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In this review, we provide an engineering assessment of prevalent blood-wetted cardiovascular
devices, their hematologic complications, and their interconnections to identify key areas for future
research. In fact, the incidence of cardiovascular diseases has promoted the development of various
devices to treat these conditions, including mechanical circulatory supports (mechanical pumps that
assist or replace failing hearts), artificial valves to replace faulty heart valves, stents to relieve
obstructions in blood vessels, vascular grafts to repair/reconstruct damaged vessels, patches to
reinforce or reconstruct cardiovascular tissues, and other implants. The hemocompatibility of these
cardiovascular devices, namely their ability to interact with blood flow without causing adverse
reactions, remains unsatisfactory, and recurrent complications include thrombosis, hemolysis, and
bleeding. Therefore, the discussion provided herein will support readers approaching cardiovascular

technologies in building a solid foundation and provide everyone with an up-to-date overview of

ongoing research in this multidisciplinary field.

Cardiovascular diseases encompass a broad class of disorders affecting the
heart or blood vessels. These critical conditions include cardiomyopathy,
heart failure, valvular heart disease, coronary artery disease, aortic aneur-
ysm, peripheral artery or venous disease, and thrombosis. Cardiovascular
diseases are one of the leading causes of mortality worldwide. Heart failure
alone impacts millions globally and is associated with a substantial mortality
rate, with over 50% of patients not surviving past five years'”, The incidence
of heart failure is on the rise, with predictions of a 46% increase in the United
States from 2012 to 2030, accompanied by a 127% increase in the associated
healthcare costs’. China, with one of the largest populations globally, is
experiencing a rising demand for cardiovascular disease treatments due to
its aging population. It is estimated that around 330 million people in China
suffer from cardiovascular diseases, and about 8.9 million of them are
diagnosed with heart failure’.

The frequency and severity of cardiovascular diseases have promoted
the development of various devices, specifically designed to treat these con-
ditions. Extensive research is ongoing because state-of-the-art systems are not
optimal due to the extreme complexity of the cardiovascular system (the
section “The human cardiovascular system” in the supplementary document
contextualizes the discussion by briefly describing the cardiovascular system
for readers with an engineering background). In particular, popular cardio-
vascular solutions exposed to blood flow include mechanical circulatory
supports (MCSs), artificial heart valves, and implants. They are schematically
shown in Fig. 1 and described hereinafter. Additional blood-wetted tools are

respiratory supports like extracorporeal membrane oxygenator equipment,
annuloplasty rings to restore the heart valve annulus size, structural occluders
to permanently seal a heart defect, atrial flow regulators to establish a con-
trolled shunt between the heart’s upper chambers and manage intracardiac
pressure, and pulmonary flow restrictors to limit the amount of blood
reaching the lungs. Left atrial assist devices (LAADs) also exist, delivering
blood from the left atrium to better fill the left ventricle; they help increase
cardiac output, maintaining arterial pulsatility and normal aortic valve
function®. Dedicated research, not reported here for brevity, is ongoing for
these additional instruments because their exposure to blood flow raises
hemocompatibility issues similar to those of more studied devices.

Overall, blood-wetted medical devices, critical for sustaining life or
avoiding serious health impairments, undergo rigorous scrutiny because
regulatory agencies consider them as “high-risk” devices for clotting,
infection, or systemic failure. They typically pertain to the most regulated
category, Class I1I, in the national classifications established by the Food and
Drug Administration (FDA) in the USA, the National Medical Products
Administration (NMPA) in China, and the Medical Device Regulation
(MDR) in the EU. This safety-related demand further complicates their
development.

Mechanical circulatory supports
MCSs are pumps equipped with ancillary components that support the
heart’s function by assisting with blood circulation. They include ventricular
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Fig. 1 | Overview of commonly used cardiovas-
cular devices exposed to blood flow (images not to
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continuous-flow (CF), and progress of total artificial
hearts (TAHs) showing the CardioWest 70cc (image
from https://commons.wikimedia.org/wiki/File:
Cuore_artificiale_totale_-_MUSE.jpg). b Artificial
heart valves: options including mechanical, biolo-
gical, and polymeric types, with representative
examples (images 1—3 from https://commons.
wikimedia.org/wiki/File:Implantater_ved_
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adapted from ref. 20: © 2023 Singh et al.). (
¢ Examples of a stent (image adapted from https://
commons.wikimedia.org/wiki/File:Koronary.png),
a stent graft (image adapted from ref. 187: © 2022
D’Onofrio et al.), an artificial graft (image adapted
from https://commons.wikimedia.org/wiki/File:Gef
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cardiovascular patch (image adapted from ref. 175:
© 2022 Bar et al.). Other relevant blood-wetted
devices, not explicitly shown in the figure, are in use
for temporary support, including extracorporeal
membrane oxygenation procedures and intra-aortic
balloon pumps, or are in clinical trials, such as left
atrial assist devices, atrial flow regulators, and pul-
monary flow restrictors.

assist devices (VADs), which are combined with a portion of the human
heart to augment its cardiac output, and total artificial hearts (TAHs), which
entirely replace the native heart (peristaltic designs for extracorporeal
support are not discussed here). Their selection depends on the patient’s
need, namely, univentricular or biventricular support.

There are two types of VADs based on the heart’s supported region: (1)
Right ventricular assist devices (RVADs), which are connected to the right
ventricle to pump blood into the pulmonary artery; or (2) Left ventricular
assist devices (LVADs), which are connected to the left ventricle and supply
the aorta. (Combining two VADs into a Bi-VAD solution is considered a
TAH and is discussed below.) VADs can also be classified into their ther-
apeutic destinations: (1) bridge-to-transplant (a provisional solution); and
(2) destination therapy (a long-term measure, frequently on account of the
limited availability of donor organs®). Some authors also identify (3) bridge-
to-decision and (4) bridge-to-recovery, both short-term measures’. Speci-
fically, the first generation of VADs incorporates pulsatile volumetric
pumps that mimic the heart’s actual functioning (see Fig. la and further
details in Table S1 in the supplementary document). Although these VADs
are relatively bulky and unsuitable for implantation, they are still employed
for pediatric patients. The second generation uses continuous-flow axial
pumps, suitable for chest implantation. The third generation employs
continuous-flow centrifugal pumps with magnetically levitated rotors to
eliminate external leakage and reduce mechanical wear for durability.

All VAD generations share three essential components: an inflow
cannula connected to either the left or right ventricle, a mechanical pump,
and an outflow graft that delivers blood to the arterial (venous) circulation
via the aorta (pulmonary artery). The pump is powered using a tunneled
driveline coupled to an external controller and power source’. Since their
introduction in 1962, VADs have improved dramatically: available studies
indicate 1- and 5-year survival rates of 86% and 64%, respectively’, a 2-year
survival rate of 83% in patients with newer-generation devices’, and the
longest duration of VAD therapy reported to date is 13 years'’. They are,
however, still prone to inducing thrombosis, hemolysis, and bleeding,
requiring further development. Alternative VADs are available as catheter-
delivered pumps, including intra-aortic balloon pumps, axial pumps (e.g.,
the established Impella models), or a new linear transaortic pulsatile pump"'.
They are all for temporary short-term use. Some are low-flow devices that

only supplement cardiac output, while others can act as full ventricular
support. Lastly, it is worth noting that some non-blood-contacting alter-
natives are also under investigation. They wrap around the exterior of the
heart, ideally helping its functioning without requiring anticoagulation
therapies (e.g., direct cardiac compression devices or soft robotic sleeves).

Conversely, TAHs completely replace the human heart. They are
expected to autonomously balance the systemic and pulmonary circulations
to avoid serious consequences (e.g., respiratory failure or hepatic insuffi-
ciency); the output of the left ventricle can, in fact, exceed 1-2% that of the
right ventricle"”. A detailed review of TAHs is already available', so we only
recall that the SynCardia and Aeson TAHs were recently approved for use as
destination therapy. The latter leverages hydraulic pumps to actuate flexible
membranes coated with treated bovine pericardium, which increases
hemocompatibility. In parallel, research branched off into merging two
existing rotary VADs to form a continuous-flow TAH", also known as Bi-
VAD. These results suggested that a single TAH with continuous flow can
ensure an implantable size and function. More modern examples include
designs with two impellers on opposing faces of the same rotating element
(Cleveland Clinic TAH) or magnetically levitated, disc-shaped rotors
(BiVACOR, which received FDA approval in 2023"). In any case, further
investigations are needed, mainly on the durability of pulsatile TAHs and
the long-term implications of continuous-flow TAHs".

Artificial heart valves

Artificial heart valves (see Fig. 1b and further details in Table S2 in the
supplementary document) are designed to replace damaged heart valves,
restoring normal blood flow and improving the heart’s efficiency. Artificial
heart valves can be classified into three main categories: (1) mechanical, (2)
biological, and (3) polymeric, based on the materials employed for their
realization. Specifically, mechanical valves are made from metal alloys or
pyrolytic carbon. Designed for exceptional durability and longevity,
mechanical valves require lifelong anticoagulation therapy to prevent blood
clots'*". Biological xenograft, or bioprosthetic, valves are made from animal
tissues (such as porcine or bovine pericardium) and thus offer a more
natural hemodynamic performance, typically not requiring lifelong antic-
oagulation therapy'®. The support structure of surgical biological valves,
often made of an alloy, is covered with synthetic materials (e.g., Dacron or
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PTFE) that surgeons can sew to ensure the valve’s correct positioning;
transcatheter biological valves, conversely, have an exposed support struc-
ture. Valves of the latter type are significantly more expensive than surgical
biological valves. Biological homograft (homologous) valves from human
donors match the natural anatomy and represent an option, especially for
the pediatric population. They can be preserved using freezing techniques
(cryopreserved valves), but ethical limitations render their acquisition
highly problematic. The Ross procedure represents the only alternative,
utilizing the patient’s autologous pulmonary valve to substitute for the
impaired aortic valve. Then, polymeric valves are made from synthetic
materials and designed to offer improved durability and hemocompatibility
while reducing the need for long-term anticoagulation therapy. Polymeric
valves offer improved fatigue resistance and are expected to have a lifespan
of approximately 25 years, which is a significant improvement over biolo-
gical valves. Their exact durability is still under investigation despite
showing promising results in preclinical studies”. Additionally, polymeric
valves can overcome issues related to biocompatibility, common with
mechanical valves, and calcification, frequent with biological valves™.

For many years, heart valves have been replaced via open-heart sur-
gery. Older or debilitated patients who cannot endure surgery are increas-
ingly being treated with a minimally invasive procedure known as
transcatheter valve replacement, in which the new valve is compressed into a
catheter, directed through a blood vessel, and expanded over the defective
valve. Transcatheter aortic valve replacement procedures can employ
balloon-expandable or self-expandable valves, each with its own advantages
in terms of deployment and repositioning capabilities”. Mechanical and
biological valves are in everyday use, while polymeric valves are generally in
clinical trials or still under development, since their long-term in vivo
durability must be demonstrated'**.

Cardiovascular implants

Our classification of cardiovascular implants includes stents, stent-grafts,
vascular grafts, and patches, namely, tools used to support, bypass, or
reconstruct cardiovascular tissues. Stents and stent-grafts (see Fig. 1c and
further details in Table S3 in the supplementary document) are metallic or
polymeric tubular structures inserted into the lumen of blood vessels to
maintain their patency. Although some stents are made of polymers™, most
of them are entirely metallic”’; stent-grafts, conversely, have a metallic frame
covered by a polymeric skirt**. We label them all as “stents” for simplicity,
since the overlapping definitions in the literature might be misleading.
Stents offer advantages over other treatments, such as the vascular grafts
discussed below, including being less invasive, simpler to implant, and
capable of promoting faster healing. Bioresorbable stents are absorbed by
the body over time, unlike permanent ones, restoring the vessel’s vasomo-
tion and reducing protracted issues™; their long-term vascular patency
remains, however, to be further observed. Stents are used in aneurysm
treatments (bulging or ballooning of a blood vessel at risk of rupture) and to
prevent vessel blockages caused by emboli, thrombi, or plaque formation™.
They can be categorized based on their expansion mechanism, design, or
materials. Each topology has unique structural and hemodynamic functions
for given clinical situations, but they are not without challenges. Associated
hemodynamic issues mainly include in-stent restenosis (narrowing of a
previously treated vessel) and thrombosis, which may lead to a sudden vessel
occlusion. These drawbacks are worsened by stent malposition, migration,
edge effects (abnormal hemodynamics due to incomplete coverage of the
diseased segment), and mismatch with the vessel size.

Moreover, vascular grafts (see Fig. 1c and further details in Table S4 in
the supplementary document) are medical devices designed to replace or
bypass segments of damaged or diseased blood vessels. They are used in
various surgical procedures, including hemodialysis access, trauma repair,
and cardiovascular reconstruction. The success of such grafts depends on
several factors: they must resist thrombosis (blood clotting), avoid triggering
hyperplasia (excessive cell proliferation), maintain their mechanical integ-
rity, and be compatible with surgical handling requirements, such as being
easily suturable. Autologous (from the patient) or allograft (from human

donors) vascular grafts are biological substitutes that avoid the use of foreign
artificial surfaces. Allografts are usually cryopreserved and can go through
decellularization to leave an immunologically inert matrix. Alternatively,
vascular prostheses can be made of expanded Teflon or Dacron cloth
(passive, foreign elements) or tissue-engineered vascular grafts (interactive
elements promoting the renewal of vascular tissue for seamless integration
of the graft”). In terms of size, aortic, iliac, and femoral artery repairs require
relatively large-diameter vascular grafts (up to 6-8 mm), but coronary artery
replacement requires smaller diameter (1-6 mm) grafting”. The primary
failure of artificial grafts is abnormal biomechanical loading; contributing
factors include thrombosis, intimal hyperplasia (it narrows the vessel lumen
and slows blood flow, increasing the likelihood of clot formation), bio-
compatibility issues, and mechanical mismatch”. Although the first syn-
thetic vascular grafts were developed over 70 years ago, these issues persist,
highlighting the complexity of the engineering-biology-medicine challenge.

Finally, cardiovascular patches are flat biological or synthetic materials
that reinforce or reconstruct sections of the heart, including the atrial sep-
tum, ventricular septum, valves, and blood vessels. Patches are expected to
mimic the compliance of native tissue, a fundamental property for matching
the mechanical deformations of surrounding native tissues without altering
blood flow (biological patches typically have better compliance). Their
biocompatibility has material-related limitations, mainly thrombogenicity,
hemolysis, and platelet activation in ePTFE or Dacron patches, calcification
in biological patches, and hemostasis in synthetic patches. The long-term
efficacy of a patch is also essential to prevent mechanical failure or biological
degradation, which might change depending on the exact site of implan-
tation. Even if alternatives exist, there is no one-size-fits-all solution, and
efforts in providing specialized versions are anticipated™.

Paper’s goal and structure

A common feature of MCSs, artificial heart valves, stents, vascular grafts,
and other implants is that they come into direct contact with blood flow. A
critical design challenge, therefore, is hemocompatibility. This characteristic
is broadly defined as the ability of a device to interact with blood without
causing adverse reactions, such as thrombosis (blood clotting), hemolysis
(destruction of red blood cells), bleeding, platelet activation, or other blood-
related adverse events’". It is evident that hemocompatibility is essential for
the long-term success of these devices and the associated patient safety™.
Despite extensive research documented in the literature, the hemo-
compatibility of cardiovascular devices remains unsatisfactory, and hema-
tologic complications remain a challenge. For instance, cavitation can
happen in blood pumps and artificial valves; while uncommon, it damages
blood cells, surrounding tissues, and the device itself 3,

It is also apparent that the technology of cardiovascular devices is a
multidisciplinary topic that combines aspects of human physiology and
biochemistry with fluid mechanics and deformable solid mechanics at the
design stage, and also aspects of mechatronics and materials degradation for
the realization and long-term operations (these latter aspects are, for the
most part, proprietary information). Existing review studies either approach
the subject from a pure engineering perspective by predominantly focusing
on the application of numerical simulation models in the development of
cardiovascular devices, such as VADs™, artificial heart valves™, stents®®, and
vascular grafts”, or address the topic from a biomedical angle, focusing on
antithrombotic treatments and technological advancements in hemody-
namic measurements of blood, including coagulation and thrombosis®, and
hemolysis”. More comprehensive descriptions come in the form of bulky
books**"!, requiring a long time to absorb the information. What is missing
is a concise assessment of this technology that contributes to bridging the
gap between medical sciences and engineering, covering the full spectrum of
the subject from physiology and biochemistry to mechanical engineering in
an accessible way for readers with different backgrounds.

The objectives of the present review are (1) to examine the various
issues associated with MCSs, artificial heart valves, stents, vascular grafts,
and patches since they share common ground, and (2) to highlight the
research approaches aimed at minimizing their hematologic complications.
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Fig. 2 | Effects of cardiovascular devices on blood
when using a VAD as an example. The potential
hematologic complications include bleeding, infec-
tions, damage to blood and its constituents, and/or
undesired activation of cellular processes (image on
the left side adapted from ref. 188: © 2019

Singhvi et al.).
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The discussion provided herein will support engineers and, more broadly,
readers approaching cardiovascular technologies from a non-medical per-
spective in building a solid foundation. The scope is restricted to devices
directly exposed to blood flow, where hemocompatibility is a key design
challenge. Implantable cardiovascular devices not in direct contact with
blood flow are beyond the scope, such as pacemakers, cardioverter-defi-
brillators, loop recorders, and flow-accelerating devices. Finally, the paper is
organized as follows. The next section addresses hematological complica-
tions linked to device implantation, including hemolysis, thrombosis,
bleeding, and infections. The following part discusses recent studies to
understand the current advancements and challenges in designing and
modeling hemodynamic interactions within cardiovascular devices. Then,
the review concludes with a summary of its findings and outlines future
research directions.

Complications due to cardiovascular devices

The placement of a cardiovascular device involves the introduction of a
foreign body (i.e., non-endothelial surfaces) into the bloodstream, locally
altering physiological flow. Thus, blood is exposed to non-physiological
shear stress (NPSS), which can differ widely from physiological conditions,
and is also affected by protein adhesion to foreign surfaces. These aspects are
critical in causing hematologic complications, together with exposure time
(the duration of blood exposure to non-physiological flow conditions, such
as the residence time in cardiovascular devices). Prolonged exposure can
cause damage to cell membranes and membrane-associated intracellular
structures, such as red blood cells (RBCs), white blood cells, platelets, coa-
gulation factors (a set of proteins that are part of the coagulation cascade),
large plasma proteins, and the von Willebrand Factor (vWF), which facil-
itates platelet adhesion®. The scenario is intricate since blood can be seen as
a tissue affected by mechano-biological processes dependent upon physical
processes”. Avoiding blood damage is vital since it can lead to clinical
complications in patients, including thrombosis, hemolysis, bleeding, and
infection (Fig. 2). We briefly address these main issues separately.

Thrombosis

Thrombosis refers to the formation of a blood clot within a blood vessel,
which can obstruct blood flow and lead to serious complications if the clot
breaks off and travels to other parts of the body, such as the lungs (pul-
monary embolism) or brain (stroke)**. Thrombosis can be associated with
stasis (i.e., the formation of venous or “red” clots, which are fibrin-rich,
under low shear stress) or hyper shear (i.e., the creation of arterial or “white”
clots that are platelet-rich); these scenarios represent opposite ends of the
spectrum®. The non-pathophysiology of thrombosis is primarily described
in terms of mechanical causes, often relating to external or physical factors
that affect blood flow or the vascular system (e.g., the artificial surface of a
medical device). A helpful concept for understanding the main contributors
to thrombosis is Virchow’s triad, which includes stasis (interrupted/stag-
nant blood flow), endothelial injury (irritation/damage to the blood vessel),
and hypercoagulability (alterations in the blood’s constitution that tend to

clot). When these factors co-occur, the risk of blood clot formation increases
significantly, even if there are limited means of determining the relative
significance™.

Thrombosis in cardiovascular devices is a complex process involving
multiple mechanisms referred to as “mechanochemical signaling”*’, which
is a central phenomenon in the broader field of mechanotransduction® (i.e.,
it describes how blood’s cellular and proteinaceous elements sense and
respond to physical forces, for instance, in MCSs®”). Cells convert
mechanical signals into biochemical responses under the influence of two
critical elements: shear stress and exposure time™. Generally, it is worth
highlighting platelet activation and coagulation factor activation. Platelets
can be activated by prolonged exposure to high shear forces and by contact
with the non-endothelial surface of the cardiovascular device (Fig. 3a).
Moreover, the interaction between blood and the medical device leads to the
adsorption of plasma proteins onto the device surface’. Key proteins
include fibrinogen, vWF, and components of the contact activation path-
way. Fibrinogen provides binding sites for platelets, facilitating the forma-
tion of platelet aggregates. Upon binding to the device surface, the contact
system proteins trigger the intrinsic coagulation pathway by activating
factor IX, which in turn produces thrombin. Thrombin is a critical enzyme
that converts fibrinogen into fibrin, the primary structural protein of a blood
clot™. Studies indicate that shortly after device implantation, there is a
significant depletion of contact system proteins, particularly within the first
2 weeks™. This depletion suggests that the initial contact between the blood
and the device’s surface activates these proteins, leading to their
consumption.

Focusing on the broader impact of thrombosis in cardiovascular
devices, avoiding it is crucial for both the medical implications already
mentioned (e.g., vessel obstruction, pulmonary embolism, or stroke) and
device performance. Blood clots can, in fact, lead to obstruction of prosthetic
heart valves, interfering with their opening and closing, or pumps, limiting
their ability to generate sufficient blood flow. Such complications can
become life-threatening due to their potential severity, as shown in Fig. 3b
for a VAD impeller removed from a patient. Thus, blood coagulation and
thrombus formation must be monitored in cardiovascular devices, as they
can serve as primary nucleation sites. The resulting hemodynamic opera-
tion, different from the intended design conditions, induces a vicious circle
sustained by an improper blood-device interaction™.

Hemolysis

Other major hematologic complications include hemolysis, characterized
by the destruction of RBCs and the subsequent release of free hemoglobin
into blood plasma (Fig. 4a), which is a significant concern following the
implantation of VADs and other cardiovascular devices.

Hemolysis represents a critical aspect of hemocompatibility. It is not an
isolated event but a process preceded by sublethal damage to RBCs (even
though it is not completely understood, it is well accepted that the level of
shear exposure plays a crucial role). There are, in fact, structural and
functional alterations that do not immediately lead to the breakdown of cells

Communications Engineering| (2026)5:167


www.nature.com/commseng

https://doi.org/10.1038/s44172-026-00771-9

Review article
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(cell lysis), resulting in hemolysis under increased NPSS conditions, as
illustrated in Fig. 4b. The contact of RBCs with foreign materials and sur-
faces may also cause hemolysis™; for instance, extracorporeal membrane
oxygenation devices can cause low pressure in the blood flow, leading to
potential cavitation, which can cause hemolysis*. The concept of sublethal
damage is particularly relevant in MCSs, where mechanical forces can
induce changes in the cytoskeleton of RBCs, emphasizing the importance of
considering blood’s mechanical properties and interactions with artificial
environments in the design of MCSs™. The aging of RBCs also favors shear-
induced hemolysis, as their reduced deformability makes them more
susceptible®. This concern is relevant when considering the need for blood
transfusions in many patients undergoing cardiovascular surgery.
Moreover, hemolysis can serve as an early marker of thrombosis. Free
hemoglobin is frequently used to assess RBC destruction; binding with
haptoglobin during hemolysis, lower levels of this protein can be considered

an indicator of hemolysis and thrombosis conditions™. In addition, lactate
dehydrogenase levels typically increase in the blood during both hemolysis
and thrombosis; an increase that exceeds 2.5 times the standard upper limit
can signal early device thrombosis™. VAD patients may exhibit silent
changes in these markers, necessitating appropriate management strategies,
including increasing anticoagulation therapy, administering thrombolytics,
or proceeding with pump exchange. For instance, the MCS Impella is
increasingly used in cardiogenic shock and is associated with a high rate of
hemolysis, up to approximately 60% in patients requiring support for more
than 24 h”. This issue underscores the need for a deeper understanding of
the mechanisms that lead to hemolysis and for strategies to mitigate its
occurrence.

Hemolysis and thrombosis are, in fact, interconnected processes in
cardiovascular devices, where each can contribute to the development of the
other. On one side, hemolysis can lead to thrombosis due to the release of
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prothrombotic factors from damaged RBCs (i.e., heme capable of activating
platelets and the coagulation cascade leading to thrombus formation®, and
free hemoglobin acting as a strong nitric oxide scavenger and promoting a
prothrombotic state’’). Conversely, thrombosis can cause hemolysis
through mechanical damage to RBCs as they pass through thrombi (the
reduced lumen and subsequent blood flow acceleration can cause the
rupture of RBCs, contributing to hemolysis”’). The management of the
aforementioned aspects requires a comprehensive approach that includes
monitoring for early signs of thrombosis, understanding the role of sublethal
RBC damage, and considering the blood flow alteration caused by the
artificial device.

Bleeding and infections

Bleeding emerges as a significant complication of post-device implantation,
notably in the form of gastrointestinal and nasal hemorrhages”. Platelet
aggregation impairment, anticoagulation therapy, diminished flow pulsa-
tility (e.g., most VADs are continuous-flow devices that reduce the phy-
siological pulsatility of blood flow in arteries), and NPSS are key
contributors to the heightened risk of bleeding. These factors can lead to the
development of acquired von Willebrand disease, arteriovenous mal-
formations, and mucosal ischemia. It is estimated that between 15% and
30% of individuals who undergo VAD implantation will face gastro-
intestinal bleeding™. Management of bleeding involves several strategies:
using proton pump inhibitors to reduce gastric acidity, administering blood
products to counteract anemia or coagulopathy, and carefully adjusting
anticoagulation therapy (i.e., modulation/de-escalation of antithrombotic
therapy®). Specific efforts to contain bleeding are also case-specific, based on
the type of cardiovascular device installed, such as LVADs in general“‘,
microaxial pumps in particular”, or aortic valve replacement®.

Infections due to VADs and other cardiovascular devices are also of
concern, as they can lead to serious complications. These infections can be
classified by their location, such as the pump casing, power supply driveline,
or inflow and outflow cannula®. The most common type of infection in
implantable VADs manifests at the driveline, where a biofilm at the skin-
penetration site may form and contain typical pathogens, such as Staphy-
lococcus spp. (common skin bacteria) or Pseudomonas spp. (versatile
bacteria that can cause infections in medical settings)”’. Also, VAD-induced
NPSS can damage white blood cells (leukocytes) and reduce immune
response, which may further increase the risk of infections’’. Based on the
limited information available on the effects of shear stress on white blood
cells, a shear stress of 13 Pa inhibits phagocytosis (ingestion) with an
exposure time of roughly 0.1s, while greater values cause significant
damage’. In most cases, these infections can be successfully treated without
the need for VAD replacement. Infections were once the leading cause of
death in pulsatile heart support systems, but today, they mainly force
patients to stay in the hospital longer after device implantation”. Despite the
advancements in technology, infections remain a critical issue in the
management of VAD patients.

Finally, an odd phenomenon involving simultaneous thrombosis and
bleeding is frequently observed in patients using implantable cardiovascular
therapeutic devices’®. The paradoxical hemostatic effect is related to
mechanochemical signaling acting on vVWF multimer modifications and
platelets’ receptor shedding. High NPSS leads to conformational changes in
vWF multimers that affect hemostasis and lead to the formation of platelet
thrombi. Simultaneously, the activity of ADAMTS-13 (a vWF-cleaving
enzyme) may increase due to high shear stress, triggering excessive cleavage
of VWF multimers”. This response can reduce platelet adhesion and
aggregation, paradoxically increasing the risk of bleeding’®. (The deficiency
of VWF due to excessive cleavage is known as acquired von Willebrand
disease, a bleeding disorder often observed in continuous-flow VAD
patients””.) A high NPSS can also cause shedding of the platelets” surface
receptors (GPIba and GPVI), reducing platelet aggregation and leading to a
bleeding tendency. As the mechanism of MCS-related bleeding is not yet
fully understood, the concept of platelet dysfunction was proposed. It sug-
gests that the accumulation of supraphysiologic shear stress leads to platelet

degranulation and, mechanistically, limits platelets’ aggregatory response’.
Follow-up analyses by the same authors explained that sheared platelet-
derived microparticles impose a bidirectional effect on platelet hemostatic
function, but it remains to be defined which mechanism prevails in vivo due
to the circumstances”.

Summarizing the discussion up to this point, we have provided an
overview of the mechanisms by which cardiovascular devices can trigger clot
formation (thrombosis), RBC damage (hemolysis), and bleeding. Critical
factors are the exposure of blood to an NPSS and the duration of this
exposure (residence time). In simple terms, the more pronounced the
alteration of the shear stress distribution in the blood flow, and the longer the
exposure of blood to such non-physiological flow conditions, the greater the
chance for hematologic complications. Clarifying these aspects is para-
mount to approaching the following section.

Trends in cardiovascular devices

This chapter illustrates available options and future directions in cardio-
vascular devices, with special consideration of practical needs such as blood
compatibility testing and antithrombotic therapies.

Simulations and testing for cardiovascular devices
The complex geometrical structures and mechanical movements within
cardiovascular devices can lead to detrimental conditions for blood due to
non-physiological hemodynamic conditions. A complete assessment
requires combining numerical simulations with experimental tests.

Computational fluid dynamics (CFD) and fluid-structure interaction
(FSI) are frequently employed to study cardiovascular devices. Although FSI
is more complex and computationally demanding, it offers a more precise
representation than CFD because fluid and structure dynamics are inter-
dependent. Thus, FSI better fits the simulation of heart valves*’ and vascular
grafts®’, where the structures undergo significant deformation under flow
forces. CFD can, however, predict flow patterns and optimize MCS designs,
so FSI simulations are used more selectively for these components (e.g., to
understand the MCS impact on adjacent deformable structures, such as the
aortic valve™). Achieving high fidelity is challenging since cardiovascular
devices often operate in a laminar-to-turbulent transitional flow regime that
is difficult to simulate. Various strategies were utilized, but the optimum
approach remains controversial. Turbulence-based models are popular
choices, namely Reynolds- Averaged Navier-Stokes (RANS) and Large Eddy
Simulation (LES) models. RANS models have been preferred for blood
pump simulations but struggle with predicting secondary flows and flow
separation, leading to deviations in performance predictions*’. LES models
provide a more detailed estimate of the turbulent flow field (examples
include blood pumps®, vascular grafts®, and prosthetic heart valves®),
requiring a significantly higher computational cost. Hybrid RANS-LES
models are a good trade-off despite their demanding calibration. They use
RANS in regions with well-behaved turbulence and LES in areas with
separation vortices” ", offering a promising middle ground between com-
putational efficiency and predictive accuracy”. Additionally, it is worth
highlighting the emerging field of patient-specific modeling of cardiovas-
cular geometries via non-invasive measurements™. These models are used
for numerical simulations to extract hemodynamic quantities (e.g., blood
flow in the coronary arteries”) or to aid in sizing and positioning heart
valves”, where machine learning techniques can develop fast-running data-
driven simulations”™.

These numerical approaches can be augmented with various blood-
damage metrics to predict device hemocompatibility and enable targeted
design improvements. The primary metrics currently in use are as follows:

o Scalar shear stress experienced by blood elements (high shear stress can
damage blood cells and is a primary indicator of potential hemolysis).
This approach relies on the shear stress tensor to calculate scalar shear
stress™”*,

* Residence time refers to how long blood elements remain within a
specific region of a device (if prolonged, particularly under NPSS, it can
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increase the likelihood of blood damage). It helps identify areas where
blood may stagnate””,

* Hemolysis index is a measure of RBC damage. It is crucial for under-
standing the hemocompatibility of a device™”**,

o Thrombosis potential evaluates risk zones for triggering clotting within
a device, considering factors such as platelet adhesion and the binding
ability of vVWEF™**?7,

* General thrombosis prediction assesses the likelihood of clot formation
within a device, considering factors such as platelet adhesion or the
transport and reaction of biochemical substances related to
clottin g93,9v1,97,9s)

* Bleeding probability evaluates the risk of bleeding complications by
considering factors such as the platelet adhesion ability and the acti-
vation of platelets”™*"”,

Relying on these numerical considerations, hemolysis has been pro-
gressively reduced in current MCSs, but representing thromboembolisms
computationally is still a challenge”. Current methodologies have sig-
nificant limitations™ """, because they primarily focus on the physical factors
influencing thrombosis, potentially overlooking the intricate biochemical
reactions that are equally pivotal in thrombus formation (e.g., shear stress
can initiate biochemical reactions leading to thrombosis but also plays a role
in reducing thrombosis risk, increasing the likelihood of bleeding according
to the “paradoxical hemostatic effect”'”?). This uncertainty highlights the
need for more sophisticated thrombosis risk assessment models to at least
integrate the prothrombotic and antithrombotic effects of shear stress.

Due to the extreme complexity of blood-related phenomena (it is a
shear-thinning, non-Newtonian fluid as explained in the subsection
“Human blood” in the supplementary document), integrating simulations
with experimental evidence is critical (e.g., it is recommended to incorporate
human blood testing as early as during preclinical approaches with smaller
blood loops*). Various thrombosis measuring techniques have corre-
spondingly been developed, including microfluidics methods, fluorescent
microscopy, electrochemical sensing, photoacoustic detection, and micro/
nano electromechanical systems. Conventional approaches are generally
considered in vitro methods, in which measurements are performed in
artificial environments, except for the ex vivo Badimon perfusion chamber.
Moreover, hemolysis can be measured using spectrophotometric, optical
(visual inspection of plasma samples), and electrical methods (Van Buren
et al.'” recently proposed to monitor hemolysis by measuring blood elec-
trical resistance). Most of these techniques require specialized hardware and
trained personnel for execution and data interpretation, limiting their
applicability to medical settings. It is therefore apparent that expanding
testing opportunities to include simpler methods would benefit research
conducted in engineering laboratories. Harmonizing testing methodologies
would also help derive definitive conclusions about candidate device
designs, as available studies employ in vitro systems or in vivo models that
are highly variable.

Regulatory compliance and antithrombotic therapies

The “high-risk” nature of blood-wetted cardiovascular devices requires
proof of hemocompatibility to meet regulatory compliance before human
use. This process still faces challenges'™ as tests are mainly based on ISO
10993-4 (Biological evaluation of medical devices—Part 4: Selection of tests
for interactions with blood), while ISO 14155 governs good practices for
clinical investigations and is not applied to hemocompatibility testing. The
first mentioned dictates a tailored assessment for each device, redirecting to
device-specific standards when possible, and explicitly states that a universal
single acceptance threshold is not feasible for all device applications, for
instance, for hemolysis. It also does not address the dynamic nature of
advanced methods, such as tissue engineering. Thus, significant regulatory
gaps, as highlighted by the FDA'”, prevent cardiovascular devices from
being fully safe and effective before they reach patients. They mainly include
the absence of trustworthy preclinical blood damage assessments to better

predict clinical outcomes, the lack of computational and in vitro test
methods accounting for human physiology, and the shortage of confirmed
tools to forecast the clinical translation of new devices. As a result, the
processes for obtaining regulatory compliance should be further improved
through appropriate guidelines to deliver a more reliable gold standard'”,
where rigorous standardization and tight controls are invaluable.

Moreover, hemocompatibility paradigms are evolving from inert
blood-contact materials to surfaces that actively manage biological
responses (e.g., using chemical alterations or coating'”’). The underlying
goal is to avoid clot formation without using heavy antithrombotic treat-
ments, a process complicated by patient-specific factors'® and risks of
bleeding with life-threatening potential. Traditional medications need
conscientious dosing and accurate monitoring (see the abovementioned
modulation/de-escalation strategies®). Thus, ongoing research focuses on
safer drugs to preserve hemostasis'”, including the use of antiplatelet agents
and anticoagulants. (Fibrinolytic drugs, or thrombolytics, are not reported
here as they are meant to dissolve existing blood clots.)

Conventional antiplatelet drugs tend to suppress signal transduction
cascades involved in platelet aggregation'". Since they pose practical chal-
lenges, especially an increased bleeding risk, new targets for antiplatelet
therapy mainly focus on three areas''': a variety of cell-surface receptors,
other intracellular signaling molecules, and molecules related to metabolic
pathways. Furthermore, current anticoagulants act at the mid-section of the
common coagulation pathway (e.g., they target FXa and/or thrombin,
which are critical for hemostasis). Newer options address the initiation of
coagulation, namely, mechanisms that do not harmfully affect hemostasis.
Studies along this line, largely at the preclinical stage, aim to inhibit coa-
gulation targets from both the intrinsic pathway and the common pathway,
including factors V, VIII, IX, fibrinogen or fibrin, and FXIII'">. More pro-
gressed research, which often relies on clinical trials, is on contact pathway
inhibition, particularly FXI/FXIa'"” and FXII/FXIIa'". Broadly, exploratory
antithrombotic trends revolve around smart nanodrugs, antithrombotic
polymers'", and hydrogel coatings'*® that go beyond inorganic coatings or
simple pharmacological carriers, metal-based complexes'”, and drug-free
techniques that rely on stimulus-responsive micro/nanosystems' . Even if
these approaches hold promise, they typically need further development
and verification.

At this point, we can address different cardiovascular devices separately
to understand their research trends for hemocompatibility.

Design of mechanical circulatory supports
Research on MCSs focuses primarily on VADs rather than THAs. Gen-
erally, two critical factors must be considered: hydraulic performance and
hemocompatibility. The latter element is linked to the potential formation of
thrombi and blood damage caused by the induced turbulence'*".
Hydraulic performance is operation-related and determined by key indi-
cators such as flow rate, pressure head, and power consumption. The last-
mentioned is linked to energy efficiency, simply the proportion of the
(hydraulic) power leaving the pump relative to the input (mechanical)
power. Efficiency in VADs is typically close to 20-30%*. Enhancing it, for
instance, by reducing the gap between the impeller and the pump housing,
decreases energy losses and extends the device’s battery duration. However,
it remains an open research question to fully understand how efficiency
improvements impact hemodynamic performance. A design trade-off
between energy efficiency and hemocompatibility is imperative: efficiency is
not the sole priority, given the importance of hemolysis and thrombosis.
Three successive generations of VADs have been developed so far (see
Table S1 in the supplementary document). The consequence was an evo-
lution from pulsatile to continuous-flow pumps, mainly centrifugal designs.
The apparent engineering motivations are constructive simplicity and
compactness, even though leveraging a volumetric pump design would
appear to be the most natural option for mimicking the human heart. Blood
pumps are currently a standard treatment for heart diseases, but they can
still cause significant complications, leading to deaths and hospital
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Fig. 5 | Numerical analyses of five clinical VADs.
The figure includes (1) Impella 5.0, (2) UltraMag, (3)
CHVAD, (4) HVAD, and (5) HeartMate II under
the same flow conditions. All images are adapted
from ref. 94. Reprinted from Computers in Biology
and Medicine, vol. 151, no. 106271, Y. Li et al.,
Multi-indicator analysis of mechanical blood
damage with five clinical ventricular assist devices,
Pages No. 7, 8, 9, and 10, Copyright (2022), with
permission from Elsevier. a Residence time, in sec-

onds, of the flow and b shear stress in Pa. Evaluations
of the corresponding normalized ¢ thrombotic
potential, and d hemolysis index, where values close
to 1 indicate detrimental effects on the blood.

121 122)’

readmissions'“. Common issues include bleeding (15-30% of cases
strokes (15-30% of instances®”), and hemolysis (in less than 5% of
patients™). Despite the relatively low occurrence of hemolysis, it serves as an
important measure of hemocompatibility'*’. It remains, however, uncertain
whether hemolysis alone can fully represent the pump’s overall blood
compatibility. It is also unclear whether the pump regions at high risk for
hemolysis denote a hazard for other complications, such as thrombosis.
Therefore, the importance of leveraging numerical simulations becomes
apparent.

The aforementioned two-fold interest in hydraulic performance and
hemocompatibility is also reflected in some recent studies worth special
mention:

* Main focus on hydraulic performance
Regarding centrifugal blood pumps, the impeller geometry is of
interest. Wu et al."** addressed tip clearance, finding numerically that
a 100 um gap was the most effective at reducing hemolysis. Song
etal.'”” numerically explored blade designs, reporting that backward-
curved blades outperformed the others in hemolysis prevention.
Ozturk et al'*® investigated the effect of the blade wrap angle,
discovering that 120° was best in their design. Kannojiya et al.””’
similarly found that this value balances hydraulic efficiency and
hemolysis. Trends presented by Wiegmann et al.'" revealed that a
smaller clearance within 50 and 500 um increases hemolysis, but
fewer blades between 4 and 7 reduce the blood stagnation rate and
secondary flow regions. These outcomes suggest careful considera-
tion of the pump’s design elements. Emphasizing commercial blood
pumps, Wu and co-workers'* recently simulated the centrifugal
maglev HeartMate III and CH-VAD, stressing the importance of
impeller design (the first is the most widely implanted pump, while
the other is approved for marketing in China). Although evaluated
shear stresses in the CH-VAD are well below the hemolysis threshold
(ie, roughly 300-1,000 Pa, even if inconsistent values plague the
field*), they would affect platelet activation and damage vVWF'*. In
contrast, the HeartMate III has wider clearances (1-2 mm) that
reduce stresses, but induce Taylor vortices that increase blood
residence time and potentially contribute to blood damage'”’. Again,
the importance of balancing hydraulic performance and hemocom-
patibility stands out, and LES models were recommended for future
investigations, as they outperform RANS models""'"*,
* Main focus on hemocompatibility

Other CFD studies have also been conducted to compare the
HeartMate III with the CH-VAD, emphasizing blood damage, flow

detachment, and flow stagnation'*"'"’. Thamsen et al.”** found that
the flow fields were particularly disrupted under off-design
conditions, which aligns with the recent findings in Wu’s study'*.
Wu et al."” investigated turbulence and secondary flows in a
centrifugal maglev pump. Referring to similar turbulent flows, Huo
et al.”" introduced the “light LES” method, showing improved
hydraulic predictions compared to RANS models, which struggle to
represent separated flow. Switching to axial designs, Li et al.”
conducted a CFD analysis of the Impella 5.0 and, leveraging these
insights, designed their interventional pump, the “Iterative Pump.”
Another CFD study™ considered five commercial VADs (Fig. 5).
High-risk areas for hemolysis and bleeding were similarly distributed,
ranking them in the following order for hemocompatibility from
lowest to highest: Impella 5.0, UltraMag, CH-VAD, HVAD, and
HeartMate II. Finally, even if very few studies address TAHs, particle
image velocimetry identified potential thrombogenic regions within
Penn State’s pediatric TAH'. A critical aspect emerged with the right
pump, leading to a higher potential for thrombus formation. Then, a
combination of in vitro, in vivo, and CFD observations supported
design improvements of the Cleveland Clinic’s TAH', again to
minimize areas of low wall shear stress that favor thrombus
formation.

This section has highlighted the dual, and sometimes conflicting,
targets of hemocompatibility and hydraulic performance in MCSs. CFD
simulations have become instrumental in optimizing pump designs, as
they reveal interactions between primary and secondary flow paths and
induced turbulence. Nevertheless, MCS parameters should also be
interpreted alongside patient history and clinical findings since they are
critical for clinical decision-making; routine VAD interrogation is
advised in this regard"®. Furthermore, technological advancements
enabled the placement of small, continuous-flow pumps intracardially.
Pulsatile (volumetric) pumps may regain interest, particularly for
pediatric applications and short-term support, due to their potential to
generate low shear stress on blood (pulsatile flow mimics the arterial
pulse generated by the heart and is considered “more physiological” by
some). Finally, the incorporation of new temporary mechanical circu-
latory system technologies, including linear cardiac pulsatile pumps, has
been reported to be more hemocompatible based on recent preclinical
evidence', but these areas still require follow-up studies. Table 1 con-
denses the analysis of the more relevant alternatives for MCSs, while
Table S5 in the supplementary document covers the older generations
of VADs.
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Mitral valve (b)
(healthy) \

Mitral valve
(damaged) —

(c)
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Fig. 6 | Details on heart valves. a Illustrative representation of the valves in the
human heart (image adapted from Blausen.com staff (2014), “Medical gallery of
Blausen Medical 20147, WikiJournal of Medicine 1 (2). DOI:10.15347/wjm/
2014.010. ISSN 2002-4436). b Illustrative representation of the mitral valve in both
healthy and damaged conditions and its replacement with a prosthetic counterpart
(image adapted from Anatomy & Physiology, Connexions. http://cnx.org/content/
col11496/1.6/, Jun 19, 2013.). ¢ Visualization of flow recirculating areas around a
mechanical aortic valve, which is a condition facilitating thrombus formation (image
adapted from ref. 155, https://link.springer.com/article/10.1007/s10439-024-03480-
6: © 2024 Kreinin et al.).

Design of artificial heart valves
The reasons blood-related issues occur in patients using prosthetic valves are
not solely due to direct mechanical degeneration or biodegradation of the
implant material. Thrombotic complications, in fact, result from alterations
in the hydrodynamics or chemical nature of the valve materials'”’, due to
their design and materials (Fig. 6). The high rigidity or inadequate fluid
dynamics, particularly in mechanical valves, can lead to non-physiological
flow behavior and high shear stresses. Such conditions contribute to cell
membrane rupture, hemolysis, platelet activation, and thrombus
formation'*"*!. Additional issues related to valve replacement include
bleeding, new-onset conduction disturbances (i.e., problems with the heart’s
electrical signaling), and afterload mismatch (i.e., the left ventricle’s work-
load exceeds its capacity). In response, research on the aortic valve is pre-
dominant due to its demanding operations, while studies on the mitral valve
significantly outweigh those on the pulmonary valve'**. The mitral valve is
more prone to regurgitation and stenosis due to the higher pressure in the
left heart. The pulmonary valve, in contrast, has a lower incidence of severe
diseases due to lower pressure in the right side of the heart. Lastly, the
tricuspid valve also suffers from common valvular disease, and several
artificial alternatives for its replacement exist'*’.

In response to the abovementioned complications, the research studies
branch off in the following directions:

* Use of flexible polymer materials or coating
Bioengineered valves hold promise in reducing immune rejection
and thrombogenicity by using decellularized human tissue coated
with patient-specific cells. They enhance biocompatibility and
promote reendothelialization, potentially minimizing long-term
hematologic complications'*. Flexible polymer materials and
tricuspid leaflet design are more popular (a recent review of
bioprinted valves elaborates on material types'®). Stasiak et al."*
developed a polymeric valve that underwent extensive in vitro and
in vivo testing. The leaflet thickness was optimized so that version J6
demonstrated equivalence to the Carpentier-Edwards Perimount
Pericardial Bioprosthesis valve, a benchmark in the field (Fig. 7a). The
valve’s durability spans 30 years or over 1.2 billion cycles. Even

g
O Q E
E‘?U
£
b k g‘ 80
Poli-Valve J6 - Lo | qason |
g 20 ¢
H “é AF _/\N
o ’ UIU "
Ti
BIC-B me, s J
(b) 0s 0.15s 030s 040s 055s (030s)
~ J

Fig. 7 | Examples of artificial heart valves. a Hydrodynamic performance of a
polymeric heart valve: valve openings of the prototypes J6 and Carpentier-Edwards
BIC-B (21 mm diameter) shown at peak systole (left) and diastole (right), and
pressure and flow rates during pulsatile tests of the J6 valve (AP is aortic pressure,
LVP left ventricular pressure, and AF aortic flow). All data are prior to fatiguing
(image adapted from ref. 146: © 2020 Stasiak et al.). b A polymeric heart valve during
invitro tests (EXP) and the corresponding fluid-structure interaction (FSI) and finite
element (FE) analyses; the geometric orifice area (GOA) at the maximum opening is
highlighted on the right (image adapted from ref. 147: © 2017 Luraghi et al.).

though the study could not quantify thrombosis due to insufficient
thrombus formation, optical images showed a thin layer of fibrin and/
or red blood cells formed on the samples. Moreover, Luraghi et al.'’
evaluated bio-inspired polymeric valves, concluding that FSI
simulations are more appropriate (e.g., they give a closer match to
the experiments for leaflet stress). They also emphasized reliability by
simulating pulsatile tests (Fig. 7b). The durability of polymeric valves
was also confirmed by Rotman et al., since their prototype passed 400
million cycles without failure'*.

In general, the valve’s chemical composition and surface structure
significantly influence blood components'*. Blood proteins sponta-
neously adsorb to the biomaterial surface, depending on many
factors'. Adsorption increases with surface pitting, which provides a
larger contactarea’, or with the presence of chemical substances (e.g.,
aliphatic compounds, aromatic groups, and perfluorinated
groups”"'*). Conversely, macromolecules with ionic groups (acidic
or basic) and polar chemical groups (ester, ether, and alcohol) reduce
protein adsorption on the biomaterial surface'™"'*. These processes
are relevant because adsorption of fibrin stimulates adhesion and
platelet activation, initiating the blood clotting cascade on the bio-
material surface'. Therefore, the problem of thrombosis in poly-
meric heart valves remains significant; understanding it is crucial to
developing synthetic materials that are less thrombogenic. Tissue-
engineered valves are promising because they can enable regenerative
properties, but incremental material improvements are insufficient.
Successful clinical translation calls for immune modulation and a
dynamic response aligned with native tissues'™.

* Analyses of thrombus formation

The leaflet restriction is a major cause of failure in mechanical heart
valves, originating from uncontrolled thrombus formation at the
valve’s periphery and hinge. Kreinin et al."** presented an in vitro
model of fibrin clot accumulation in prosthetic heart valves under
real-time imaging monitoring. Clot accumulation correlated with
valve position, with a greater incidence in tilted valves, and was also
influenced by local flow features, such as recirculating flows as
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indicated by CFD simulations. Furthermore, Laha et al.*’ used
smoothed particle hydrodynamics to model the FSIs of the 25-mm St.
Jude bi-leaflet mechanical aortic valve, considering three increasing
blockage phenomena. The change in maximum flow velocity from
28 to 5m/s highlights the valve’s deteriorating functioning,
increasing hemodynamic stress.
* Heart valve fluttering

Heart valve vibration, or fluttering, is an interfering phenomenon
that can cause microtrauma to valve tissue, accelerating its degen-
eration. Chen et al."** discussed various detection methods for iden-
tifying heart valve fluttering (e.g., particle image velocimetry
technology) since it is associated with factors such as thrombi, valve
calcification, regurgitation, and hemolysis. The authors suggest
fluttering mitigation by optimizing valve design and increasing
material strength. Generally, ongoing research aims to understand
the FSIs at different levels. The focus can be on specific features (e.g.,
the optimal height of the valve strut'”’) or the overall valve behavior in
a channel'®. Such FSI simulations can give reliable results, at least in
mechanical aortic valves, and predict the device’s life cycle by partially
replacing in vitro experimentation in the preclinical and post-market

assessments'”.

Summing up this section on artificial valves, it is worth recalling the
importance of hemocompatibility (preventing thrombus formation),
advanced materials (polymers), and numerical models (simulating FSIs).
Table 2 offers an overview of the available options.

Design of cardiovascular implants
We conclude our analysis on cardiovascular devices in contact with blood
flow by discussing stents and artificial grafts. Recalling the analogy between
the cardiovascular and hydraulic systems, stents and artificial grafts address
issues with hydraulic transmission lines, such as bulging or ballooning,
vessel blockages, or cardiovascular reconstructions. The illustrative exam-
ples in Fig. 8 depict a percutaneous coronary intervention using a stent to
treat a blocked artery (the arterial plaque is broken, and the artery diameter
is enlarged with an expandable balloon, which deploys and places the stent
in the correct location), and the design, manufacturing, and implantation of
an artificial graft.

Despite their different nature, stents and grafts share some ongoing
research trends. We divide them for convenience into the following
broad areas:

* Materials

Enhancing tissue integration to reduce blood-related issues is
particularly important for stents, which is achieved via controlled
drug release and smart materials that can degrade appropriately'®.
Mimicking the nonlinear mechanical behavior of natural blood
vessels is crucial for artificial grafts, which is particularly challenging
for the small-diameter ones'®". Several recent studies addressed these
issues, proposing multiple approaches. A move away from metal
stents is desirable, embracing polymeric alternatives; however, they
pose challenges due to lower mechanical properties (e.g., polymer
cracking or detachment is possible), requiring further investigation'®.
Surface coatings are explored extensively'®. Stents can be covered
with antithrombotic (heparin) or reendothelialization-promoting
materials (they release growth factors or biomimetic molecules).
Nanocoating stents and grafts is also possible (e.g., using carbon
nanotubes or nanofibers'®) to promote reendothelialization and
resist bacterial adhesion, while nanoparticles can be incorporated into
stents to efficiently release drugs in situ and reduce side effects.

Drug-eluting stents (DESs) address bleeding complications by
releasing medications to decrease the duration of post-implantation
antiplatelet therapies or encourage vascular repair involving stem
cells (mesenchymal stem cells) or gene therapy to promote tissue
regeneration'®. (Drug-coated balloons are not discussed since they

represent a temporary alternative.) DESs release antiproliferative
agents to suppress excessive neointimal hyperplasia, which is
common with bare-metal stents. Everolimus and rapamycin
inhibitors, or various rapamycin analogs (rapalogs), are common-
place, while nanoparticle excipients will characterize the next
generation of DESs, ensuring targeted delivery of the therapeutic'®.
Nevertheless, these drugs facilitate a lipid-driven atherosclerotic
process in stented segments (i.e., neoatherosclerosis) that can cause
thrombosis long after stent implantation (1-5 years), and no specific
solution has been developed to date'”’. Additionally, biodegradable
and bioabsorbable stents lower the risk of long-term complications by
dissolving over time due to their material selection (e.g., magnesium
alloys'®). Optimizing the degradation rate and mechanical properties
for each patient is also a discussed option.

* Design and manufacturing techniques

Stents and grafts can be tailored to the geometries and mechanical
properties of specific patients (i.e., personalized medicine) by com-
bining computed tomography or magnetic resonance imaging
reconstruction with 3D-printed realization’'”. To handle the
complexity of the stent design procedure, multiple optimization
techniques have been leveraged'”’. The development of smart stents
and grafts equipped with sensors is still in its early stages'® (e.g., a
piezoelectric vascular graft can distinguish between different pulse
rates and blood pressures'”), as they can potentially detect
physiological changes to support patient monitoring post-
procedures. (It is worth noticing that general devices for cardiovas-
cular healthcare based on flexible and stretchable electronics are also
under development'’*.)

Coating is leveraged, particularly in drug-eluting stents. Achieving a
challenging uniformity is paramount, and available options include
dip, aqueous, and spray coating. The latter technique is the most
widely used due to industry-related feasibility metrics, while further
advancing coating technologies will benefit this type of stent'”.
Furthermore, tissue-engineered vascular grafts have been intensively
investigated using textile manufacturing techniques, such as weaving,
knitting, braiding, electrostatic flocking, and electrospinning'*. This
approach could reduce the risk of rejection and thrombosis, even if
achieving grafts with patency and remodeling (i, the adaptive
structural changes in response to long-term stress) that mimic natural
blood vessels is challenging'®'. Overall, further research on tissue-
engineered vascular grafts is needed in several areas, including
hierarchical vascularization, small-diameter grafts, immune
response, and long-term stability”’.

Regarding cardiac patches, progress has been mostly technology-
driven by advancements in design (e.g., bioink’s ability to undergo
liquid-to-gel phase transition'”) and 3D printing methods such as
extrusion, embedded, electrostatic, and light-based printing. They
offer specific advantages, so the open challenge is leveraging them
complementarily to deliver stable products that favor tissue

maturation and actively modulate immune responses'”’.

* Hemodynamic studies

In silico and in vitro analyses are complementary approaches to
assess the hemodynamics of vascular stents and grafts (Fig. 9). CFD
simulations can model device-induced wall shear stress, which
adversely affects vascular health, but are computationally expensive
when studying complex geometries. The acquisition of similar data
experimentally using particle-tracking methods is complicated,
particularly at such high resolution, calling for a synergetic effort'”".
In particular, a recent meta-analysis on CFD models for stents used to
simulate aortic repairs highlighted the marginal credibility of such
tools (ie., collaborative medical and engineering efforts were
recommended)’. Several CFD studies were conducted on coronary
artery stents™, but fewer on grafts'"”". They evaluated the impact of
malapposed stents'”, stent-induced deformation effects on aneurysm
rupture'”’, the use of patient-specific stents to reduce low-velocity and
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Fig. 8 | Examples of cardiovascular implants.

a Schematic illustration of a percutaneous place-
ment of a stent for treating an artery blocked by
plaque formation (image adapted from https://
commons.wikimedia.org/wiki/File:Angioplasty_-_ )
Balloon_Inflated_with_Stent.png, Blausen Medical. \
Retrieved on 22 February 2016). b Procedure for
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obtaining a patient-specific vascular graft using a
sheep model. Image adapted from ref. 169. Rep-
rinted from The Journal of Thoracic and Cardio-
vascular Surgery, vol. 153, no. 4, T. Fukunishi et al.,
Preclinical study of patient-specific cell-free nano-
fiber tissue-engineered vascular grafts using
3-dimensional printing in a sheep model, Page No.
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926, Copyright (2017), with permission from Else- \

vier. The steps A-F include the size reconstruction of
the thoracic inferior vena cava, the graft electrospun
onto a 3D-printed scaffold, and the graft
implantation.

Fig. 9 | Examples of the synergetic use of CFD
simulations and experimental measurements in
cardiovascular implants. a Physical prototypes and
stent segmentation from computed tomography
images for subsequent numerical simulations
(image adapted from ref. 184, https://doi.org/10.
1007/s10439-025-03949-y: © 2025 Ramella et al.).
b Comparison of the fractional flow reserve (FFR),
which is the gold standard for identifying ischemic
lesions, in coronary artery bypass grafting obtained

((a)

from invasive coronary angiographic (left side) and /

CFD computations (image adapted from ref. 178,
https://doi.org/10.1371/journal.pone.0281423.
g004: © 2023 Wu et al.). ¢ Locations of particle

accumulation within a coronary stent deployed in a
model vessel on the top (the red segments are 1 mm
distant) and corresponding CFD analysis created
from a reconstructed scan showing reduced shear
stress downstream of struts (images adapted from
ref. 177, https://doi.org/10.1371/journal.pone.
0271469.g005 and https://doi.org/10.1371/journal.
pone.0271469.g006: © 2022 Boldock et al.).
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low wall shear stress areas', and the care required to approximate
blood as a Newtonian fluid'*”. While CFD provides insights into the
effect of stent mesh design on near-wall blood flow and
hemodynamics, particle image velocimetry'®’ and particle tracking
velocimetry'”’ have been used both as standalone measurement
methods and as a comparison to validate CFD studies. Additionally,
computed tomography was leveraged to reconstruct in vitro stent
deployments and enable more accurate CFD simulations'””'**"'%,

This section has briefly highlighted the critical role of vascular implants
in various medical procedures, emphasizing the need for hemodynamic
compatibility to prevent complications such as thrombosis and embolism.
Computational methods are pivotal for optimizing the design of these
devices since multiple studies have shown that implants with improved
geometries can enhance hemodynamics. Specifically, integrating CFD in the
development process and using patient-specific designs are essential for

creating more effective and safer stents and grafts, ultimately improving
patient outcomes. Table 3 summarizes the analysis of the more relevant
alternatives.

Conclusions and outlook

In this review, we have discussed various cardiovascular devices in which
fluid dynamics plays a dominant role. Our emphasis has been on hemo-
compatibility (primarily avoiding thrombosis, hemolysis, and bleeding),
which is essential for patient safety. Hemodynamic performance is generally
unsatisfactory, as hematologic complications remain a challenge for cardi-
ovascular devices. We have, therefore, analyzed and discussed the recent
advancements in the field, isolating the following essential conclusions:

* Mechanical circulatory supports are vital in managing heart failure,
and their design must balance hydraulic performance with hemo-
compatibility; these two facets reflect the ongoing research trends in
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this area (see Table 1). Developing more compact designs (mainly
magnetically-levitated centrifugal pumps for continuous flow) allowed
for intracardiac placement, improving patient comfort and reducing
infection risk. However, volumetric pumps for pulsatile flow could
regain interest. They generate lower shear stresses on blood, being more
hemocompatible, and mimic the physiological arterial pulse of the
heart. There is also a need for fit-for-all devices, expandable (catheter-
delivered) pumps, and physiologically smart control. Improving the
interpretation of MCS parameters alongside patient history is also
advised for optimal clinical decision-making, so dedicated studies are
required. Lastly, CFD and FSI analyses have become instrumental in
refining the MCS geometry, given the influence of many design
parameters; extensive experimental data are still needed to validate
accurate simulation models.

* Artificial heart valves restore normal blood flow in the heart and face
challenges such as ensuring sufficient durability and minimizing the
need for anticoagulation therapies in patients. In response, the current
research focuses on using antithrombotic polymers or coatings,
understanding thrombus formation due to the induced fluid dynamics,
and studying valve fluttering and FSIs (see Table 2). Technology has
advanced from mechanical to biological and polymeric valves. This
evolution improved hemodynamic compatibility by returning to a
more natural hemodynamic performance and reduced material fatigue
by leading to an expected lifespan of about 25 years, which still requires
extensive confirmation. Further improvements call for advances in
materials science (e.g., flexible polymers with anti-calcification
properties) and numerical modeling (e.g, simulating FSIs and
assessing the impact of leaflet blockage).

* Cardiovascular implants maintain the proper shape of obstructed
blood vessels or replace/bypass damaged vessel segments. Despite the
different functions, they must ensure appropriate integration with
biological tissues without immune rejection, minimize thrombosis, and
sustain biomechanical loading over time. Recent research trends
revolve around using advanced materials and tissue-engineered
artifacts, improving manufacturing techniques, and studying their
impact on hemodynamic parameters (see Table 3). Additive
manufacturing has emerged, and thin polymer membranes have been
used, but they are still in early development. Further, combining
computational methods (CFD and FSI simulations) with patient-
specific studies optimizes the device’s hemodynamic performance,
which requires enhancing reconstruction techniques, such as micro-
computed tomography.

Due to the complexity of the topic, it is apparent that cutting-edge
research on cardiovascular devices should combine numerical methods
with experimental trials, which are also mandatory for approved medical
products. This integration offers a comprehensive hemocompatibility
assessment, which is vital for developing the next generation of cardiovas-
cular devices. Considering the multidisciplinarity of this field (human
physiology, surgery, biochemistry, fluid mechanics, deformable solid
mechanics, materials science, manufacturing, and mechatronics all play a
role), the future of patient care is also significantly influenced by colla-
boration among researchers with different backgrounds, clinicians, and
industry. Such a broad partnership is ineluctable and should be facilitated to
the greatest extent possible. Therefore, creating a link to enable an adequate
flow of information and data exchange is paramount.

Further elaborating on these aspects, we now propose our outlook, in
random order, on the predominant topics that call for future research
efforts:

* Modeling blood, blood vessels, and cardiovascular devices. Devel-
oping CFD and FSI simulations to predict blood flow and blood-device
interactions can improve hemocompatibility and hydraulic perfor-
mance. Numerical approaches also facilitate patient-specific treat-
ments, which are game-changers for long-term patient well-being.

Fully leveraging these opportunities requires creating extensive, high-
quality data banks for model validation and improving models to
predict blood damage over time.

* Design and optimization. High-fidelity simulation tools enable
optimization processes to identify the best design parameters (shape
optimization) and deployment methods for cardiovascular devices.
Conventional techniques, such as gradient-based and derivative-free
methods, can be used to optimize a cost function despite the need for
complex, time-consuming simulations. Thus, Al-driven design
solutions should be considered for faster outcomes, especially if
wide-ranging data banks are available.

* Innovative materials and medicaments. Engineered materials have
the potential to revolutionize many fields of science, and cardiovascular
devices are no exception. Using polymers and nanomaterials has
already opened up new hemocompatibility paradigms. Still, more
action is needed to ensure complete hemocompatibility and tissue
integration, and promote long-term durability with consistent
mechanical properties. More effort is also required for antithrombotic
therapies that do not harmfully affect hemostasis and, possibly, on
(drug-free) stimulus-responsive techniques.

¢ Manufacturing and prototyping. Additive manufacturing offers
unique capabilities to realize complex structures, including soft ones.
This approach should be exploited intensively since it can create
complex geometries to improve hemodynamics (e.g., pump impellers),
easily apply personalized design features for patient-specific treat-
ments, and quickly generate prototypes to obtain extensive data banks
(e.g., prototyping and testing a blood pump takes a few hours and can
be faster than simulating it, particularly when high-fidelity numerical
models are employed).

* Sensing and monitoring. There is a generalized tendency to equip
almost every engineering product with embedded sensors. The same
approach should be considered for cardiovascular devices, particularly
MCSs, to detect undesired changes and collect relevant real-time data
for long-term monitoring. Then, specific protocols should be
developed to process the measurements, ideally using machine
learning or Al-driven analytics, so that appropriate decisions can be
made to perform proactive action.

* Blood measuring and monitoring techniques. Enabling real-time
techniques for ex vivo tracking of blood damage without advanced
setups or medical personnel will facilitate experimental validations.
These methods are valuable in medical settings and, most importantly,
in engineering research laboratories where large-scale data collection is
required. Defining in vitro tests that account for human physiology and
enable trustworthy preclinical assessments of blood damage is
paramount for the efficient development of new devices. Lastly, a
more reliable gold standard for obtaining regulatory compliance is also
needed.
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Published online: 30 September 2026
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