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About This Technical Chapter

Computational modeling and simulation can provide valuable
insight into the performance, safety, and reliability of blood-
contacting medical devices. For blood pumps in particular, however,
the usefulness of a model depends not only on the quality of the
simulation, but also on the credibility of the methods, assumptions,
validation practices, and supporting evidence behind it.

In this published chapter, SimuTech Group engineers Mark S. Goodin
and M. Ertan Taskin explore how verification, validation, and
uncertainty quantification can be applied to computational models
of blood pumps. Their discussion includes the use of risk-informed
credibility frameworks, the relationship between simulation and
physical testing, and practical considerations for evaluating model
reliability in medical-device development.

The chapter also examines how credible computational modeling
can support engineering decisions involving blood-flow
performance, device design, potential blood damage, testing
strategies, and regulatory review.
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Chapter 18

Establishing the Credibility

of Computational Models of Blood
Pumps Through Verification, Validation,
and Uncertainty Quantification

Mark S. Goodin and M. Ertan Taskin

1 Introduction

Cardiovascular diseases are the leading cause of death globally, causing about 32% of
all deaths worldwide, with 85% of those due to heart attack and stroke [ 1]. Mechanical
circulatory support (MCS) has become the standard of care for patients with advanced
heart failure refractory to maximal medical therapy [2]. Medical therapies may vary
depending on the level of the disease, patient condition, and donor availability factors.
For example, patients may need to be (a) temporarily supported during a procedure or
part of a procedure (short-term support), (b) supported until transplantation (bridge to
transplant), or (c) supported during their lifetime (destination therapy). Considering
the criticality of the need, a tremendous amount of time and effort has been spent to
develop devices capable of supporting heart failure patients.

This chapter focuses on blood pumps that are designed to satisfy the aforemen-
tioned use cases. It begins by providing a history of extracorporeal support. Key
performance parameters for blood pumps, including those specific to the longer use
and higher risk ventricular assist devices (VADs), are then introduced and discussed.
An overview of the computational modeling methods typically used for simulating
circulatory support devices is then provided. Building upon this foundation, the next
sections review two case studies that utilize the ASME V& V40 risk-based framework
to establish the credibility of models used to assess VAD performance on the bench
and in patients. The chapter concludes by providing examples of potential questions
of interest for blood pumps and considering future modeling developments that could
further advance the role of computational modeling and simulation for circulatory
support devices. A table summarizing different blood pump-related performance
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parameters, their clinical significance, and associated validation methods is also
provided. References for the articles describing the computational fluid dynamics
(CFD) modeling and supporting validation work are also included in this summary
table.

2 Brief History of Mechanical Circulatory Support

The beginning of the enhancements in the field of MCS dates back to the middle
of the nineteenth century with the first patented roller pump in 1855 by Porter and
Bradley. Truax then patented the first double-roller pump for transporting blood in
1899, as shown in Fig. 1 [3]. The first major improvement for MCS was achieved in
1934 with the modifications by DeBakey, whose pump was used in one of the first
heart-lung machines [3]. Since then, many extracorporeal and implanted ventricular
assist devices (VADs) have been introduced.

As in the case of the initial roller pump concept, extracorporeal support devices
are mainly used to provide blood perfusion for oxygenation in patients with cardiac
or pulmonary failure. In 1968, a centrifugal “low-hemolysis” device was developed,
known as the “BioPump,” which was commercialized in 1976 [4]. In the early 2000s,
a similar centrifugal device, called the CentriMag was developed for extracorporeal
membrane oxygenation (ECMO) [5].

VADs are mechanical pumps that are implanted to help the heart pump blood
throughout the body. In general, VADs can be classified into two distinct cate-
gories: pulsatile and continuous flow. The former, also known as the first-generation

Fig. 1 Truax roller pump
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blood pumps, are based on the volume displacement concept. The currently unavail-
able Abbott HeartMate I (HMI) was an implantable example of this class. Another
example is the pulsatile Berlin Heart Excor blood pumps, which are extracorpo-
real devices that still support pediatric and adult patients worldwide. Continuous
flow devices typically use a rotary pumping concept that can be axial, centrifugal, or
mixed flow. The early application of an axial bloop pump was introduced by Wampler
et al. in 1988 [6]. Also known as the “Hemopump,” this device was intended to
provide support to the left ventricle, with access through the femoral artery. Lever-
aging turbine technology developed by NASA engineers, a group of doctors led by
DeBakey developed a small axial flow blood pump [7]. Following these enhance-
ments, Jarvik introduced a similar axial flow pump known as the Jarvik 2000 [8]. And
one of the most popular implanted axial blood pump applications was the Abbott
HeartMate IT (HMII). The Jarvik 2000 and Heartmate II pumps use contact bear-
ings and/or seals, and therefore, they would be considered second-generation blood
pumps [4].

The most recent VADs incorporate contactless bearings for maintaining the rotor-
to-stator clearance. Considered third-generation designs, the two prominent bearing
technologies used in left ventricular assist devices (LVADs) are: (1) hydrodynamic
bearing and passive magnetic rotor levitation (used in the Medtronic HVAD pump [9])
and (2) fully magnetic rotor levitation (used on the Abbott HM3 pump [10]). Although
the HVAD pump is no longer currently on the market, it provided life support for
more than 20,000 patients [11]. Today, the HM3 pump is providing life support
to patients with reduced adverse events. Even though both devices are considered
continuous flow pumps, they use different types of speed modulation algorithms to
produce a pulsatile operation. The blood flow path through the Medtronic HVAD is
shown in Fig. 2.

Key milestones in the development of MCS are summarized in Table 1 [12], which
starts from the initial VAD implantation in the early 1960s and ends with the first
demonstration of the superiority of LVAD therapy in 2001. It is also important to
note that there are many pumps and technologies mentioned in this section that led
to breakthroughs in the industry and facilitated different designs and technologies
that are in use today [13].

3 Classifications and Design Features of Blood Pumps

(a) Continuous and Pulsatile Flow Pumps: As described in Sect. 2, blood pumps
are typically classified as pulsatile or continuous flow. Historically, more contin-
uous flow pumps have been developed than pulsatile flow pumps. Mimicking
the native pulsation of the heart and fully perfusing the vascular bed is a
potential inadequacy of continuous flow pumps that is still under debate [14].
Furthermore, the current complications associated with LVADs are related to the
non-pulsatile nature of these devices, such as gastrointestinal bleeding, arteri-
ovenous malformations, hemolysis, pump thrombosis, and aortic insufficiency
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Fig. 2 Blood flow paths through Medtronic HVAD pump [9]

Table 1 Early milestones in the development of mechanical circulatory support

Year

Milestone

1963

First VAD implantation

1964

NHLBI founds the Artificial Heart Program

1969

First TAH implantation

1972

NHLBI initiates an LVAD program

1975

NHLBI sponsors clinical trials of pneumatic LVADs

1980

Request for proposals for untethered electric, portable LVADs

1991

First implantation of electric, portable LVAD

1994

First patient discharges from hospital with portable LVAD

2001

REMATCH trial demonstrates superiority of LVAD over optimal medical therapy in New
York Heart Association Class IV patients

[15]. Nevertheless, given the reliability and relative simplicity of continuous
flow blood pumps, the pulsatile volume displacement pumps have nearly disap-
peared [14]. To address the potential complications associated with a lack of
pulsatility, newer continuous blood pump designs are capable of either optional
or compulsory speed modulation functions to introduce pulsatile flow operation.
A positive clinical impact was demonstrated in terms of reduced stroke rates
when the speed cycle pulsation option was utilized [16]. Numerical analysis
has indicated that pump wash out could be increased with compulsory speed
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(b)

(c)

(d)

modulation, which aligns with clinically reported lower thrombotic complica-
tions [17]. Note that improvements in pump wash out may correlate with more
streamlined flow throughout the pump and therefore may be associated with
decreased pump thrombosis [18].

Peristaltic (Roller) Pumps: As already mentioned, the earliest continuous flow
blood pump applications were roller pumps. The concept is to move the blood in
an enclosed tubing where the tube is squeezed while it is mechanically deformed
by a roller. Currently, peristaltic pumps are primarily used for extracorporeal
support during cardiopulmonary bypass procedures, which last up to several
hours. Their main advantages are reliability, due to their simplicity, and lower
cost. However, blood damage and tubing spallation are key disadvantages of
this design [13].

Rotary Blood Pumps (RBPs): As part of the continuous flow family, energy is
transferred to the fluid by velocity changes within the impeller vanes of a RBP.
Therefore, based on the geometric features of the impeller and the housing, RBPs
can be classified as axial, radial (or centrifugal), and mixed flow pumps. The
pump is classified as axial when the pump inflow and outflow are on the same
axis and as centrifugal when the pump outflow is perpendicular to the inflow. The
pump is classified as mixed flow when the inflow and outflow points are located
in between [14]. The size, and consequently the required speed, are determined
based on the pump classification. For example, axial pumps can be smaller in size
compared to centrifugal pumps, and thus, the impeller rotational speed required
to generate a similar output would be greater. RBPs have outstanding potential,
given their physiological and technological advantages such as implantability,
transportability, and lower anticoagulation levels. However, RBPs can carry
increased hemolytic and thrombotic risks due to induced high mechanical shear
stress [13].

Blood Pumps with Bearings: Rotary blood pumps may use different bearing
mechanisms to maintain the position of the impeller. For example, mechanical
pivot bearings provide physical contact between the impeller and the housing.
One weakness is that wear may lead to local frictional heating and/or local
blood flow wash out issues [19]. Nonetheless, there are many long-term support
VADs available in the industry using this technology. Contactless bearings are
also widely used in VADs with the intent of longer-term use. Among them,
hydrodynamic bearings are purely passive, where the bearing gap depends on the
bearing load (which is mostly defined by the rotational speed) and is usually in
the range of micrometers. This technology relies on increased pressure between
the hydrodynamic bearing and the housing surfaces which then creates a load.
Hydrodynamic bearings could be used for either radial or axial rotor support,
depending on the type of pump [20]. Precise machining is required since this
technology uses relatively small gaps. Similarly, the small gaps may lead to
high fluid shear stress, thus initiating hemolysis [21]. Finally, active magnetic
bearings are more sophisticated because of the required control mechanisms for
stable impeller operation. While these bearings do not require small gaps, the
overall size of the device can increase since the bearing forces are proportional
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to the magnet volume. Also unlike hydrodynamic bearings, magnetic levitation
(maglev) technology allows for suspension of the impeller in multiple directions
(both radial and axial), with the ability to control the bearing clearance.

4 Blood Pump Performance Parameters

Blood pump performance is evaluated based on a variety of factors, ranging from
assessing the hydrodynamic environment (e.g., flow patterns and shear stress) to
ensuring sufficient longevity inside the patient (e.g., susceptibility to hemolysis and
thrombosis). This section reviews some of the more critical concerns in pump design.

(a) Hydrodynamics

A VAD’s hydraulic performance is determined by its ability to provide patients
with the required blood flow rate over a wide range of conditions. A sufficient blood
flow rate is needed during periods of low activity, such as while resting or sleeping,
as well as more active situations including walking or climbing stairs. Hydraulic
performance is characterized by the relationship between the generated pressure
head (H) and the flow rate (Q). Hydraulic performance is typically characterized
using H-Q curves (see Fig. 3) and varies by pump type [14]. For example, axial
flow pump H-Q curves are typically steeper than centrifugal pump curves and have a
higher shut-off pressure (low or no flow condition). Therefore, the centrifugal pumps
can produce higher pressures at high flow rates, whereas the axial pumps generate
higher pressure at low flow rates.

VAD:s are typically designed to have their optimum hydraulic performance at an
operating condition that is most often experienced by the patient, such as a blood
flow rate of 4 L/min and a pressure rise of 100 mmHg. However, the VAD must also
function acceptably over a range of blood flow rates, e.g., from 1 to 7 L/min, and
pump pressure levels, e.g., from 30 to 150 mmHg. The pump’s ability to quickly
respond to changing patient hemodynamics is also an important factor.

(b) Pump Efficiency

Pump efficiency is another parameter used to define blood pump performance.
Overall pump efficiency combines hydraulic, mechanical, and electronic aspects to
convey how well the pump is designed over a wide range of operating conditions.
Figure 4 shows a typical pump efficiency chart for different impeller rotational (oper-
ating) speeds. Note how the peak in the efficiency curves slightly shifts for different
operating speeds. Since the pump is designed to reach a pressure head at a speci-
fied rotor speed, the highest efficiency is achieved at the corresponding operating
“design point” for that specified rotor speed. Also note that the maximum efficiency
levels of blood pumps can be less than that for industrial pumps, which can achieve
pump efficiencies greater than 70% [22]. This is because the pump efficiency is not
the ultimate performance parameter for blood pumps. Designers must also consider
biocompatibility, which is at least as important as the pump’s efficiency, and may
lead to a compromise on the design to achieve lower hemolysis or thrombus potential.
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(c) Biocompatibility

The overall, long-term biocompatibility of VADs is reported using Kaplan—-Meier
survival curves. Figure 5 shows the percentage survival of different types of LVADs
and therapies versus years after transplant [23]. Note that Kaplan—-Meier survival
curves for blood pumps account for complications due to many reasons, including
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both patient-specific and clinical conditions. Adverse events also impact survival
rates. These could be procedure related, such as neurologic events, thrombus inges-
tion from the atrium or ventricle, air embolization, and coagulopathic bleeding.
Other adverse events could occur post-implantation, such as device or components
malfunction, thromboembolism, hemolysis, and infection [24].

VADs are designed with relatively thromboresistant materials and employ effec-
tive washing of the pump surfaces to reduce the risk of thrombus formation and
thromboembolic events [24]. However, these biocompatibility-related effects are
still observed during the therapy, typically resulting from reduced local washing and
low or high shear regions. Formation and growth of thrombus within the device can
alter the pump hemodynamics and performance, causing increased power consump-
tion and reduced cardiac output. Thrombus formation and thromboembolism are
extremely complicated phenomena, but can be monitored by measuring platelet
activation.

Another design concern is hemolysis, which occurs when elevated shear forces
rupture erythrocytes (red blood cells), causing the hemoglobin within the erythrocytes
to leak into the surrounding plasma. A patient with functioning kidneys can remove
damaged red blood cells, and therefore, blood pumps are designed to meet clinically
acceptable hemolysis rates. However, clinically significant hemolysis could still be
observed in such cases as kinking or blockage of inflow/outflow conduits or acute
valvular insufficiency [24]. Hemolysis is typically monitored with lactate dehydroge-
nase counts clinically and with plasma-free hemoglobin concentration measurements
during in vitro experiments. Representative platelet activation and hemolysis curves
are shown in Fig. 6 [25].

(d) Durability

VAD:s are intended to provide life support for a time duration that is based on the
therapy. For example, it could be months to years for bridge to transplant or bridge

———

==LVAD Pulsatile (N=144) =LVAD Continuous (N=6,196)
~—LVAD+RVAD ~——ECMO (N=134)
——No LVAD/No Inotropes (N=4,253) No LVAD/Inotropes (N=5,682)

50

Survival (%)

25

p < 0.05 for all pairwise comparisons except:
ECMO vs. LVAD Continuous and ECMO vs. No LVAD

0 1 2 3 4 5 6 7
Years after transplant
Fig. 5 Kaplan—Meier survival by pre-transplant mechanical circulatory support use (adult heart

transplants: January 2009 to June 2016). ECMO, extracorporeal membrane oxygenation; LVAD,
left ventricular assist device; RVAD, right ventricular assist device [23]
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Fig. 6 Representative platelet activation (left) and hemolysis (right) curves [25]

to recovery therapies, respectively. It could also be multiple years to decades for
destination therapies. Therefore, each and every VAD component has to be designed
to provide crucial life support and enhance the quality of the life for heart disease
patients while minimizing the potential for adverse events. For example, endurance
testing of VADs is conducted to demonstrate the functionality of the pump beyond
its expected length of use. Such testing evaluates the reliability of both the pump
components and the software used to control the pump’s operation.

(e) Anatomical Considerations

As previously described, VAD size depends on pump classification, e.g., whether
it is an axial or radial flow design. Important anatomical considerations include
sizing a pump to fit inside the pericardial sac to eliminate the need for a pump pocket
and having a flat bottom surface that fits on the diaphragmatic surface of the heart
[26]. The size and shape of current third-generation continuous flow devices can
accommodate these different anatomical aspects.

S CFD Modeling of Blood Pumps

The primary goals of modeling blood pumps are to predict pump hydraulic perfor-
mance, efficiency, and biocompatibility. These performance parameters depend on a
CFD model that accurately captures the flow patterns within the pump. Shear stress
experienced by the flowing blood is one CFD-predicted quantity of particular impor-
tance. The shear stress on the impeller surfaces is used to determine the rotor torque,
which is multiplied by the impeller rotational speed to calculate the power require-
ments and efficiency of the pump. Also, shear stress and the local exposure time
of the blood are typically used to predict blood damage quantities such as platelet
activation, thrombus formation, and hemolysis. In this section, we will provide an
overview of the key CFD modeling steps and parameters used to achieve these goals
when modeling VADs.

An accurate geometrical representation of the pump’s internal flow path that
captures the small, and often significant, design features is the starting point for
blood pump CFD modeling. Such important features typically include the inflow
and outflow regions, the curvature of the impeller blades, the clearance between the
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impeller blades and the pump housing, the bearing region, and if applicable, the
volute design. The next step is to create a computational mesh that preserves these
features and resolves the velocity field near the VAD’s internal surfaces. Mesh sensi-
tivity studies assess the change in predicted local quantities, such as shear stress
and exposure time, and global quantities, such as average pressure rise and impeller
torque, with increasing levels of mesh refinement [27]. Numerous CFD software
packages have been used to solve the Navier—Stokes equations for modeling blood
pumps [28-30]. The key decisions related to setting up the pump simulations include:
(a) specifying the blood material properties, (b) selecting an appropriate turbulence
model, (c) using a steady-state or transient flow approach, and (d) choosing a method
for assessing pump biocompatibility.

(a) Blood Material Properties

Blood is typically modeled using a constant density value that is slightly
greater than water, and either a constant (Newtonian) or shear-rate dependent (non-
Newtonian) viscosity. Blood is a shear-thinning fluid, where the viscosity increases at
shear strain rates below 100-200/sec [26, 31]. However, most of the flow volume in a
VAD will experience shear strain rates above this threshold and so blood will behave
as a nearly constant viscosity fluid [29] (note that reported value for the constant
viscosity varies somewhat in the literature, see, for example, [31, 32]). However,
lower shear strain rates may occur in separated or recirculating flow regions, with a
corresponding increase in the local viscosity. In such cases, using a non-Newtonian
blood viscosity model could improve CFD model predictions related to thrombus
formation, which is more likely to occur in lower shear, longer residence time regions.

(b) Turbulence Modeling

Given the fluid properties of blood, along with the dimensions and impeller rota-
tional speeds of VADs, low Reynolds number turbulent flow conditions will predomi-
nate throughout the pump. Two-equation Reynolds Averaged Navier—Stokes (RANS)
models are typically used to account for turbulent flow effects. These two-equation
models solve for the turbulent kinetic energy (k) and either the turbulent dissipation
rate (€) or the turbulent specific dissipation rate (®). The hybrid model proposed by
Menter improves accuracy in both near-wall boundary layers and free-stream regions
by blending the k-® model in the near-wall region with the k-& model away from the
wall. For example, this approach is better able to predict the onset of flow separation
compared with standard k-¢ or k-o models alone [33]. More complex turbulence
models account for directional variations in the turbulent flow and resolve the larger
turbulent eddies away from the walls, rather than use empirical relationships [34,
35]. It is also important to note that laminar flow conditions may exist within narrow
flow paths of a pump, such as in the bearing regions. Therefore, it is important that
the selected turbulence model can return laminar flow results in the near-wall region.
Alternatively, some CFD solvers allow for the designation of flow regions as being
explicitly laminar or turbulent. This capability could be used a priori to define these
narrow flow regions as laminar when creating the simulation.

(c) Steady-State or Transient Flow
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CFD solvers typically include a multiple reference frame methodology that is
able to model rotating bodies embedded in stationary regions. This is implemented
by creating a cylindrical volumetric region surrounding the rotating impeller that
defines the rotating frame of reference. The remaining pump volume is modeled
in the stationary reference frame. An interface is then created in the CFD code
that connects the rotating and stationary flow regions. Two types of steady-state
simulations are typically used for modeling pumps: “Frozen Rotor” and “Staged.”
The “Frozen Rotor” method fixes the impeller at one rotational position and transfers
the local velocities and pressures across the interface. This method is commonly used
for blood pumps where it’s important to fully capture the impeller flow field exiting
into the volute or cylindrical-shaped housing regions. The “Staged” method also uses
a fixed impeller rotational position but averages the momentum and pressures when
transferring the flow field results across the interface. Multi-stage rotary machines,
where one-time mixing losses occur at each subsequent rotor-to-stator interface,
often use this method. Lastly, a full transient simulation rotates the impeller in time,
capturing a time-accurate flow field at each time step. The transient effects on the flow
field as the impeller spins, such as identifying areas of sustained low or high shear
stress, can be captured with this approach. A “Frozen Rotor” solution is often used as
an initial condition for transient simulations. Multiple revolutions of the impeller are
typically modeled to achieve time-periodic CFD results, thus minimizing the impact
of initial conditions on the flow solution [26].

(a) Assessing Pump Biocompatibility

Being able to qualitatively, if not yet quantitatively, gain insight into the likelihood
(and regional distributions) of blood damage is of tremendous value to those devel-
oping new blood pumps. Therefore, a significant amount of work has been reported
and is still ongoing related to the use of computational modeling to predict pump-
related blood damage, including hemolysis, platelet activation, and thrombosis. For
hemolysis, early efforts focused on using empirical relationships based on shear
stress and exposure time to predict cell lysis. For example, the following equations
rely on empirical constants (A, B, and, a) obtained by regressing experimental data,
where a range of values for these parameters have been reported [36-39].

Hemolysis Index(HI) = Damage Index(D) = AHgb/Hgb,
Hemolysis Index(HI) = Damage Index(D) = A * h % 1,

where:

Hgb hemoglobin concentration (g/dl)
A constant

T local shear stress (Pa)

S shear exponent

t exposure time (sec)

o time exponent
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Note that AHgb represents the change in hemoglobin concentration after one pass
through a pump. Levels of shear stress that could cause instantaneous hemolysis, as
well as the application of Lagrangian and Eulerian methods to calculate cumulative
and regional hemolysis generation rates, have been explored [40—44]. Typically,
calibration of the constants used in the empirical relationship is required to align the
CFD-predicted results with the in vitro measured values.

More recent efforts have focused on predicting levels of platelet activation and
thrombus formation [45]. The platelet activation methods parallel those used for
predicting hemolysis and are based upon shear stress and exposure time [46].
Methods that predict thrombus formation include reactions that mimic the clotting
cascade, platelet adhesion on internal surfaces, as well as changes to the flow path
due to thrombus growth and thrombus ingestion [47, 48].

6 Brief Overview of the ASME V&V40 Standard

The ASME V&V40 [49] standard presents a risk-based framework that can be used
to demonstrate the credibility of a computational model when answering a question
of interest for a given context of use. The framework outlines a series of steps that help
identify the credibility requirements of a computational model. First, the question of
interest “describes the specific question, decision, or concern that is being addressed.”
[49] Next, the context of use (COU) “describes the role and scope of the computa-
tional model used to inform that decision in relation to other evidence.” Model risk
is based upon the combination of model influence and decision consequence when
answering the question of interest for the defined COU. Model influence is the relative
contribution of the computational model relative to other available information, and
decision consequence is the potential severity of an adverse outcome from making
an incorrect decision. Adverse outcomes include potential harm to the patient as well
as clinical and financial negative outcomes. Model credibility is demonstrated using
a series of credibility factors that assess the rigor needed in the V&V process for the
specific application. The reader is referred to Chap. 5 or the standard itself for more
comprehensive information.

7 Case Studies Applying the ASME V&V40 Framework
to Ventricular Assist Devices

There are currently a limited number of case studies available in which the ASME
V&V40 framework has been applied to VAD design and evaluation. Among them,
one work is related to the FDA blood pump round-robin study where different risk
assessments were demonstrated for two different contexts of use [50]. In the other
study, a VVUQ plan was implemented for a left ventricle device (LVAD) system
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[51]. These case studies are briefly summarized in this section with a focus on how
the ASME V&V 40 standard can be used to help establish that the computational
model has sufficient credibility.

(a) Case Study 1: Assessing Computational Model Credibility Using a Risk-
Based Framework: Application to Hemolysis in Centrifugal Blood Pumps
[50].

This article demonstrated the application of the ASME V&V40 framework for a
centrifugal blood pump. Two hypothetical scenarios were explored: (1) The pump
is used to support a patient undergoing cardiopulmonary bypass, and (2) the pump
provides short-term ventricular assistance. For this discussion, we will focus on the
implanted VAD application, using the centrifugal pump design from the FDA round-
robin blood pump study shown in Fig. 7a [50, 52]. This VAD is intended to operate
from 2 to 6 L/min at impeller rotational speeds between 2500 and 3500 revolutions/
min (rpm). Figure 7b shows contours of wall shear stress on the surfaces of the pump
at the highest blood flow rate and impeller rotational speed condition of 6 L/min at
3500 rpm [50].

A description of the different meshing methods, CFD software, turbulence models,
and input parameters used to model this centrifugal pump is provided in the FDA
round-robin study summary article [52]. A constant blood density and viscosity
matching the in vitro test conditions was used for these simulations. In addition,
an Eulerian power-law hemolysis model was used to predict the hemolysis level at
each flow condition. Measured static pressures at the pump’s inlet and outlet, particle
image velocimetry (PIV), and in vitro hemolysis testing were used to validate the
CFD-predicted pump pressure rise, velocity field, and the flow-related hemolysis

A

Fig. 7 a Geometry and flow direction for the centrifugal blood pump used in the FDA round-robin
study. b CFD results showing contours of wall shear stress at 6 L/min and 3500 rpm, with the upper
range limited to 300 Pa to assist in identifying higher shear stress regions [50, 52]



486 M. S. Goodin and M. Ertan Taskin

[52, 53]. The overall goal of the study was to determine if the CFD model provides
sufficient credibility in predicting hemolysis over the VADs full operating range.

For this example, the question of interest was “are the flow-induced hemolysis
levels of the centrifugal pump acceptable for the intended use?”

The COU for the VAD application (article COU #2) was built upon the knowl-
edge gained through the cardiopulmonary bypass application (article COU #1). This
knowledge included using the CFD model to predict the two potentially worst-
case flow/speed conditions for hemolysis. PIV and in vitro hemolysis testing were
performed at those conditions, and at one additional low flow condition, to validate
the CFD model flow field and hemolysis predictions. For the VAD application, the
scope was expanded to use the CFD model in predicting the flow field and hemolysis
at two additional extreme operating conditions where in vitro data was not available.

The quantities of interest (Qols) were the pump’s hydraulic performance,
velocity flow field, blood shear stress, blood exposure time, and flow-induced hemol-
ysis level. The CFD model incorporated an Eulerian power-law hemolysis model to
compare with the in vitro hemolysis measurements.

Model Risk Assessment

The model influence was categorized as HIGH as the evaluation of pump safety and
effectiveness was based solely upon the CFD results at two of the pump’s extreme
operating conditions.

The decision consequence was also categorized as HIGH because surgical inter-
vention and/or device replacement may be required should this implanted pump
cause increased hemolysis. Either of these scenarios puts the patient at a significantly
increased risk.

Considering the HIGH levels for model influence and decision consequence, the
model risk map in Table 2 assigns a model risk of HIGH.

Model Credibility

Verification: For this HIGH-risk application, the code and calculation verification
sections of the article: (1) discussed the verification of the Eulerian power-law model
using benchmarks from a previously published study, (2) described the grid conver-
gence approach, (3) quantified the discretization error for both velocity and hemolysis
(the primary quantity of interest), and (4) provided software quality assurance docu-
mentation. The article also reviewed the challenges in verifying the turbulence and
Eulerian-based hemolysis models.

Table 2 FDA blood pump VAD application—risk map

3
Decisi
ecision Med ) 3 4
Consequence
Low 1 2 3
Low Med

Model Influence
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Validation: The model validation study consisted of particle image velocimetry
(PIV) measurements with a blood-analog fluid and hemolysis measurements using
porcine or human blood [52, 53]. The PIV experiments provided both hydraulic
performance data and velocity profile measurements at multiple locations within
the pump. The hemolysis testing was conducted using both the FDA blood pump
and a clinically approved VAD for direct comparison of the hemolysis results. An
acceptable hemolysis threshold for the FDA blood pump was based upon the hemol-
ysis levels encountered in a commercially available VAD. All hemolysis results
were reported as relative values that were normalized to this threshold. The PIV
and hemolysis evaluations were both repeated five times for each operating condi-
tion. The experimental fluctuations and uncertainty in the model inputs, including
the fluid properties, flow rate, and impeller rotational speed, were then quantified.
The uncertainty in the model outputs (flow velocity and hemolysis level), due to the
uncertainty in the model inputs, was calculated using a Monte Carlo-based method
to meet the desired level of rigor for the output comparison.

Applicability: The primary quantity of interest, the hemolysis level, is identical for
the computational model and the comparator. Concerning relevance of the validation
activities to the COU, the three validation points spanned the operating conditions
with increased potential for generating hemolysis, thereby achieving the desired level
of credibility.

Summary: Given the uncertainty for both the CFD-predicted and experimentally
measured relative hemolysis values, this study found acceptable levels of hemolysis
at validation condition 1, as shown in Fig. 8. At the second and third validation
conditions, the uncertainty in both the test data and CFD model results suggests that
hemolysis levels may exceed the relative hemolysis threshold value of 1. Assuming
a mean comparison error and experimental uncertainty that is similar to condition 1,
the authors conclude that the pump will not cause unacceptable levels of hemolysis
at condition 4. For the other untested condition 5, however, the model form and other
sources of uncertainties would not provide sufficient credibility for predicting accept-
able levels of hemolysis. This means that the CFD-predicted hemolysis levels are not
sufficiently credible across the entire pump operating range. Therefore, additional
evidence is required to understand whether the hemolysis levels caused by the pump
are acceptable. This might include animal testing and/or comparing measured hemol-
ysis levels for the new blood pump with those for a currently marketed, predicate
blood pump.

(b) Case Study 2: Design and Execution of a Verification, Validation, and
Uncertainty Quantification Plan for a Numerical Model of Left Ventricular
Flow After LVAD Implantation.

This example focuses on the impact of the flow distortions introduced by LVAD
implantation in the left ventricle, which may lead to thrombus [51]. The study frame-
work combines experimental and numerical aspects in a highly detailed manner as
shown in Fig. 9 [51]. For example, certain variables such as heart rate, ejection frac-
tion, and systemic parameters were extracted from benchtop experiments to specify
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Estimated or measured Hemolysis index
Acceptable level of hemolysis

Relative hemolysis =

141 mcrD & Exp

Relative Hemolysis

4 S
Validation Point  Validation Point  Validation Point  *Prediction Point *Prediction Point

Pump Conditions

Fig. 8 Hemolysis results at three validation conditions and two prediction-only conditions, as
indicated by an asterisk. The CFD results are normalized to the hemolysis observed in the predicate
device; therefore, a Relative Hemolysis of 1 would represent clinically acceptable hemolysis levels.
Note that the results reported in this article for the experimental and CFD-predicted hemolysis are
hypothetical

simulation boundary conditions that can be used as part of uncertainty quantification.
The simulations use a deformable ventricle model with unidirectional fluid—struc-
ture interaction (FSI). A pressure-driven valve model mimics mitral and aortic valve
operation. The model does not include the pump geometry; instead, the pump func-
tion was prescribed using H-Q curves at an inflow cannula geometry attached to the
apex of the ventricle.

The question of interest was “for an apically implanted LVAD, does the selected
pump speed: (a) achieve complete aortic valve opening and (b) provide sufficient
cardiac output for a range of HR and EF expected for a heart failure patient popu-
lation?” The assumption was that flow stagnation was associated with insufficient
or low flow. Therefore, sufficient cardiac output and aortic valve opening would
facilitate better ventricular washing and lower stagnation potential.

The COU was described as creating a heart-LVAD computational model that can
assist design engineers in preclinical development of the LVAD by characterizing
the aortic root, LVAD, and intra-left ventricle flows as a function of pump speed.
The goal was to create a computational model capable of replicating their benchtop
experiments for quantitative analyses as part of parametric explorations that span the
expected range of HR and EF for heart failure patients. The benchtop experiments
were performed using a mock circulation loop of the heart and circulatory system,
including an apically implanted LVAD.
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The Qols were the simulation outputs relevant to the COU and question of interest,
which are the flow rates through the aortic root and LVAD.

Model Risk Assessment

The model influence was categorized as LOW since further animal testing and
clinical trials are expected to follow the numerical studies.

The decision consequence was categorized as HIGH. While the COU specifies
the model will be used for design iteration, the results could be used to make indirect
decisions that affect the patients’ health. For example, a model that fails to make
accurate predictions for the question of interest could suggest an operating condition
that produces either: (a) low cardiac output or (b) a permanently closed aortic valve.
These might lead to thromboembolic events, aortic regurgitation, or even death.

Considering the model influence and decision consequence, the model risk map
in Table 3 assigns a model risk level of MEDIUM.

Model Credibility:

Verification: The verification activities were executed based on flow conditions
similar to the ones typically found in the left ventricle. Numerical code verifica-
tion was executed for a 2D Poiseuille and 3D Womersley flow problem in a cylin-
drical tube, considering the analytical solutions of these problems as true values. The
maximum error was less than 2.4% for the relatively simple 2D Poiseuille and more
complex 3D Womersley flow problems. The authors reported calculation verification
being conducted with a focus on (1) discretization error, (2) numerical solver error,
and (3) user error.

Validation: Sensitivity analysis was used to identify the input variables with the
highest impact on the Qols. Regarding the considered variables of density, viscosity,
heart rate (HR), atrial pressure, ejection fraction (EF), and coefficients and resistances
defining aortic and VAD flows, the sensitivity analysis identified the most relevant
variables as HR, EF, and VAD coefficients.

The validation UQ analysis consisted of six validation experiments varying the
previously mentioned variables. These validation experiments included ranges of
HR, EF, as well as pump speed (to support answering the question of interest).
The UQ results showed that better agreement was observed for mid-point working
conditions, whereas the lowest level of agreement occurred when the pump operates
at the high-speed condition, but the EF and HR values were in the considered range.

Table 3 LVAD implementation—risk map

Deci 3 5% 4
ecision Med 5 3 4
Consequence
Low 1 2 3
Low Med

Model Influence
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Applicability: Applicability assesses the relevance of the validation results to the
COU. In this case, the COU focuses on the VAD and aortic flow to analyze the total
cardiac output and aortic valve opening. The results indicated that the validation
activities encompassed a subset of the validation points.

Summary: The model credibility assessment demonstrated that the model closely
aligns with the validation points for the proposed simple COU. Although not all
credibility factors achieved the highest possible score, they met or exceeded the
target for medium-risk applications. For riskier applications, where the numerical
model influences safety-related decisions, reaching a maximum score is crucial. The
authors outline what further steps might be followed to further improve the model
and achieve these optimal scores. Recognizing the rigorous application of VVUQ in
this work, the authors extended the model to a ramp study to predict an operational
speed range that allows aortic valve opening and desired total aortic flow.

8 Observations, Summary, and Future Directions

The transporting of blood and the design of blood pumps has progressed significantly
from the initial work by Truax in 1899 using roller pumps. Recent advances in both
computational modeling and experimental evaluation of blood pumps have greatly
accelerated their development and capabilities. With its potential for providing
longer-term circulatory support, we have focused this chapter on ventricular assist
devices (VADs). Nevertheless, the material covered in this chapter can also be applied
to other blood pumping technologies.

A ventricular assist device provides patients with circulatory support for periods
ranging from several hours to several months to many years. Therefore, a high level
of confidence in the VADs ability to support the patient is needed. This confidence
is gained through a rigorous development and physical testing process. The devel-
opment of VADs typically progresses from initial design work to in vitro hydraulic
performance testing, to in vitro biocompatibility testing, to acute and then chronic
in vivo animal testing, and finally to limited clinical trials. The evolution toward
a final “preferred” design that is ready for clinical evaluation typically follows an
iterative process that is guided by both CFD modeling and physical testing. CFD
modeling is used to gain insight into the flow field throughout the VAD and help
reduce the number of physical design iterations. The pump’s clinical readiness is
typically demonstrated through extensive and successful in vitro and in vivo studies
using prototypes and then finished devices. If flow-related problems should arise
through these studies, then CFD modeling is used to understand the potential root
causes and propose design changes. The justification to proceed with clinical studies
is currently based primarily upon the findings from in vitro and in vivo studies,
supported as needed by CFD simulation results.

From the perspective of the ASME V&V 40 standard, numerous scenarios could
be explored when considering the use of CFD modeling to help demonstrate the safety
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and effectiveness of a VAD. Each scenario begins by defining a specific question of
interest. Several potential questions of interest for VADs are:

e Is the flow path design capable of achieving the hydraulic performance
needed for ventricular support?

e Is the flow path design capable of achieving the biocompatibilityneeded for
ventricular support?

e Can the VAD maintain ventricular support, considering both hydraulic
performance and biocompatibility, under extreme operating or patient
conditions?

Physical testing would currently be used to validate the CFD modeling results and
demonstrate pump performance for most of these scenarios, which would involve
measuring hydraulic performance and/or blood damage-related quantities over a wide
range of anticipated operating conditions. However, for the last scenario related
to extreme conditions, it is possible that physical testing would not be attainable.
Therefore, CFD results could provide the primary source of evidence supporting
VAD safety.

A current snapshot of the many different blood pump-related performance param-
eters, their clinical significance, and validation methods is summarized in Table 4.
Four levels of computational and experimental complexity are defined in the table
in increasing order. Level 1 focuses on predicting hydraulic performance and device
wash-out to demonstrate basic pump capabilities. In Level 2, regions of low and high
shear stress are identified, which could correlate with increased thrombosis risk, cell
lysis, or platelet activation. Level 3 incorporates additional equations in the CFD
model to predict hemolysis or platelet activation. For example, Lagrangian methods
that integrate the shear strain rate and exposure time along the particle pathlines, or
Eulerian methods to calculate the hemolysis index (HI) or platelet activation level
throughout the flow domain [40]. Then, in the highest Level 4, thrombus growth and
a changing blood flow path, thrombus ingestion, and interaction of the VAD with
the ventricle would be considered. Predicting the response of the blood to the flow
conditions within the VAD is a common requirement for all performance parameters
cited in the table. Building on the flow analysis, being able to reliably predict blood
component activation and/or blood damage would enable full utilization and trust in
the CFD simulation results.

The development of new CFD modeling methods for predicting the interaction of
blood pumps and other cardiovascular devices with the blood and patient anatomy is
accelerating. Organizations, such as the International Society for Mechanical Circu-
latory Support, Avicenna Alliance, and the Medical Device Innovation Consortium
(MDIC) have programs focused on expanding the capabilities of computational
modeling for medical devices. Their long-range goal is advancing the utilization
of computational methods in regulatory submissions and as a standard of practice in
the healthcare industry. Recently, a “digital twin” concept was introduced into the
medical community which aims to create a virtual representation of a physical appli-
cation [70]. In the context of this chapter, a digital twin of a patient and their implanted
VAD would enable enhanced pump control through the exploration of different use
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Table 4 Summary of pump performance parameters, clinical significance, and validation methods.
Please see the references for details about each CFD modeling method and the corresponding

validation activities

Level | Performance CFD modeling | Clinical Validation method(s) References
parameter results significance
1 Hydraulic Predicted H-Q | Maintain In vitro measured H-Q | [54-56]
performance curves cardiac curves (steady-state or
output transient conditions)
1 Device wash out | Passive scalar | Thrombosis | Residence time studies [17, 54, 57]
transport risk Dye or salt
concentration studies
2 Low blood shear | Shear stress or | Thrombosis | Flow visualization (PIV) | [58-60]
stress strain rate risk In vivo—animal testing
(cpntour/ (indirect/post implant
histogram) method)
2 High blood Shear stress or | Cell lysis or | Flow visualization (PIV) | [61, 62]
shear stress strain rate pla.tele.t In vitro—hemolysis/
(contour/ activation platelet activation
histogram) testing
In vivo—animal testing
3 Hemolysis index | Lagrangian or | Red blood | In vitro—hemolysis [40, 55, 63-65]
(HD) Eulerian HI cell damage | testing
In vivo—animal testing
3 Platelet Particle Thrombosis | In vitro testing [46, 66, 67]
activation trajectories risk and In vivo—animal testing
(shear stress platelet loss
and exposure
time)
4 Thrombus Thrombus Thrombosis | In vitro testing [45, 47, 48, 68]
formation modeling risk and In vivo—animal testing
platelet loss
4 Thrombus Discrete-phase | Thrombosis | In vivo—animal testing | [69]
ingestion particle risk
models
4 Ventricle Rigid CFD Blood In vitro experiments [51]
interaction model with (a) | damage and | with anatomically
steady-state or | thrombosis | representative flow paths
(b) transient risk

flow
conditions;
fluid—structure
(one-way or
two-way)
interaction
models

EchoPIV
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cases and physiological conditions. This goal would require advancements in cred-
ibility assessment and regulatory frameworks, but is worthwhile when considering
the long-term benefits to patients utilizing these therapies. We look forward to the
realization of these ambitions and the further evolution of blood pumps and other
devices to support the cardiovascular needs of all patients.
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