their

ability to provide sufficient assessment of LVAD patients, novel

methods have been developed in an attempt to overcome these

limitations. These methods include both combinations and

adaptations of typical approaches.

For example, echocardiography has been adapted in a number

of ways. Echocardiography is one of the most highly utilized

techniques in assessing cardiovascular health due to its ease of

use and non-invasive nature (20). Despite this, its effectiveness in

LVAD patients is still limited by the appearance of artifact on

the images. Artifact caused by the metal components of the

device can block views of essential cardiac structures from the

typical TTE view, diminishing diagnostic power, especially in

patients whose LVAD positioning results in particularly poor

acoustic windows (Figure 1). Some alternative echo views have

been introduced to overcome artifact issues.

Another relatively new echocardiographic view used for LVAD

patients with poor acoustic windows that maintains a non-invasive

approach is the transhepatic (THE) view. In THE, the echo probe is

aimed at one of the right intercostal spaces and through the liver to

achieve a 4-chamber view, avoiding interfering structures. In a 15

subject study of LVAD patients who had poor TTEs, left and

right ventricular function and inflow cannula flow of LVAD

patients were all successfully assessed more often with THE than

TTE (21). Similar to TTE, this view is non-invasive and can be

performed at the bedside.

Lastly, intracardiac echocardiography (ICE) can be performed

to visualize parts of the heart that are normally obstructed from

view by devices (22). This procedure is similar to right heart

catheterization in vascular route and does not require sedation

and thus can be valuable for assessing hemodynamics. In a case

study by El Banayosy et al., an LVAD patient experiencing

ventricular tachycardia and suction events underwent TTE and

TEE but the cause could not be determined until ICE was

performed (23).

The ease of use of these techniques varies and their usefulness

is dependent on each patient’s particular anatomy, but all of these

have the potential to expand diagnostic capabilities for LVAD

patients with patients with poor acoustic windows.

Echocardiograms with poor clarity are regularly repeated and

enhanced using a contrast agent in non-LVAD patients. Contrast

echocardiography (CE) enhances the heart imaging capabilities

by increasing opacity of walls (24). A major limitation of this

technique is that contrast agents are fragile and sensitive to

damage from turbulent flow such as that found in LVADs. This

means their usefulness in LVAD patients is partially diminished,

especially at higher pump speeds. A study conducted by Platts

et al. showed that when echocardiograms were performed with

contrast in LVAD patients, contrast signal intensity has an

inverse relationship with pump speed (25). Despite this, use of

contrast agent still improves visualization of structures in LVAD

patients to an extent that treatment can be adjusted. They have

been tested in LVAD patients and were proven to be safe and

have no measurable effect on pump function (Figure 2) (26).
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FIGURE 1

Echocardiograph of an LVAD patient depicting the result of poor acoustic windows.
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CE can improve views, but the structure of the heart and the

orientation of an LVAD within it are not the only parameters

that need to be assessed. Understanding cardiac flow is essential

to assessing LVAD patient health. Doppler echocardiography can

be used to assess flow patterns in inflow and outflow cannula of

the LVAD, however, poor acoustic windows and inability to align

properly with the cannulae can limit its utility (Figure 3) (28).
FIGURE 2

(A) Non contrast echocardiograph beside (B) contrast echocardiograph depic
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Although the aforementioned imaging techniques allow

for patient specific clinical monitoring, information

regarding fluid dynamics such as hemodynamic flow

profiles, thrombogenic potential, and fluid shear stress is

currently not possible. This kind of data is more available

using benchtop approaches which would be discussed in the

following sections.
ting the improvement in structure visualization.
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FIGURE 3

Model of Doppler echocardiograph paired with the Doppler shift wave showing how the technique assesses flow. The figure used in this work is adapted
from Benslimane et al. (2019, Figure 2), with permission from the copyright holder (27).

FIGURE 4

Simplified digital left ventricle model developed in CAD software and
used to produce a physical, glass-blown model. This approach of
developing a physical model from a computational model enables
experimental validation of computational simulations.

Wilson et al. 10.3389/fcvm.2023.1248300
3. Benchtop evaluation of general
LVAD performance

There are several techniques that have advanced in benchtop

environments for potential clinical application in assessing

hemodynamics of implanted devices. In general, these techniques

can be categorized into two types: physical and digital

(computational/numerical). These techniques are often

inextricably linked in the context of modeling hemodynamic

behaviors.

Regardless of which technique is chosen, benchtop evaluation

starts with creation of an anatomical model. The simplest models

are useful for validation of more complex models, or to study

general trends across a population due to the removal of patient-

specific features. Thus, with current developments, the simpler

models inform changes in treatment for populations and, once

validated, allow more complex models to inform patient-specific

treatment decisions. Digitally, these can be produced using

computer aided design (CAD) software. The digital file can then

be used to produce a physical model using many approaches,

such as glass blowing (Figure 4), 3D printing, or molding. More

complex models can be used to simulate patient-specific features.

Digital production involves the use of imaging technologies such

as CT and physical models and can subsequently be developed

via 3D printing (Figure 5) or molding.
3.1. Physical models

Physical models are utilized more in the context of patient-

specific procedural planning, patient education and surgical
Frontiers in Cardiovascular Medicine 05
training/practice. Interventional cardiologists practice deployment

of stents, artificial valves, left atrial appendage closure devices,

and others to determine whether there may be any unexpected

challenges in the actual procedure. Three dimensional models

can also allow planning of device placement or patient specific

identification of critical anatomical landmarks. These models can
frontiersin.org
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FIGURE 5

(A) 3d printed model of patient anatomy (atria and left ventricle), reconstructed from CT data, (B,C) model implemented in a mock circulatory loop,
enabling study of changes in the system due to changes in VAD settings or other parameters. This set up can also be used to validate a
computational model involving the same anatomy and boundary conditions (29).

Wilson et al. 10.3389/fcvm.2023.1248300
also be paired with other technologies, such as image guidance

equipment, to prepare tools or guides for the operating room to

ensure that the procedure is performed a certain way. Image

guidance and augmented reality (AR) technologies have made

their way into the operating room in the context of neurological

as well as orthopedic procedures (30, 31). Similar approaches are

being explored in the LVAD space, but none have made it past

the benchtop yet (32).
3.2. Mock circulatory loops

In the context of LVADs, modeling is perhaps most useful in

visualizing and simulating how an individual patient’s specific

hemodynamic risk factors could affect their outcomes. This involves

relatively complex digital modeling, which often must be validated

using physical models. This is often done using mock circulatory

loops (MCL) (11, 23, 33–39). Particle image velocimetry (PIV) is

also commonly combined with MCLs and physical models to study

cardiac anatomy at the benchtop (20, 27, 33–45).

Mock circulatory loops have been successfully used in the

context of studying valvular behavior, large vessel behavior,

cardiac chamber behavior, and the performance of implanted

devices (11, 21, 46–48). These MCLs often utilize 3D printed or

molded anatomical models or “phantoms” to obtain more

accurate results (49). In a study involving an LVAD patient with

suspected aortic regurgitation (AR), an echo compatible MCL

was successfully used to assess the regurgitant volume,

demonstrating the usefulness of MCLs in diagnostics (50).
3.3. Flow visualization for validation

In order to actually obtain the data necessary for comparison to

and validation of digital modeling, flow movement has to be

measured and quantified. While rudimentary methods such as

dye injection can be sufficient in some cases, particle image

velocimetry has emerged as one of the more sophisticated
Frontiers in Cardiovascular Medicine 06
methods of flow quantification. PIV requires the use of an

optically clear physical model in an MCL. Small particles are

released into the flow, illuminated with a planar laser, and

tracked using a high-speed camera (Figure 6). Analysis of this

data can be used to quantify the flow at a high resolution, and

this analysis can be compared to what is produced via

computational fluid dynamics simulations. This approach has

been used to successfully analyze elements of fluid dynamics

such as stasis and laminar vs. turbulent flow (34, 40, 42). This is

a promising benchtop method because of its potential to be

applied to hemodynamic adverse events in the settings of LVADs.

Another sophisticated method of flow quantification in

physical models is 4D MRI. MRI compatible MCLs have been

produced which enable insertion of the model into the bore of

an MRI and tracking of water through the model at a very high

resolution (29). The limitation of this method is its burdensome

requirement for MRI compatibility, which restricts equipment

such as pumps and sensors from being present in the physical

model. It can be very complex to produce an MCL that

sufficiently reproduces physiological flow within the physical

model while maintaining MRI compatibility. Attempts to use 4D

MRI for flow validation can be cumbersome due to the various

translational expertise that are necessary—knowledge of

experimental fluid dynamics to produce an MCL, understanding

of MRI functionality and post processing of raw data to produce

usable information, and also usually advanced familiarity with

computational fluid dynamics (CFD) approaches to ensure that

critical assumptions are being addressed and that the MCL is

producing relevant conditions within the physical model. This

usually implies that a heavily translational collaborative team is

required to successfully use this approach.

Thus far, emphasis has been placed on the use of physical

models in the context of validation of digital models. This is

because physical models are limited due to the stark contrast

between the mechanical behavior of the materials used to

produce them and that of native tissue which makes data

procured during their use difficult to rely on. This issue is

exacerbated when requirements for optical clarity or MRI
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FIGURE 6

Schematic of a PIV set up for quantifying flow in an aortic model. This set up involves an optically clear anatomical model in a mock circulatory loop.
Particles are introduced to the flow and illuminated in a plane using the laser sheet, and their motion is tracked and quantified using a high speed
camera. The streamlines that are produced can be compared directly to those simulated via CFD. The figure used in this work is adapted from Chen
et al. (2023, Figure 5), with permission from the copyright holder (51).
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compatibility are introduced. In some cases, materials can be used

which provide a close enough approximation for clinicians to pair

their use with previous experience and education as they draw

useful conclusions. Developments are being made to produce

models using novel materials that more closely resemble native

tissue, but these models are still far from ready to be produced

for widespread clinical use (52). Even once that is possible,

models like this will provide, at best, an accurate representation

of how specific organ tissue generally behaves, rather than a

patient-specific representation. Validated digital approaches allow

for relatively rapid analysis of a larger number of patients,

maintaining patient-specific usability while also allowing the

drawing of conclusions that are relevant at the population level.
TABLE 2 Clinically significant metrics that can be studied with computationa

Hemodynamic metrics Association to thrombosis
Time-averaged wall shear stress Low values

Oscillatory Shear index High values

Endothelial cell thrombus activation potential High values

Flow shear High values

Particle residence time High values

Platelet activation potential High values

Frontiers in Cardiovascular Medicine 07
3.4. Computational and digital models

Introducing computational analysis to the study of blood flow

gives powerful access to evaluating changes in clinically related

parameters (Table 2), such as endothelial cell activation

potential, particle residence time, time averaged wall shear stress,

and platelet activation potential. Currently computational

analysisis restricted to the academic benchtop, but development

of approaches that bring this technology to the bedside would

allow clinicians to make decisions for their patients based on

reliable predictions of patient outcomes.

Computational and numerical modeling in the context of

LVAD monitoring mainly involve computational fluid
l and digital approaches.

Clinical significance
Low values related to flow stasis

Quantifies unidirectionality or turbulence of flow

High values related to low, disturbed near-wall flow conditions

High values are related to platelet activation and Von Willebrand factor cleavage

High values related to particles trapped in flow regions

High values related to an increase likelihood for platelets to activate
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FIGURE 7

High resolution streamlines (velocity vectors) produced via CFD simulation. These are produced within CFD simulation software by using pre-set
boundary conditions related to pressure and flow rate, and calculating how the particles will move from voxel to voxel within the model. Because the
accuracy of these results is heavily dependent on proper methods during simulation preparation, CFD simulations must be validated experimentally
before results can be considered reliable. The figure used in this work is adapted from Goubergrits et al. (2022, Figure 6), with permission from the
copyright holder (53).
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dynamics, which use software to mathematically and visually

model blood flow through the cardiovascular system (Figure 7)

(29, 35–37, 39, 54–57). Computational fluid dynamics models

have been used specifically to model hemodynamic risk factors

such as wall shear stress (WSS), cardiac pressures, particle

residence times, and blood flow patterns in the chambers and

vessels (58–61). It should be noted that computational methods

such as CFD are becoming increasingly available in clinical

workstations and therefore have an exciting potential to be

used regularly in clinical contexts just as echocardiography is

used today (60). Another interesting development in

computational modeling is the translation of physical modeling

to the digital space. Some studies have looked at

hemodynamics of LVAD implanted hearts in a virtual mock

circulatory loop model as opposed to the physical version

(18, 62). As mentioned, computational modeling allows the

flexibility of being able to quickly switch between different

anatomies and models. One of the main benefits would be a

cost perspective as software models generally cost less than

physically 3D printed or manufactured models.
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Despite the power digital simulations have to produce clinically

relevant data, this data is not always reliable. Because these models

are developed based on idealized or generalized algorithms, even

the most advanced simulations cannot necessarily provide

patient-specific conclusions, as they are developed using

assumptions that are determined to be appropriate based on a

general population (35, 44, 63). Currently, CFD has provided

clinical value in vascular and valvular interventions (64–67).

However, computational and numerical models used clinically in

the context of mechanical circulatory support have been limited

to optimization of LVAD pump speed and other parameters in

order to reduce risk or severity of complications such as aortic

insufficiency (35).

Rather than simulations using models from a large sample

size of patients, some researchers are exploring the practicality

of clinical “digital twins” (68). A digital twin is a virtual

environment that is identical in all practical ways to a

physical system, in which simulations can be performed to

study various processes. Development of patient specific

digital twins could allow simulation of device implantation,
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effects of pharmaceutical treatments, and other clinical

interventions prior to actually performing them in a patient.

However, development of patient specific virtual environments

faces the same obstacles mentioned for computational and

numerical simulations—it is currently far from feasible to

practically quantify a patient’s relevant anatomical systems

and physiological behavior to a useful degree in a short

enough amount of time to be useful in most cases. This

challenge is exacerbated by the technical expertise required to

do this work. Perhaps as artificial intelligence technology

advances, clinical use of digital twins will become a more

feasible prospect.

Though these mainly benchtop techniques have developed

tremendously in recent years, translation to the clinical space and

validation of their accuracy and utility in LVAD patients is both

rare and slow.
4. Discussion: practical integration of
benchtop approaches in the clinic

Over time, both clinical and benchtop approaches have

continued to evolve, both with the development of new

technologies as well as increased sophistication of standard

technologies. While it is common for more sophisticated

clinical approaches to have been developed in an academic/

research setting, then translated from benchtop to clinic, it is

rare for traditional benchtop approaches to make their way

into clinical use, and there continues to be a gap between

their abilities to provide clinically useful data and their

accessibility by relevant clinicians. However, there are a few
FIGURE 8

(A) Positioning of the Doppler and echo PIV interrogation points. (B,C) PW Do
echo PIV tracking flow in the same patient. This figure is adapted from Strac
International License (45).

Frontiers in Cardiovascular Medicine 09
cases where benchtop technology has undergone translational

fusion with clinical approaches and enabled novel patient

evaluation in LVAD patients. The approach that embodies

this translational pathway is Echocardiographic Particle Image

Velocimetry (Echo PIV).

Echo PIV (Figure 8) is the combination of echocardiography

with digital particle image velocimetry analysis to create 2D

velocity field measurements of cardiac flow. This technique was

explored in numerous studies using controlled models, animal

models and human subjects and successfully assessed cardiac

function (45, 61, 69, 70). This technique was then evaluated for

use in LVAD patients in a 17 subject study that showed it was

safe for use in LVAD patients, did not disrupt pump function

and revealed new information on the vortices formed in the left

ventricle during LVAD support (71).

There have been some concerns regarding the accuracy of

Echo PIV results, as it can underestimate flow velocities due to

the restriction of echocardiography frame rate capture (47).

New advancements seek to overcome this issue with technology

such as high frame rate echocardiography that capture

thousands of frames per second and particle tracking

velocimetry techniques (72, 73). Other explorations attempt to

make echo PIV more accessible by developing analysis software

that utilize DICOM images instead of JPEGs so they are more

immediately compatible with the technology used in clinical

environments (46, 54).

As echo PIV is still being developed, its pathway (Figure 9)

from two separate benchtop and clinical approaches to a joint

approach used in patients should serve as a template to

encourage translational collaborations (28, 70, 71, 74, 75).

With progress like this, the analytical power of benchtop
ppler of inflow and outflow for a heart failure patient. (D–F) Results from
hinaru et al. (2022, Figure 2), under a Creative Commons Attribution 4.0
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FIGURE 9

The timeline depicting the progression of echocardiography, PIV and their eventual unification in research settings.
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technologies can be fused with patient specific data acquisition

in the clinic and brings us closer to fully informing clinical

decisions, reducing complications, and improving outcomes

for heart failure patients.
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